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Introduction

This newsletter contains reports on the following subjects:

- activities of the Fl division of PSI,

- nuclear and particle physics supported by the Fl di-
vision,

- applications of muons in solid-state physics and chem-
istry.

Groups were asked to present new preliminary or final
results obtained in 1993, and also to send lists of papers
related to Fl-supported work which appeared in scientific
journals during 1993 (see list of publications at the end of
the newsletter).

The contributions were not refereed. They should be
quoted after consultation with the authors only. Spokes-
persons for experiments aie indicated by superscripts 'S'
following their names in the headings of the contributions.

The figure on the right, from the contribution 'Gener-
ation of very slow positive muons' (page 21), represent!
the familiar distribution of the time from the stopping of a
muon in a magnetic field (50 gauss) to the registration of the
decay positron. It implies that the very slow muons (kinetic
energy SB 10 eV) emitted from a solid Argon layer have a
polarization of ~90 % and thus are suitable for muon-spin-
rotation studies of thin films and surfaces.
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The frozen-spin polarized target in the nucleon area NA2, shown ready for scattering experiments (left photograph;
magnet lowered), and during polarization (right photograph; magnet raised); see contribution 'The PSI 100 cc frozen
spin target' (page 23).



FOREWORD

As you know already from last years Newsletter we
started with 600 fiA proton current We then had a good
summer with peak currents up to 900 pA and excellent
beam availability. But then we had a sad Christmas party
because of that hole in resonator 1 of Injector 2, apparently
caused by an UVO (unidentified vaporizing object). Peo-
ple are talking about quality control, but that would need
personnel positions. The accelerator division also made
provisions for the future, thinking about reconstruction of
the beam splitter to the NA-hall and about new RF-cavities
to enlarge the margin for future routine operation at 1.5
m A.

Did I ever say PSI will move out of hadron physics?
Yes, and I was wrong. Look at these beautiful polarization
experiments irp, Ttd, ňp, and w6Li of this Newsletter, and
they all agree with theory! That wasn't so a few years ago.
Look also at the X-ray spectrum on page 58 (R-86-05) and
compare it with the one garnishing the 1990 Newsletters
front page!

But of course also the muon lovers got their share. The
sensitivity of the muon-electron conversion experiment with
SINDRUM II for example was improved by a factor of
10. The muon coolers more or less finished their feasibility
studies proving that ~ 104/x+/s (0 -10 keV) and ~ 10V/s
(10-50 keV) can be produced at PSI. Negative muons not
only have been trapped in a cyclotron but also in a solenoid.

Once more the /JSR user facilities have enjoyed an in-
creasing demand, giving the coordinator a real sweat to set
up the beamtime schedule. A large variety of problems in
solid state physics and chemistry has been tackled, ranging
from studies of all kinds of magnetism to superconductivity,
muon location and diffusion in metals, muon states in semi-
conductors, reactions and dynamics of radicals on surfaces
and in the gas phase, studies of fullerenes ("buckyballs")
with positive and negative muons, and the depolarisation
mechanisms of muons in liquid 3 He.

A definite highlight was the evidence for a flux-lattice
melting transition in a Bi-based high-Te superconductor ob-
served by the University of Zurich collaboration (RA-90-
07), which has later found strong support from small-angle
neutron diffraction.

The standard at PSI, to improve physics results by quan-
tum jumps of at least 10 was matched also by CP-Lear,
improving CP-violation in three-pion decays of neutral K-
mesons by this amount. The other High Energy Physics
experiments more or less finished their upgrade programs
and are waiting to get beamtime in 1994.

In 1993 we had quite some principle debates about
where and how to find the resources for building the Swiss
Light Source SLS. As in other laboratories too also the fate
of Nuclear and Particle Physics at PSI with SLS, in the year
2000 was discussed. With the help of our Forschungskomi-
tee we convinced ourselves and the PSI directorate, that first
class in-house experiments in Particle Physics together with
participation in High Energy Physics experiments at exter-
nal accelerators should be supported at a long-term scale
and at roughly today's size.

I would like to express my deepest gratitude to Bob
Redwine who after having played a crucial part in these dis-
cussions, retired as the chairman of our Forschungskomitee.
We will miss his balancing appraisals and the gentle formu-
lations to pass on the committee verdicts to the spokesper-
sons. As his successor we welcome Peter Truol, whose
slightly less discrete diction already lead to some interest-
ing and clarifying discussions.

Let me thank all the authors of this Newsletter for their
contributions and wish them good luck to get good data for
the next one.

Prof. Dr. H.K. Walter
Head of Fl Division
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THEORY

C. Alexandrou", B. Blanklcider', A. Borrclli, P. Franzini. A. Galii, F. Jcgcrlehncr, K. junker, M. P. Lochcr, Y. Lu,
O. J. van Oldenborgh, R. Roscnfcldcr, A. W. Schreibcr

* now : Department of Natural Sciences, University of Cyprus, Kallipolcos 75, P.O. Box 537, Nicosia, Cyprus
í now : Sch(X)I of Physical Sciences, Flinders Univcrsily of South Australia, Bedford Park, S. A. 5042, Australia

The Theory group presently works mainly in the fol-
lowing fields: muon physics, strong interaction (pion and
antiproton physics), the Standard Model of particle physics
(and its limits and extensions), lattice QCD (weak matrix
elements). For further topics and the detailed list of publi-
cations sec below. As in previous years the Theory group
was active in the theoretical aspects of the experimental
program of the division Fl for nuclear and particle physics.
This applies to the internal as well as to the external ex-
periments. The Theory group was also host for a large
number of short term visitors - an important aspect for the
connection to the international physics community.
M. P. Locher from the Theory Group together with D.
Wyler from the the Univcrsily of Zurich were the local
organizers for the 3Tli Meeting on Field Theory on the Lighi-
Cone and Non-Periurhative Methods which was held ai PSl
from June 14 - 18, 1993.
The list below gives a complete account of theoretical pa-
pers published in scientific journals or contributed to con-
ferences. It also includes work done by visitors.
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A. Acppli, F. Cuypcrs and G. J. van Oldenborgh : "O(ľ)
Corrections to W Pair Production in c~r~ and 77 Colli-
sions", Phys. Lett. B 314 (1993) 413^120 (preprint PSI-
PR-93-05, LMU-21-92).

A. Acppli, G. J. van Oldcnborgh and D. Wylcr: "Unstable
Particles in One Loop Calculations", PSI-PR-93-22.

C. Alexandrou, S. Giiskcn, F. Jcgcrlehner, K. Schilling, G.
Sicgcrt and R. Sommcr "The Lcptonic Decay Constants
of Qq Mesons and the Lattice Resolution", PSI-PR-93-23
(DESY-93-179, WUB 93-39).

C. Alexandrou, S. Giisken, F. Jcgcrlchncr, K. Schilling and
R. Sommcr "Monlc Carlo Simulation of Weak Hadronic
Matrix Elements in Quantum Chromodynamics on the Lat-
tice", in: ' Supercomputing Projects Switzerland 199111992
', CSCS/EPFL/ETHZ (1993), p. 1 0 - 1 1 .

R. D. Amado, F. Cannala , J.-P. Dcdondcr, M. P. Locher
and Bin Shao: "Coherent Pion Radiation from Nuclcon
Antinuclcon Annihilation", PSI-PR-93-21.

I. Anikin, M. Ivanov, N. Kulimanova and V. Lyubovitskii:
"Sensitivity to Form Factors in the Extended Nambu-Jona-
Lasinio Model with Separable Interactions", PSI-PR-93-08.

S. Bcllucci, J. Gasscr and M. E. Sainio: "Low-Energy
Photon-Photon Collisions to Two-U>op Order". PSI-PR-93-
17 (BUTP-93/1X, LNF-93A>77(P)).

F. Cuypcrs, G. J. van Oldenborgh and R. Riickl: "Super-
symmetric Signals in < ~r~ Collisions", Nucl. Phys. B 409
(1993) 128-143, (preprint PSI-PR-93-11).

J. Fleischer, O.V. Tarasov and F. Jcgcrlcí'ncr: "Two Loop
Heavy Top Corrections to the ^-Parameic:: A Simple For-
mula Valid for Arbitrary Higgs Mass", PSI-PR-93-14 (Bl-
TP-93-24).

J. Fleischer, K. Kolod/icj and F. Jcgcrlchncr "Transverse
Versus Longitudinal Polarization Effects in r + r ~ — l l r + l l ~
", PSI-PR-93-IO.

K. Kolodzicj, F. Jcgcrlchncr and G. J. van Oldenborgh:
"Production of Two Hard Photons in <•+r"—//+/»" 77 at
LEP", Z. Phys. C 58 (1993) 643-650, (preprint PSI-PR-
93-01, BÍ-TP-93 01)

M. P. Lochcr, Y. Lu and B. S. Zou : "Rales for the Reac-
tions J>p — n<f> and 7<i", PSI-PR-93-20.

Y. Lu and M. P. Lochcr "Rcggc Pole Model with A"-
h" Exchange and the JIJI — A A Reaction", Z. Phys. A
346 (1993), 143-151 (preprint PS1-PR-93-06).

Y. Lu and R. Roscnfcldcr: "Nuclear Polarization Correc-
tions for the S-Levels of Electronic and Muonic Deuterium'",
Phys. Lett. B 319 (1993), 7-12 (preprint PSI-PR-93-16).

W. Mclnitchouk, A. W. Schrcibcr and A. W. Thomas :
"Deep Inelastic Scattering from Off-Shell Nuclcons", PSI-
PR-93-13.

G. J. van Oldenborgh: "Unstable Particles and Gauge In-
variance", PS I -PR -93-19.

R. Roscnfcldcr "Particles and Shadows: a Generalized
Paih-Inlcgral Approach to Nonrclalivistic Field Theories",
PS1-PR-93-24.

H. Schlcrcth: "Enhancement of the I ť** 7 Mode in Charged
Scalar Decay", PSI-PR-93-02.



Contributions to Conferences

C. Alexandrou, S. Giiskcn, F. Jcgerlchncr, K. Schilling and
R. Sommcr: "Lattice results for the Pscudoscalar Decay
Constant /;,", contribution 3.12 lo PANIC 13: Thirteenth
International Conference on Particles and Nuclei, Perugia
(Italy), June 28 - July 2, 1993 , Book of Abstracts, p. 87-88.

C. Alexandrou , Y. Lu and R. Roscnfelder: "Nonperturba-
tivc Dressing of Nuclcons by Mesons", contribution 14.20
to PANIC 13: Thirteenth International Conference on Par-
ticles and Nuclei, Perugia (Italy), June 2X - July 2, 1993 ,
Book of Abstracts, p. 721 722.

P. Cuypcrs, G. J. van Oldcnborgh and R. Riickl: "Discover-
ing Supcrsymmclry with Electron and Photon beams", con-
tribution to the European Meeting of the Working Groups
on Physics and Experiments at Linear <• + <•" Colliders, An-
nccy (France), February 16-17, 1993, MPI-PH-93-70.

S. Giiskcn, C. Alexandrou, F. Jcgerlehncr, K. Schilling, G.
Sicgert and R. Sommcr: "Scaling Study of the Ixptonic
Decay Constants of Heavy Light Mesons: a Consumers
Report on Improvement Factors", HFPLAT-93110r>3.

M. P. Lochcr and M. E. Sainio: "Sensitivity of /; !
i V, v t°

the Data on Total ir1 ;> Cross Sections", contribution 12.27
lo PANIC 13: Thirteenth International Conference on Par-
ticles and Nuclei, Perugia (Italy), June 28 - July 2, 1993,
Book of Abstracts p. 595 5%.

Y. Lu and M.P. Lochcr: ^Rcggc Pole Model with K'-K"
Exchange for the Jip — A A Reaction", contribution 10.30
lo PANIC 13: Thirteenth International Conference on Par-
ticles and Nuclei, Perugia (Italy), June 28 - July 2, 1993,
Book of Abstracts, p.473-^74.

A. W. Schrcibcr, W. Mcltnitchouk and A. W. Thomas:
"Deep Inelastic Scattering from Off-Shell Nuclcons", con-
tribution 6.4 to PANIC 13: Thirteenth International Con-
ference on Particles and Nuclei, Perugia (luily), June 28 -
July 2, 1993, Book of Abstracts, p. 191-192.

Anti-Preprint List

(preprints of last year published in the meantime)

C. Alexandrou, S. Gijskcn, F. Jcgcrlchncr, K. Schilling and
R. Sommer: "Results in the Static Approximation", Nucl.
Phys. (Proc. Suppl.) 30 (1993) 453^*56, (PSI-PR-92-28).

A. Cieply, M. P. Locher and B. S. Zou: "Diquark model
for Protonium Annihilation into Two mesons", Z. Phys.
A .345 (1993) 41 45, (PSI-PR-92-23).

A. Galli : "Are Grand Unified Theories Ruled Out by the
LHP Data ?", Nuovo Cim. 106 A (1993) 1309 -1320. (PSI-
PR-92-29).

A. N. Kvinikhid/.c and B. Blanklcidcr: "Dressing Two Nu-
deons at the Same Time", Phys. Rev. C 48 (1993) 25-37,
(PSÍ-PR-92-32).

A. N. Kvinikhid/ť and B. Blanklcidcr: "Unitary JTA'.V The-
ory with Full Dressing", Phys. Lett. B 307 (1993) 7-12,
(PSI-PR-92-34).

Y. Lu, B. S. Zou and M. P. Lochcr: "Calculation of Jy —
I.'X.'I Using Two-Meson Intermediate Slates", Z. Phys. A 345
(1993) 207-209, (PSI-PR-92-30).

R. Roscnfcldcr: "The Mcson-Nuclcon Polaron", in: 'Dirk-
fest 92 ', cds. W. W. Buck, K.M. Maung and B. D. Scrot,
World Scientific (1992), p.165 - 181, (PSI-PR-92-12).

R. Rosenfcldcr : "Nuclear Polarization in Muonic Atoms",
in: 'Muonic Atoms and Molecules', can. L. A. Schallcr and
C. Pcliljcan, Birkhauscr (1993), p. 95 - 108, (PSI-PR-92-
19).



THE PSI RING CYCLOTRON AFTER 20 YEARS OF OPERATION

Reported by U.Schrybcr, PSI-Accclcraior Division

Paul Schcncr Jnstilut, 5232 Villigen-PSI

On September 29 t h the main Ring was shut down after 31
weeks of high energy operation in 1993, including 4 weeks
of running with polarized protons. This was the closing act
of the 20 t h year of operation of our 600 McV accelerator
facility. Oldtimcrs 2tnong the PSI-uscrs might remember
January 18 th 1974, the day when we succeeded to have the
first few nanoamps of protons extracted from the Ring and
February 24 t h , the day when the first pion spectrum was
taken behind target M. A Happy Anniversary to our Ring
facility! (For further details on these memorable days sec
the reproduction of the SIN-Ncwslettcr 1 at the end of this
contribution.)
But also the past year was a very successful one from several
points of view:

1-. The amount of protons accelerated through the Ring
during 1993 exceeds the values of the best pre-
vious year (1989) by almost 90%. The total charge
of all protons extracted from the Ring since 1974
reaches 9.1 Ah (Ampere-hours). This corresponds to
the amount of hydrogen nuclei which arc chemically
bound in a thimble (Fingerhut) of water!

2. During routine operation beam currents of about
800 /iA were achieved. (The operating current is es-
tablished as the weekly average beam current during
the scheduled beam time). A peak current of 940 /<A
was recorded. This is more than 0.5 MW of beam
power, a world record for cyclotrons.

The extraction losses in the Ring were in the order
of 0.4 /iA. This is below the limit which we consider
to be tolerable for a safe operation and maintenance
of the cyclotron. The beam current and its weekly
integral during 1993 is shown in fig. 1.

3. The availability of the cyclotron complex is around
80%, on the contrary to often heard dark prognosis
and in spite of many new components and an ever
increasing complexity of the facility.

This excellent performance of the Ring was primarily
achieved by a further increase of the acceleration voltage
(which is the sum of all cavity voltages). It is established
from theoretical considerations and from experience, that
the broadening of the radial beam width caused by space
charge effects diminishes with the cube of the acceleration
voltage. The increase of RF voltage was achieved by a
considerable increase of RF power in cavity 3 with the in-
stallation of a new high power amplifier. This is the second
out of four RF systems which was subject to the upgrading
program. The new RF amplifiers provide up to 600kW of
RF power per cavity instead of 200 kW with the old sys-
tems. Two cavities arc equipped with a new type of RF
window, which performs very well. The difficulties with
the RF windows, that couple the RF power into the cavity,
could be solved.
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Figure 1: Summary of beam production during 1993. The histogram shows the weekly beam integral (in /iAh) and the
operation current The latter is defined as the average beam current during the scheduled beam time. A peak current of
940/iA was recorded. During the weeks 8,9, 37 and 39 polarized protons were accelerated through die Ring at a current
level of about 8 )iA.
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Figure 2: Performance of the 600 McV Ring cyclotron during 20 years of operation. During 1984 and 1990/91 the Ring
facility was parJy or completely shut down for the reconstruction of the target stations M and E.

The old devices were limiting the RF power and were the
cause of several breakdowns in the Ring. Apart from the
progress made with the RF systems, important contributions
from the improved control system and from the beam
diagnostic equipment deserve to be mentioned.
A few days before Christmas we were shocked by an event
at Injector 2, lhal demonstrated us how close ihe heights of
life arc to the verge of disaster. During operation a small
leak developed in the cyclotron, just big enough to quench
the RF voltage in the acceleration systems. It had been dis-
covered that one of the acceleration structures (resonator 1)
was deformed like an old Camembert cheese in summer at a
location where ihc healing due to the surface currents inside
the resonator is known to be high. Local temperatures up to
660 "C must have been reached, which then (fortunately!)
opened a crack in a welded joint. The resonator is made
of aluminium plates 20 to 30mm thick, with cooling ducts
distributed over the surface. It has a weight of 4.5 tons and
a delivery lime of about 1 year! The explanation is, that
some time ago an unidentified object (a few grams of a
Fc-Cr-alloy) dropped into the resonator, melted when ex-
posed to the RF magnetic field and by sublimation must
have produced a poorly conducting layer on the neighbou-
ring aluminium walls. The resulting increase in RF heating
ihcn led to a collapse of the heat transfer to the cooling
water, which explains that the temperature ran away. The
end of this '1ncar-GAU"-story is, that after the iron layer
was removed mechanically, we live comfortably with the
deformed resonator and, hopefully, also with the distorted
electromagnetic field inside.

With increasing beam current, the splitting of the 600 McV
beam for the Nuclcon area (NA) became more difficult and
risky. In September a damage appeared at a quadrupolc

downstream from the beam splitter. It was found thai the
water hoses had become hard and brittle in the halo of the
scattered protons from the beam splitter and then broke.
The quadrupolc is of conventional design, which means
that its components arc not radiation resistant. Since the
losses from the splitter will further increase in the fu'urc
and because similar damages were also discovered on other
components of the beam line, it was decided to rebuild a
part of that beam line in a standard similar to that of the
target stations. In the meantime we will be forced to limit
the split beam current to a level of lOto 15 ;/A.
The performance of the facility during the past 20 years is
shown in figure 2 and a summary of the cyclotron operation
and the usage of the beams (for both Injectors and the Ring)
in 1993 is presented in table 1 and 2. It should be mentioned,
that the research done at the Ring and on Injector 1 shifts
more and more from nuclear and particle physics towards
interdisciplinary work.

Similar to proceeding years the operation of Injector 1
passed smoothly. The installation of the new ECR (electron
cyclotron resonance) source at the cyclotron was completed,
the first beam tests were successfully accomplished and Ihe
injection of beams into the cyclotron is impending. A status
report on the ECR-source is given in a separate contribution
to this Annual Report (author P. A. Schmclzhach).



Operation of the PSI-Accelerator Facilities

Table I: Summary of Cyclotron Onerafions Table 2: Usage of the beams

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

Injector 2 (72 McV):
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

3960 h
320 h
150 h
610h
240 h

3340 h
140 h

4660 h
330 h

1230 h
390 h
320 h

1320 h
510h

52X0 h
720 h
170 h
330 h
530 h
800 h
930 h

1993

457r
V7<
2%
7%
3%

38%
2%

53%
4%,

14%
4%
4%

15%
6%

60%
8%
2%
4%
6%
9%

11%

(1992)

(3710 h
( 300 h
( 50 h
(760 h
(240 h

(3250 h
(474 h

(4110 h
( 270h
(620 h
(290 h
( I60h

(2470 h
(864 h

(5240 h
(540 h
( llOh
(550 h
(270h
(740 h

(1334h

427r )

y/,)
17)
97)
37)

36%)
69í)

47%)
39í)
79í)
3%)
2%)

287)
109J)

607)
6%)
27)
69í)
3%)
8%)

15%)

primary beams
6(X) McV beam

meson production
polari/cd beam

Inj. 1 primary beam
N ti-experiments
OPT1S
isotope production

direct beam to
parasitic program (IP)

touil primary beam for
experiments & applications

parasitic to primary beam
split 600 McV beam

pion therapy (RMA)
proton therapy
nuclcon experiments
PIREX
PIF

Inj. 2 isotope production

total parasitic beam for
experiments
total beam integral delivered
to meson production targets

1993

3400 h
560 h

4030 h
490 h
2(X)h

1080 h

9760 h

- h
-h

660 h
700 h
510 h

1380 h

3250 h

1800 m Ah

(1992)

(29X0 h)
( 670 h)

(3340 h)
(430 h)
(6i0h)

(990 h)

(9020 h)

(330 h)
( 320 h)
( 320 h)
( 150 h)
( 340 h)
(2320 h)

(3780 h)

(660 m Ah)

Figure 3: The glorious PSI-Accelcrator "family" poses at the end of the 20th year of operation. Many have been working
with the project since the beginning.



A reproduction of the SIN-Newsletter Nr. 1

SCHWEIZERISCHES INSTITUT FOR NUKLEARFORSCHUNG

SIN NEWSLETTER February 20, 1974

To all our friends (and friendly rivals).

Hare are some detailu about tha first successful operation
of the SIN ring cyclotron:

On the first of October 1973 the ring cyclotron was ready
to accept the first protons.

As a preliminary stap the 35 m long beamline between injector
and ring was testad during November with tha first beams from
the Philips injector, namely 21 PleV protons and 33 MeV deuteron:.
The first 72 tteV protons ware finally extracted from tha injector
cyclotron on January 11, 1974 (and not as a Christmas prasant
as had been hoped for).During the same night tha baam could
be injected into the ring and acctlarated ovar 6 revolutions.
After that the beam got lost dua to vartical oacinations.

The next 'beam day* was January 13. After a rather short time
the baam was adequately centered in tha ring with tha h.tlp of
3 differential probes and accelerated over 18 turns to 92 HeV.
The beam was not yet detected by tha baam stopper which was
placed at its minimum radius corresponding to 115 MeV. Juat
when we were ready to tune up the magnetic field for isochroniom
some technical troubles negated all further efforts.

Then came the third and historic night of January 16. 1974.
It started with a real shock: Due to a burned out ceramic disc
one of the four accelerating cavities could not be used.
Fortunately enough the beam dynamics group was prepared for
such a case and we decided to go ehaad with only 3 cavities
tafter all a normal table can also stand on 3 lags, if properly
loaded:).

After playing around with the vertical steering we soon had
.7 uA (out of 1.5 tiA from the injector) in the beam stopper

at 115 MeV. Then in a thrilling half hour we moved the beam
stopper radially outwards setting new world records for
isochronous cyclotrons at a pace of 12 MoV/minute (the previous
record was 100 MeV protons at the University of Maryland). At
8.55 a.m. we arrived at 540 *>eV without exciting any of the
trimcoils. Only the main magnetic field was adjusted. Then
things started to get tough: As we found out 3 days later by
inspection of the whole ring the last trimcoil plate in one
of the 8 magnets was hanging loose at one corner and blocked
most of the beam Juat prior to extraction. But ignorant of the
fact that "tha green monster had struck again" we tried
desperately to extract the baam by adjusting trimcoils.
Finally shortly before midnight 4 nA of protons succeeded in
avoiding all obstacles and were measured on a copper beam
dump outside the ring t The first 590 WeV protons were
extracted.

Our director Professor J.-P. Blaser. who closely watched all
happenings during the beam tests, and Or. H. Willax, the
designer of tha ring cyclotron concept, had silent glows
around their facet. They saw many years of considarable
efforts finally crowned with success.

Tha socalled "Strahlchauffaura* (• beam drivers), a closely
knit and dedicated bunch of physicists, did not have enough
reason yet to relax: A few day later the faulty trimcoil
plata, which had prevented the 'grand slam*, was fixed and
full attention was given to the extraction process. During tha
night of February 9, 1974, tha following results ware obtained:
With a baam of 1.S uA from tha injector cyclotron about .2 uA
survived tha analyzing slits of tha baam transport system,
injection and acceleration until shortly before extraction.
About SO \ of these remaining particles also made it through
tha electrostatic septum, a quadrupe'- with an inner diameter
of 20 mm and two axtraction magnets.

During a coffea break of the health physics group we asksd
tha Philips craw to quickly turn up the ion source. With 14 uA
of protons extracted from the injector .5 vA wara measured at
tha external baam dump at 590 PleV. Tha beamline was not optimized
however at that moment.

At tha moment Philips ia preparing for tests with higher proton
intansitiss and during March their main efforts will ba on tha
axial injection system and the acceleration of other particles
for the variable energy mod*.

About ona night per week is available for beam tasts in tha
ring cyclotron and is used mainly to improve radial and vartical
matching between tha two cyclotrons.

Since we are building a 'meson factory* after all our director
feels that the big champagna party should be delayed ona mora
weak until tha first pion from tha thin target will be detected
at tha and of a secondary b«am lint. Tha whole experimental
hall is already tuned up for this big avant.



STUDIES ON THE POSITIVE HYDROGEN ION PRODUCTION FROM A
SMALL MULTICUSP SOURCE

PSI-ABE, PSI Accelerator Division

M.Olivo*, E.Mariáni', K.N.Leung*

* Paul Schema- Institut, CH-5232 Villigen PSI
í Lawrence Berkeley Laboratory, Berkeley, California 94720

Introduction

The PSI 870 keV Crockcoft-Walton prc-injector presently
uses a small ring-cusp source Tilted with four filaments.
The lifetime of the cathode is limited to about one month
a t « 1 kW arc power (for an 8 mA beam) and about ten days
at «* 3.6 kW (for a 15 mA beam). The proton efficiency of
this source is rather low (35 to 40% proton fraction). A
way to increase the atomic fraction is the introduction of a
weak transversal B-ficld between the source chamber and
the extraction region [1][2]. The B-ficld must be strong
enough to prevent primary high-cncrgctic electrons from
crossing over into the extraction region, and thus generat-
ing more HjJ" ions in this region, bul low enough to permit
some plasma to diffuse into it. However, as the proton frac-
tion increases with B-ficld strength there is a net decrease
in the plasma current density at the extraction region, and
therefore in the total extracted current. To compensate for
this effect the ion source must be operated at a higher arc
power with the result that the cathode lifetime becomes
too short. To get around this problem RF antennas, op-
erating at about 2 MHz, arc being used to generate the
plasma. An RF driven multicusp H~ ion source operated
in a pulsed mode has been developed at LBL for use in the
injector unit of the SSC [3]. A 10-cm-diameter rf-driven
source has recently been tested for positive (H+) ion pro-
duction in cw mode at the Lawrence Berkeley Laboratory
[4]. Measurements showed that an H+ current density of
« 100 m A/cm2 can be obtained by operating the source at
ss4k\V rf power. Based on the results of this source testing,
a new magnetically filtered rf-driven multicusp source was
designed and fabricated at LBL for use at PSI. Using the
present PSI ion source extraction system (7-mm-diamctcr
extraction aperture, four-clccirodc configuration) this new
source should deliver « 35 m A protons at 60 kcV extraction
and more than 25 m A at 870 keV, after collimation in the
60kcV beam transfer line to the 810kV acceleration tube.
Here we present results from measurements carried out at
the PSI ion source test stand (ISTS) on current densities and
ion species using this new source in the filament-driven, dc
arc-induced discharge mode [5].

Experimental Setup

The LBL multicusp source, equipped with a magnetic filter
and filaments for the plasma discharge, was mounted onto
the extraction system of the ISTS to measure the cxtraclablc
current and the hydrogen-ion species distribution.

The apparatus is shown schematically in Fig. 1. The ex-
traction system is identical to that in the PSI 870 kcV prc-
injccior dome. The ions arc extracted from the source
through a 7.0 mm diameter aperture in the plasma electrode.
An analyzing magnet separates extracted beam species and
subsequent calorimctric probes measure beam fractions. A
20001/s (H2) turbo-molecular pump maintains a pressure
of ss lxlO~2 mTorr at the location of the analysing probes
while the source is operating with 3.0 seem H2 gas flow
(as 4.7 mTorr source pressure).
The power supply arrangement is displayed in Fig. 2. The
filaments, two parallel driven tungsten wires of 1.5 mm di-
ameter and each about 10 cm long, are heated by a voltage-
regulated supply. The arc supply is current regulated. A
software feedback loop from the arc voltage to the fila-
ment supply regulates the arc power. The control and data
handling at the ISTS is fully computerized and utilizes the
control system that drives the PSI accelerator complex.

Figure 1: Schematic drawing of the experimental setup to
measure ion and neutral species in the beam extracted from
the rn'ilticusp source (top view). The analysing probes
(1 to 5) consist of movable water-cooled copper blocks. The
water flow is the same for all probes. Waier temperature
increase at each block gives a measure of the beam frac-
tion, assuming the ionized species arc singly charged. A gas
mass analyzer (6) was used to monitor residual gas compo-
nents in the presence and absence of the beam.
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Figure 2: Power supply connections for the source and 60 k V
extraction system.

Experimental Results

The source was first operated using the 190 Gauss filler (the
B-field is measured at the mid-plane of the filler). The lolal
extracted beam current was measured for an arc power rang-
ing from 3 to 7.5 kW. The beam was well coll i mated at an
extraction voltage of 30 kV. The expected beam components
H+, HÍ and H | were measured with the analysing probes
4,3 and 2, respectively. Neutrals and two extra heavy com-
ponents, all three clearly visible through a view port at the
analysing chamber, were measured with probe 1.
Initial results showed a beam fraction of about 33% on
probe 1. By changing the excitation of the analysing magnet
and the location of the probe heads (as indicated in Fig. 1)
the neutral and the two extra components (H-.O+ and HO+)
could be measured separately, with fractions amounting to
8% and 25%, respectively. The spectrum from a residual
gas mass analyzer showed that the masses 17 and 18 be-
came more pronounced when the source was in operation.
These measurements were carried out with the source body
attached to the extraction system through a stand-off flange
made of a polyamide material. Shortly after the beam was
turned off, a temperature of « 50" C was measured on the
outside surface of the stand-off llangc. The situation did
not improve significantly after a 48 hours bake-out period.
When this flange was replaced by a combined Teflon and
aluminium stand-off, the HjO+ and HO+ fractions dropped
to ÄÍ2% while the neutral fraction remained approximately
the same. After the change was made the residual gas an-
alyzer showed no difference between beam-on and beam-
off operation. It is believed that water molecules from the
humid environment were being continuously absorbed by
the polyamide material and diffusing into the arc chamber.
The source was operationally stable and easily tuned for arc
currents below 80 A. At higher currents it was difficult to
maintain a stable arc, most likely because of the increasing
contribution of the arc current to the healing of the ii la-
ments. Figure 3 shows lotal ion current vs. dc arc power
for three filter field strengths.

For the 95 and 45Gauss filters, extraction voltages of 40kV
and 45 kV were used. The source pressure was 5.6mTorr.
As expected, the total extracted current increased as the fil-
ter strength was decreased. Figure 4 shows beam species
percentage vs. arc power. The H^ and H? fractions de-
pend strongly on filter strength, whereas the Hj docs on
arc power. The neutral and heavy components show no
strong dependence on cither filter strength or arc power.
The H | fraction rose with filter strength and arc power,
while the HÍ decreased with filter strength and H+ with
arc power. Figure 5 shows the dependence of beam species
on source pressure at two arc power levels (95 Gauss filter
case). The Hf and H* fractions in the beam increased at
the expense of the H.t production. The neutral and heavy
components also increased with source pressure but mea-
surements showed the rise to be mainly due to an increase
in the neutral component.
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Figure 3: Total extracted ion beam current and density vs.
arc power at a constant extraction voltage of 45 kV for the
45 Gauss filter, 40 kV for the 95 Gauss filler, and 30 k V for
the 190 Gauss filter.
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power for three different filter field strengths. The source
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Figure 5: Beam species percentage as a function of source
pressure at two arc power levels (95 Gauss filter case).

Discussion and Further Work

The results presented here together with those obtained at
LBL [4] indicate that this source, when operated in ci-
ther filament or rf-driven mode, can fulfil the requirements
needed to upgrade the beam intensity of the 870 kcV CW
pre-injector. In the rf-driven mode however the source is
capable to exceed the required values. Furthermore, the
lifetime of the filaments is very much limited compared
with the expected durability of the antenna in the rf-driven
case. The operation of the 590 McV ring accelerator at high
beam intensities requires a very stable and noise-free beam
from the ion source. Since experience using an rf-driven
multicusp source for high-energy isochronous-cyclotron ap-
plications is not available, it is necessary to have the pos-
sibility to operate the ring machine at high intensities us-
ing both plasma discharge modes. It is therefore important
to compare both modes of operation at similar source out-
put levels. In the rf-driven mode a total current density of
ss 100 m A/cm2 with a proton fraction of ss60% can be ob-
tained with the 190 Gauss filter and 3kW rf power in the
plasma discharge. In the filament-driven mode the same val-
ues could be obtained with the 95 Gauss filter and 6.5 kW
in the arc discharge (70 A arc current). It will therefore be
feasible to judge the overall performance of the source at
equivalent beam intensity levels in the ring machine.
The rf-syslem for the ion source will be commissioned in
late spring 1994. It is planned to run the source in the
ISTS at high rf-powcr levels and 60 kV extraction over a
period of several months to assess the beam stability and
the durability of the antenna. The ion source, rf-supply
and control equipment will be installed in the dome of the
870 keV pre-injector in fall 1994 during the PSI accelerator
complex shut-down period.
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NEW RF-POWER COUPLING LOOP DESIGN FOR THE RING
CYCLOTRON ACCELERATION CAVITIES

H.-R.Fitze, H.Frci, W. Keller, P.K.Sigg, PSI - Accelerator Division

Paul Scherrcr Institute, CH-5232 Villigcn PS1

Introduction:

The proposed upgrade of the PSI ring cyclotron to produce
a maximum proton beam current of 1.5mA at 580 MeV
was impeded by the following limitations of the existing
RF- system:

• Insufficient RF-drivc power about 220 kW for Prav

+ P*™m, (required: > 500 kW)
• Maximum cavity voltage, limited by cooling sys-

tem design loapprox. 720 k V,, (P,.„„ = 300 kW); the
original design specifications were 480kVr, Prn,,=
130kW.

• Inadequate power handling capacity of the RF-coupling
loops, the problem being augmented by the fact that a
vacuum window has to be integrated into the design.

The first problem has been solved by designing and build-
ing a new final power stage (50 MHz - RF-ampliftcr) with a
maximum output power capability of > 800 kW. The sec-
ond point cannot be solved except by a completely new
cavity design, an issue which will be treated in a separate
contribution.

Finally, the presently used coupling loop has gone
through a long sequence of improvements, tackling each
new problem with its own little fix as we were inching up
on the power scale. The process has been described pre-
viously [1J. The present concept seems to have 'run out
of steam', however, at power levels of 250 to 300 kW. A
completely new coupling loop has therefore been designed
and tested; it will be described in the following paragraphs.

Experience with RF- Coupling Loop Designs:

Despite the aforementioned improvements of the existing
coupling loop, such as 'field gradient rings' at both sides
of the ceramic cylinder, and ionization detection circuitry
with fast RF clamp circuits, it was fell that the concept of
the loop had to be changed completely (sec Rcf. I).

Since the existing loop had the ceramic cylinder (acting
as a vacuum window) positioned inside the cavity (mostly
a vacuum design consideration), a first attempt was made to
place a disc shaped vacuum window at the junction of the
cavity and the connecting transmission line, and therefore
use something close to the original design of some 20 years
ago.
For mechanical design reasons, this disc (made by Wcsco)
was positioned at 3 cm behind the cavity wall inside the
transmission line. A power test revealed quickly (after a
few minutes, as a matter of fact) that this concept was far
inferior to the existing design; multipacting and heavy sput-
tering at the window caused it to crack and must have been
responsible for the almost immediate destruction.
In all cases, the most likely failure mechanism seems to

be metal vapor condensation taking place after each spark
across, or from one end of the ceramic insulator. Pilling of
the metal rings at both ends of the ceramic cylinder grad-
ually increased in number as well as in size of the visible
'craters'; the cylinder then developed a metal film coating,
starling from both ends. Ultimately, the conductivity of
this film led to a complete voltage breakdown across the
coupling loop, at lower and lower RF power levels.
One remedy was to shorten the response time of the RF-
clamp circuit, from about 3 ms to 0.7 ms, to reduce the du-
ration of the spark at the insulator, and therefore to lower
the amount of RF energy available in the spark. An even
faster response is not desirable, because of the so-called
'microsparks' in the cavity, which completely recover after
about 0.5 ms if the clamping circuit is suppressed for this
time interval.

New 50 MHz Coupling Loop:

Originally, the objection against placing a ceramic window
in the transmission line, back of the cavity, came from
vacuum designers, out of fear of excessive mullipacting.
More recently, this was considered to be of minor concern
(further helped by the application of a carbon layer onto the
metal surfaces), compared lo what could be gained from
removing the window (ceramic cylinder) from inside of the
cavity, out of the high H-field in this region. Furthermore,
high RF surface currents diverted around the hole in the
cavity wall at the location of the coupling loop add to the
thermal load at one end of the ceramic cylinder (sec Fig. 1).

Dielectric losses in no case seemed to be the limiting
factor; the maximal observed ceramic temperature in the
old design never reached 140°C. Consequently, the effects
of sparking, metal evaporation and condensation had to be
reduced, if not by the number of sparks, then at least by the
reduction of the metal condensation on the ceramic surface
to extend the useful lifetime of the ceramic window.
So, in addition to the already mentioned reduction of RF-
encrgy absorbed in the spark, the geometry was adjusted
such as to be a constant 50 ft characteristic impedance trans-
mission line all the way up to the inner surface of the cav-
ity. Careful design also minimized electrical field gradient
changes over the length of the ceramic cylinder,which it-
self was lengthened by a factor of 2, to 7.5 cm, (sec Fig. 2).
Finally, removing the ceramic window from inside of the
cavity also reduced the effect on the cavity resonance fre-
quency; this will be of greater importance in the upcoming
design of the coupling loop for the 150 MHz flat-topping
resonator, where special compensation elements had to be
added up to now to stay within the frequency tuning range.
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Figure 1: Cross-section of the old 50 MHz coupling loop as
installed in the cavity.

The new design also permits the replacement of the ceramic
cylinder with its soldered-on Cu-end rings only, as com-
pared to previous models where the entire coupling loop had
lo be exchanged in case of damage to the ceramic cylinder.
This reduces repair costs drastically, by an estimated 70%.

Results:

Several new loops have been tested, a first version (with a
short ceramic cylinder) for only a few weeks, while the im-
proved model (as described in the previous paragraph, and
Fig. 2) has been in operation in cavity #1 for eight months
and in cavity #3 for four months, both at power levels up
to460kW.
Previous models, run at lower power levels (but greater than
250 kW) have not lasted longer than three months, at best.
At present, preliminary results can be outlined as follows:

• Life expectancy at high power levels is significantly
increased.
• Sparking at the ceramic cylinder has not been elim-
inated; the combination of shorter spark duration and
improved geometry, however, has drastically reduced
the amount of evaporated material and pitting, and
consequently, the amount of metal condensation on
the ceramic surface of the vacuum window.
• Vacuum conditions in the section of the coaxial line
exposed to cavity vacuum do not appear to have de-
teriorated to the point of limiting the power handling
capacity of the coupling loop.

In conclusion, it is felt that further investigation of the com-
plex phenomena of sparking at RF-windows is required.
In particular, the metal-ceramic juncture region, where most
sparking seems to originate from, is poorly understood in
terms of models. Additionally, more attention has to be
diicctcd towards the study of effects of electric charges in
ceramic materials.
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Figure 2: New RF coupling loop, installed.
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Introduction

As has been mentioned before, several hurdles have to be
cleared before the designated goal of accelerating 1.5 mA of
beam current in our 590 McV ring cyclotron can be reached.
Right now, the RF acceleration cavities do not seem to be a
major obstacle, although they arc operating near their ther-
mal limits. There arc three main reasons to at least consider
a replacement, however:

• No spare is available in case of mechanical or vac-
uum failure of any one of our 4 cavities. (Very recent
experience with a resonator of o~r injector cyclotron
makes us much more reluctant to claim that this could
never happen!)

• Maximum acceleration voltage is limited to ~ 720kV,,,
mainly due to a cooling system which originally was
designed to handle 130kW; at present we arc running
at what is considered to be the limit of 300 kW.

• Even at this power level, the lum-on procedure after
a spark in a cavity is complex and time-consuming,
up to 1/2 hr. in some cases.

Furthermore, if the acceleration voltage could be raised
further, this would increase turn separation at extraction,
lower the total number of turns inside the accelerator and,
hopefully, reduce extraction losses while increasing beam
quality in the proton beam line. If acceleration voltage
remains at the present level, however, a new design should
be able to reduce the total RF energy losses in a cavity
by Ä 20%, to be achieved through increasing the Q-factor
accordingly.

Ring Cyclotron Cavities, 20 Years of Operating
Experience

Until 1990, when the first high power amplifier on cavity
#1 became available 11 ], all cavities were operated at or be-
low 150kW of RF dissipation power, corresponding to an
acceleration voltage of 500 kVp. Their operation had be-
come quite reliable except for the number of sparks, which
could not be reduced below one in every 3-4hrs, even af-
ter months of operation. About one out of every six such
events led to a clamp operation of the final amplifier pro-
tective circuit, after which it took 2 to 10 min. before full
cavity voltage was restored. This implies that each cavity
produces at least one beam interlock of 2...10min. dura-
tion per day. The remaining so-called 'micro-sparks' can be
taken care of by suppressing the output to the fast beam in-
terlock circuit for the duration of these self covering sparks
( « 500/<s).

As it turns out, higher power levels make it increasingly
difficult to restore full cavity voltage within reasonable time

(i.e. less than 5 min.) after sparking in the cavity has oc-
curred. This can be traced to mechanical deformation in the
cavity walls due to the design of the cavity and its cooling
system. It requires a complicated turn-on procedure (cold
start), lasting up to 30 min., each time RF power in the
cavity is cut for more than a few minutes (sec Rcfs. 1 and
2|.

Once the ring cyclotron will be required to produce
high beam currents for the new neutron spallalion source
(SINQ), the complexity and required reliability of operation
will turn this aspect into a serious handicap.

A New 50 MHz Acceleration Cavity for the Ring
Cyclotron

Essentials of a new cavity design have to include the follow-
ing properties, some of which have been mentioned before
121:

• The mechanical support structure - actually, the 'vac-
uum chamber' - should be decoupled from the actual
RF-cavity with its cooling system. This is neces-
sary to decrease temperature gradient effects on the
resonance frequency.

• If these effects can be reduced, a frequency tuning
system can be devised with a much smaller tuning
range than the present design (about 400 kHz); hope-
fully eliminating the use of hydraulics in the acceler-
ator vault needed for the required fast response while
applying very high forces. A possible replacement,
the principle of which has been tested recently in
a model, would be based on the thermal expansion
principle, using a variable water temperature as the
controlling clement.

• In order to achieve the desired increase in Q (to re-
duce RF- dissipativc losses at the same voltage level)
two things can be done:
- Use copper instead of aluminum as the internal cav-
ity liner material, (the conductivity R, of pure copper
being theoretically «1.27 that of pure aluminum, as-
suming identical surface texture), and/or
- Change the geometry of the cavity to a loss-optimised
shape (within the mechanical boundary conditions
given by the existing ring accelerator structure). The
effect of these latter measures have been tentatively
calculated (using 'Mafia' programs) [3]. The results,
however, do not yield any significant improvements,
due to the above mentioned relatively tight dimen-
sional constraints.

• Finally, designing the cavity with integrated elec-
trodes (which define the acceleration gap) instead of
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bolt-on units permits more efficient direct cooling,
thus further reduction of thermal effects.

The shape of the cavity with its major features can be seen
in a model view, sec Fig. 1.

1:3 Scale Model Cavity, 150 MHz

The full mechanical design of our model cavity is just about
to be completed. We have incorporated every possible fea-
ture of our full scale cavity into the construction; the essen-
tial ones are listed below:

• The cavity walls consist of an inner liner of a 2 mm
copper sheet, attached (by an electron beam welding
process) directly onto a corrugated Cr-Ni steel shcel,
which forms the outer shell. The longitudinal chan-
nels generated hereby arc used to provide efficient
water cooling of the entire cavity surface. The two
end sections of the cavity serve to connect to the wa-
ter feed lines.

• The structure created this way cannot be used as a
vacuum chamber however; hence a stable and solid
frame is required to be built around it. Its function
is to eliminate all possible influences on the resonant
frequency (like detuning caused by thermal gradients
during warm-up, for example) and isolate ihc RF cav-
ity from mechanical stresses occurring in a vacuum
chamber.

• This support structure has been scaled such that it
is a true model of the cavity required to fit the ex-
isting ring cyclotron sectors, including the necessary
vacuum flange connections in the beam plane.

The contracts for manufacturing this cavity have been
signed recently, and the cavity will be ready for the first
tests in the middle of 1994. The most important parameters
to be verified will include:
- Mechanical properties like cooling water flow, tempera-
ture distribution under power, temperature gradients, defor-
mation of the chamber under vacuum, etc.;
- Electrical characteristics like resonance frequency, Q-
valuc, voltage distribution along the acceleration gap and
frequency drift as a function of lime and RF power level,
multipacting behaviour, etc.
Many of ihesc measurements will require RF power, which
will be supplied by our old flattopping amplifier chain. It
is capable of delivering up tc 50 kW at 151 MHz, and is
now being installed in our testing area. The availability of
this amplifier chain and its power supplies was an essen-
tial aspect in our decision to build a 1:3 prototype cavity.
It will also enable us to further develop and test the nec-
essary power coupling loops; sec article in this newsletter
concerning RF coupling loop design.

Figure 1: Model view of the proposed new cavity for the
PSI ring accelerator.
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IMPROVING THE BEAM DIAGNOSTICS IN THE
PSI 590 MeV RING CYCLOTRON

PSI-ABE, PSI Accelerator Division

S.Adam, M.Humbel, L.Rezzonico

Introduction

Good beam diagnostics are extremely important for setting
up the PSI accelerator facility for high intensity, high qual-
ity beams. In order to serve this important goal, the beam
diagnostic equipment has to fulfill a range of challenging
requirements. The most important requirements to beam
probes are:
- working at high or even full intensity, as well as

for low intensity beams
- high geometric precision
- fast motion
- good reliability.
The other essential component, accompanying the diagnos-
tic hardware, is the software for gathering and analyzing
the probe data, including elaborate methods for the inter-
pretation of the data to give hints for beam optimisation.

In the past two years the 590 MeV ring cyclotron at
PSI was equipped with a full set of new beam probes. The
completely new design of those probes could profit from
the experience gained with the beam probes in Injector 2.

Probes for High Intensity

Experience with setting up high intensity beams has re-
vealed the importance of beam probes that can measure the
very beam one wants to produce. All substantial reductions
of beam intensity imply changes to many other parameters
in the accelerator, resulting in the fact that the beam mea-
sured at reduced intensity becomes difficult to compare to
the full beam. For most of the new probes a way has been
found to fulfill this important wish.

A probe travelling through successive turns of the full
intensity beam of 1 to 2 mA suffers from an extremely
high thermal load. This load is so high that it can only
be sustained by a very thin wire, where the surface that
determines the radiative cooling is highest compared to the
volume that is heated up by the beam. Wires of SiC of
diameters down to 100 //m and of cristalline carbon down
to 40 (itn have been chosen for this purpose. Both have
the advantage of a higher melting point than most of the
metals, and carbon has the additional advantage of a low
stopping power.

Simulation results as in figure 1 show that the maxi-
mum temperature of about 1300 K is reached soon, but
then does not increase much further because the radiative
cooling strongly increases with temperature.

A high melting point of the wire helps to avoid acci-
dental damages of the probe, but the maximum operational
temperature of the probe wire is not determined by the
danger of melting, since already for temperatures clearly
below the melting point, a wire starts to emit electrons.
Emitting electrons and stopping protons are both signaling

a beam current. When thermic electron emission becomes
high enough, the measured current does not anymore repre-
sent the beam hitting the wire.

Temperature IK]
1500 -i

1000-

500-̂

Time fs3

0.0 0.1 0.2 0.3 0.4 0.5

Figure 1: A simulated case of temperature as a function of
time of a thin wire hit by successive turns of a high inten-
sity beam.

Such thin wires are highly breakable and therefore deli-
cate to mount in a probe that must be reliable Well-adapted
soft springs are used to slightly pull the wires and to keep
them in place. The two fixing points for the soft springs
above and below the midplane have to move in a precisely
synchronized way, a requirement that is best fulfilled with
the probe head having the shape of a long fork. The tra-
ditional design of a radial probe with a moving block that
stops the beam is not feasible at intensities above 1 mA.

For the long radial probe in the 590 MeV ring cyclotron
a very special design was needed: A moving probe head
cannot have the shape of a fork of three meter length. The
problem has been solved using two rails, above and below
the midplane, well adjusted with respect to each other. In-
stead of the bars of the fork, a pair of chains of four little
trolleys, running on the upper respectively lower rail, as-
sure the radial synchronism of the upper and lower probe
support, while the vertical and azimuthal correlation is de-
fined by the rails. On the outer end of the moving part
of this probe a bridge joins the two trolley chains and on
the inner end two short bars, mounted on the last trolley
of each chain, act as upper and lower support for the soft
springs attached to the probe wire.

On the probes in die injection region, like in the Injec-
tor 2, one vertical wire and two wires inclined by 45° we
spanned between the two bars of the fork. Such a three-
wire probe [1] yields information on the radial as well as
on the vertical behaviour of the beam. The quite difficult
problem of interpreting the measured data of a three-wire
probe when the turns are not clearly separated has not yet



been solved. This is the reason why only the probes in the
injection region arc of the tree-wire type, except for one
probe at extraction usable for pilot experiments.

Since the wires are so fragile, a smooth probe motion
avoiding excessive acceleration is essential. In the new
probe design the stepping motor is placed inside Ihc vac-
uum. This avoids sliding vacuum seals as well as long
bellows. The new design also properly solves the problem
of the moving cables that join the travelling probe head to
the fixed vacuum feedthrough.

Interpretation of Turn Patterns

In the extraction region of the 590 McV ring cyclotron,
normally the turns arc not clearly separated as they arc at
injection. In order to reduce the extraction losses the beam
is accelerated with a small centering error of 2-3 mm. This
is a compromise between the smaller turn separation at ex-
traction for precisely centered beams, and Ihc worsening of
the beam quality caused by too high centering errors. This
centering error selected on purpose, taking into account the
natural radial lum separation that diminishes with increas-
ing energy, causes some successive turns to overlap. Figure
2 shows a part of a radial probe trace together with a la-
belling that indicalcs how many turns arc contained in each
peak.

Number of Turns hidden in fhe Peaks:
2 1 2 2 1 2 12 2 1 2 12 3 3

4200 4250 4300
Radius [mm]

Figure 2: A part of a radial probe trace with two or three
turns overlapping in some of the peaks.

The program for the interpretation of a probe trace must
therefore be able to find out, how many turns arc contained
in each peak. This task has been approached applying a sc-
ries of least squares fits that adapt the model for the radial
gain from acceleration and for the betatron oscillation re-
sulting from a centering error to the measured data. In this
fitting procedure it is essential to have a good mathematical
model. In particular, the radial focussing frequency vr as a
function of radius must be known very well.

The original values for the radial focussing frequency
were based on the magnetic field measurements taken in
1972 during the construction of the 590 McV ring cyclotron.
In the process of designing the mathematical model they
proved to be not sufficiently precise. In a kind of bootstrap
operation a scries of probe traces have been analyzed. Sev-
eral series of least squares fits, based on the old vT table
and of small variations thereof, were applied to find out
which modifications of ur result in the best agreement be-
tween model and data. These modified values for the radial
focussing frequency vT could then be used as a basis for
further fitting scries to improve vr again.

Once the radial focussing frequency is known well

enough, the betatron oscillation component can be deter-
mined and then subtracted from a measured radial turn
structure. This yields a table of net radial turn positions
with clearly diminished oscillations. The difference be-
tween these net radial positions and the theoretical radial
turn structure without oscillations should be a smooth func-
tion deviating not more than 2 to 3 mm from zero. When
this function shows a step, the assignment of turn numbers
to the measured peaks must be corrected and the fitting
process has to be repeated.

Difference: Measured Radius
- Model Radius [mm]

10-

-10-

Turn Number

150 200 250

Figure 3: Differences between measured radii, where the
betatron oscillations have been subtracted, and the theo-
retical radial tum structure. The two step-functions show
errors in turn number assignments. At turn 180, an ad-
ditional lum should be assigned and at tum 192 one mm
should be cancelled.
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THE PHILIPS CYCLOTRON IN 1993: RESEARCH PROGRAM AND
INSTALLATION OF THE ECR HEAVY ION SOURCE

P. A. Schmelzbach

Paul Schcrrcr Institute, CH-5232 Villigen PSI

1. Research Program in 1993

The Injector I was used to 40% for low energy nuclear and
particle physics (study of basic symmetries, fundamentals
of the N-N interaction, nuclear spectroscopy, detector de-
velopment) ani to 20% as injector of polarized protons
for the Ring Accelerator. The activities related to medical
research and applications (isotope production, cancer treat-
ment at the OPTIS facility, dosimetry, biology) accounted
for 25% of the beam line. The rest was essentially dedicated
to research in atomic physics and radiochemistry (10%), ir-
radiations of samples for astrophysical research and tests of
electronic components.
The tests of a dark matter detector with the neutron beam,
the determination of KERMA factors of the neutron and
several nuclear physics experiments have been successfully
completed in 1993.
Besides the high energy experiment, the polarized beam was
extensively used for the investigation of the p-d polarization
transfer and the p-d breakup, for the production of polar-
ized beta emitters for the study of basic symmetries and
extensions of the standard model. An absolute calibration
of the polarization of the neutron beam is being performed
and an experiment to investigate the p-d radiative capture
has been started. Beams of p, rv and 7Li have been pro-
duced for the spectroscopy of the 'so.'^ir, l24Tcand U3Cd
nuclei and for the investigation of (he magnetic properties
of l60Ho. In atomic physics, the effort concentrated on the
study of the K and M shell ionization of medium heavy
nuclei with the high resolution bent-crystal spectrometer.
In radiochemistry, the on-line chemistry of tungsten was
developed as a probe for element 106.

Investigations with a 37 McV deuteron beam for OP-
TIS showed promising results. The first biology experi-
ments using a vertical beam facility newly installed in the
NE-Carea started in October. Five experiments relying on
the availability of heavy ion beams in early 1994 arc in
preparation. The beam production was interrupted during
four weeks in spring lo install the infrastructure required by
the ECR source. During the Injector II shutdown in Octo-
ber and November, there were 7 weeks of mixed operation
IP/low energy experiments. In the second half of the year,
additional units of 1 to 2days of " C production for PET
(posiTon emission tomography) patients have been inserted
whenever possible between the low energy runs.

2. Installation of the ECR Heavy Ion Source

The increasing importance of new research activities in var-
ious fields like atomic physics, radiochcmislry, biology and
nuclear spectroscopy strongly called for an improved avail-
ability and quality of the heavy ion beams which, in the

past, suffered from the limitations set by the use of an
internal source. It has been therefore proposed to equip
Injector I with a powerful ECR (electron cyclotron reso-
nance) heavy ion source to be installed at the existing axial
injection system [1]. The compact, high B-ficld, lOGhz
CAPRICE source developed by Gcllcr's group at Greno-
ble [2| was considered to best fit the needs of the potential
users and the conditions set by the local environment. The
decision to purchase the source was taken in late 1991 and
the contract signed in January 1992.

Development of the Source

The source is the newest version of the CAPRICE family. It
is equipped with a 1 T permanent Nb Fc B hexapole magnet
and a well adapted lOGhz microwave generator. It reaches
almost the performances of a 14Ghz source, and has also
an excellent stability for metallic ions. For solid elements
with working temperatures below 1200° C a micro-oven is
used, at higher temperatures evaporation is achieved by ex-
posing the material directly to the plasma. The modular
construction of the source allows for an easy integration of
possible future improvements. The acceptance tests were
performed in Grenoble in April 1993. The obscved perfor-
mances reached or exceeded the guaranteed values. The
beam intensities for some gaseous elements are shown in
Fig. 1 and for a few metals in Fig. 2 Depending on the ion
type and energy it is expected that about 2 to 5% of these
intensities may be available on target

Ion currents (eft A) - Best data for some gases
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Figure 1: Beam intensities from the High-B 10 GHz
CAPRICE heavy ion source.
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Installation of the source at the Philips Cy-
clotron

The ECR source and the horizontal part of the injection
beam line are located underneath the cyclotron, partly in
a magnetically shielded tunnel offering only a very limited
space. The beam extracted from the source is analysed in
a double focussing 90° magnet, passes a set of slits and is
transported by a magnetic quadrupolc triplet to an electro-
static spherical deflector bending the beam into the vertical
part of the axial injection system. Beam diagnostics arc
provided by two sets of beam profile monitors and Faraday
cups. In addition to the shielding of the room, compensation
of the residual stray field from the cyclotron is achieved by
correction magnets and local shielding of the deflector. In
order to maintain a relatively easy access for maintenance
of the axial injection system, all new elements arc mounted
on movable supporting frames.

The construction of the components to be delivered by
PS1 for the source and the axial injection line (vacuum
system, power supplies, beam diagnostics, control system)
began in 1992. To minimize the loss of beam time, the
main installation work concerning the source, the horizontal
beam line and the required infrastructure in the cyclotron
vault had to be done during two two-week shutdowns in
April and May 1993. The final completion of this work
was performed during service days and stand-by periods in
summer and fall 93. Besides the installation of the new
equipment, (he vertical part of the axial injection line was
modified to accomodatc (he spherical inflcctor and equipped
with new power supplies. The control system was up-
dated to the present PSI standard. Some delay in taking
the source into operation arose because of collisions with
unscheduled maintenance work and the insertion of addi-
tional beam production periods. All needed systems were
nevertheless ready to allow an internal test with the source
operated at reduced microwave power in December.
A check of the performances under local conditions has
been done in collaboration with the supplier of the source
in the second week of January 1994. Beams of neon, argon
and lead have been internally produced. The results confirm
the intensity and stability measurements made at Grenoble
during the acceptance tests. The equipment added at PSI in
order to remotely control the source works properly in the
requested ranges and allows an easy and precise adjustment
of all operating parameters. The beam transport in Ihe hor-
izontal beam line has been tested, too. All systems will be
operational for the first production period scheduled in the
second half of February 1994.

Ion cuunt (IJIA) But data for som mtata
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Figure 2: Beam intensities for some metals.
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GENERATION OF VERY SLOW POLARIZED POSITIVE MUONS
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In this project we investigate and develop the method
of decelerating a surface n+ beam to very low energies
by using appropriate solid slate moderators. By partially
stopping a surface /;+ beam in a moderator consisting of a
solid layer of a rare gas deposited on a cryogenic target we
have obtained an efficiency to convert a surface /i+ beam
into a very slow one (E ~ 10 cV) of between 10"'1 and
10~s (depending on the moderator). Besides their intrinsic
physical significance, the results obtained so far with the
moderation technique have practical implications. A mod-
erator of this type inserted into a high intensity secondary
surface fi+ beam, such as that available at the xK!) chan-
nel, can be used as a source for a tunable tertiary beam of
fi+ with energies between a few tens of cV and a few tens
of keV.

Such a tertiary beam has a vast field of applications,
ranging from muonium spcctroscopy and the study of atomic
and molecular collisions to applications in solid slate physics.
Particularly important is that it allows the extension of the
Muon Spin Rotation (,/iSIt) technique (presently limited to
the study of bulk characteristics of matter) to the study of
thin films and surfaces, thus offering a new spcctroscopic
tool to these fields. A necessary condition for the use of
very slow muons as magnetic microprobes is that (he par-
ticles are polarized.

In 1993 we performed a first measurement of the po-
larization of very slow /i+ emitted from solid Ar, Kr and

He - SHIELD ELECTROSTATIC
MIRROR

MCP1

H+BEAM

START
SC1NTILLATOR

MCP2

SC1NTILLATOR
PAIR

N-j. The measurements were carried out in the apparatus
shown in Fig. 1., which is essentially the apparatus used
for the moderation studies and which is described in detail
in last year's annual report |1] and in rcf. |2]. The very
slow /i+ emitted from the cryogenic moderator arc acceler-
ated and focusscd onto a microchanncl plate detector (MCP
2). We use the MCP as an active target and observe the
polarization of the very slow /i+ slopped in MCP 2 by us-
ing the standard transverse magnetic field //.S7i technique.
While the very slow //+ arriving at MCP 2 produce pulses
in this detector, the subsequent decay r+ are observed by
four plastic scintillator pairs surrounding MCP 2 with a
solid angle coverage of 60% of 4n sr. A pair of Hclmholtz
coils applies a magnetic field B of up to 100 G perpen-
dicular to the expected spin direction of the polarized y/+.
The characteristic //+ precession signal which is obtained
is shown in Fig. 2. The decay asymmetry (A'^"P

I>) is a

Figure 1: Experimental setup for the polarization measure-
ment.

Figure 2: Decay time distribution of the very slow
/i+ emitted from a solid Ar layer and processing in a 50 G
transverse magnetic field.

dircct measure of the polarization if the maximum observ-
able asymmetry with our /i.SR apparatus and the behav-
ior of a polarized //+ slopped in the microchanncl plate
detector arc taken into account. These were obtained by
attaching the /iSIi spectrometer (bottom pan of Fig. 1)
directly to the surface //+ beam line after the start scintilla-
tor and measuring the asymmetry signal (Fig. 2) produced
by surface muons (which arc 100% longitudinally polar-
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ized) stopped in the MCP in a transverse magnetic field
(A'MCP" ^ ^ n c values f°r the absolute (transverse) po-
larization P of the ~ 10 e V /i+, are obtained from the ex-
pression P = 100% x {A'M£P»/A'M"J"' *). For all the
moderators investigated we obtain a polarization of ~ 90%.

The fact that the muons nearly retain their initial po-
larization indicates that the moderation process is very fast
compared to depolarizing mechanisms. This experimental
finding demonstrates that a very low energy beam of po-
larized fi+ for surfac" and thin film ftSR can be realized
by making use of the moderation technique. A complete
description of the polarization results is reported in ref. (31.
Plans for further investigations in 1994 include measure-
ment of the muonium emission from rare gas solid mod-
erators, the development of a suitable trigger detector for
time-tagging the very slow /i+ and first measurements of
the range and straggling of very slow /;+ in thin layers of
SiO2 and A12O3.
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THE PSI 100 cc FROZEN SPIN TARGET

B. van den Brandt, P. HJUUC, J.A. Kontcr, S. Mango

Paul Scherrer Institut, CH-5232 Villigcn PSI

For measurements of the 2-spin and 3-spin trans-
fer parameters in the n-p system in the 300 - 600 McV
range, a large (WO cc) frozen spin polarized target has
been built and put into operation at PSI. The holding
coil system allows a virtually arbitrary polarization di-
rection, quick polarization reversal and large opening
angles.

The Magnet system

For dynamically polarized targets a magnetic field in the
range of 2.5 to 5 Tesla with a homogeneity of lO"4 over the
target volume is required to achieve sizeable polarizations.
At the same time large opening angles from the target EG the
detectors are necessary. These requirements arc difficult to
fulfill for a large target. For this reason the so called frozen
spin target concept has been developed 11J.

We have built a system in which a 100 cc target is dy-

namically polarized in a relatively simple high homogeneity
super conducting solenoid, housed in a room temperature
bore cryostal, surrounding the target refrigerator and thus
impeding access (see Fig.l).

In a second step the target polarization is frozen in by
lowering the temperature to '/'„„•„ ~ 50m A' and subse-
quently the magnetic field B to 0.8 T. Afterwards the mag-
netic field is taken over by a holding coil system and the
polarization coil is removed from its polarizing i.e. beam
obstructing position (see Fig.2).

The holding coil system consists of a split pair magnet
and a saddle coil magnet, providing resp. the vertical and
horizontal holding fields.

A linear combination of these fields together with the
rotatabilily of the cryostal around the vertical axis allows
virtually any quantization direction in space, only limited
by the 2 pillars of the magnet support (sec Fig.3).

Moreover, the twofold coil system allows a quick po-

Figurc 1: Target in polarization mode Figure 2: Target in frozen spin mode



larization reversal by magnetic field rotation. Initial tests
have shown a reversal time of 12 min.

The characteristics of the magnet system arc:

• Polarizing Coil

- 5 Tesla coil in room temperature bore cryostat

- B || z-axis (vertical)

- AB/B ~ 10~4 over 100 cc cube

- cryostat vertically movcablc

• Vertical Holding Coil

- 1.2 Tcsla superconducting split pair coil in target
cryostat

- B || z-axis

- AB/B ~ 15.5% over target volume

• Horizontal Holding Coil

- 1.1 Tcsla superconducting saddle coil in target
cryostat

- B ± z-axis

- AB/B ~ 15%

• Opening angles of holding coil system (sec Fig.3)

- 2ft = 145°
- 2/i = 100°

- <}> - 165°

• Dimensions of holding coil system

- Ti= 73 mm
- r„=110 mm

The dilution refrigerator

The vertical dilution refrigerator (Fig. 1), constructed at PSI,
has been incorporated in a cryostat in which also the twofold
superconducting holding coil system has been integrated.
The cryoslat is rotatablc around the vertical axis in dilution
mode, in order to provide the third degree of freedom in
polarization direction.

The main He reservoir, supplcting the magnet system,
serves at the same time as a buffer volume for the two
precooling loops of the dilution refrigerator insert

Prccooling of the incoming 3Hc is accomplished in a
triple exchanger between two streams of 4Hc from the 4.2
K and sub-A bath, with maximal recovery of the enthalpy
of the outcoming 3 He-gas from the inside pumping tube.

The target loading is performed with an up-scaled ver-
sion of a former PSI design [2], in which the target cell is an
integral part of a central insert This insert rod essentially
consists of a /iwavc tube plus baffle system and a Vcspcl
block with a 5" conical section, mating the central acccs
hole in the supporting structure of the heal exchanger.

This loading system enables us to load a rectangular
target-cell into an also rectangular mixing chamber, thus
minimizing the amount

of background material in the target region.
At present, we have implemented a cylindrical mixing

chamber and target cell. Possible would also be to have

Figure 3: Horizontal cut through pillars of holding coil
system showing opening angles

a dummy target underneath the target cell, which could be
advanced on the beam for background measurements.

The present version of the dilution refrigerator is equipped
with a single concentric heat exchanger between still and
mixing chamber. The minimum temperature which can be
achieved is around SO mK. In frozen spin mode relaxation
times of about 1100 h have been reached in 0.8 T.

At high circulation rates, the cooling power is lagging
behind the expectations because of a too high 4Hc-3Hc ratio
of the circulating mixture, contrary to measurements in the
initial phases of the development. This puzzling behaviour
has to be investigated further.

The pumping system

The pumping and gas-handling system pertaining to the
dilution refrigerator, arc designed for a circulation rale of
ň:i= 30 mmolc/s.

The pumping system comprises of a scries combination
of Roots blowers Balzcrs WKP 4000, Alcatel RSV 1000,
RSV 300B and ADP 80, all equipped with canned motors
and compressing completely oil-free.

Performance

The system, installed on the NA2 polarized neutron beam
line, has been in operation for a 3 weeks physics run in
September.

Proton polarizations of ~ 70% could be achieved in
a 100 cc target consisting of a 1-butanol/waicr mixture,
doped with ~ 2.10 l n EHBA-Cr^/cc, after ~ 5 hours of
/iwavc irradiation in 2.5 T, a time-limitation imposed by
the cryogenic duty cycle of the magnet

Polarization decay times have been > 1000 hours at T
< 70 mK in a holding field of 0.8 Tcsla.

Rotation of the holding field had no detectable influence
on the polarization decay lime.
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POLARIZATION REVERSAL BY ADIABATIC FAST PASSAGE IN VARIOUS
POLARIZED TARGET MATERIALS
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Spin-polarization reversal by the use of the adia.ba.iic
fast passage mechanism has been investigated in a vari-
ety of polarized target materials. The high efficiencies
achieved open the way to the application of the A FP
method in operational polarized solid targets.

Introduction
Many particle physics experiments studying spin effects
with polarized solid targets suffer from large systematic un-
certainties due to the infrequent reversal of the target polar-
ization, practically imposed by the time consuming process
(dynamic nuclear polarization at low temperature, DNP [1 ])
normally exploited to perform the reversal.

A most elegant solution to the problem is in principle
given by the adiabatic fast passage (AFP) method already
suggested in 1946 by Bloch 12]. In fact, such a method by
which the polarization of a system of nuclear spins can be
reversed in the order of a second has been tried in the past
in polarized proton targets. However, the deceiving po-
larization reversal efficiencies achieved (8P = -0.5) have
prevented any practical application and discouraged further
work in the field since 1984 [3]. Recently, the method has
been revisited in our laboratory and the encouraging results
obtained [4] have suggested additional work, which we arc
going to report on.

Principles of the AFP method

A nuclear spin system situated in a strong magnetic field
Bo is irradiated with a rf field l)\ linearly polarized in a
plane perpendicular to /i0. of frequency close to the Lar-
mor frequency w = -foBo. A passage through the nuclear
magnetic resonance line, effected by cither varying the fre-
quency u> of the rf field or by changing the strength of the
field Bo at a fixed w, can result in a reversal of the magne-
tization direction with little loss of its magnitude. Classical
NMR theory [5] gives for the feasibility of polarization re-
versal the very general adiabatic condition

A =
dli/dl (1)

where dB/dt is the sweep rate. A lower limit to the sweep
rate is set by the condition that the entire sweep has to
take place in a time T much shorter than the spin-lattice
relaxation time T\P in the field í)ľn in the frame rotating
at the frequency u> of the rf field about the field 1%:

' <*- ' \l> • \*l

There is therefore an optimum sweep rate for given values
of B i and Tip for which the polarization loss is smallest

Goldman et al. [6] gave an extensive description of the
AFP mechanism in a spin-^ system in the frame of the spin
temperature concept on the basis of the Provotorov equa-
tions [7]. Their theory, which is in good qualitative agree-
ment with experiments [3], describes the polarization rever-
sal as a transfer of order from the Zccman to the dipolc-
dipolc subsystem and back to the Zccman subsystem with
reversed orientation.

Experiments

All measurements were performed in a field of Do = 2.5
T at a temperature of T ~ 80 mK in a dilution cryoslal
[8]. Most of the samples of about 1 cm3 volume were
contained in a brass cavity 18 mm high, 18 mm wide and
5 mm thick. A single vertical wire grounded to the cavity
bottom was used as rf coil for both NMR measurements and
AFP irradiation. Tests showed that this simple geometry
produces a sufficient rf field homogeneity over the sample
volume. The somewhat different setup employed in the
deuteron AFP experiments is described in ref. [4].

We have investigated the reversible fraction of the po-
larization 6P = Pjin/Pini as a function of B^dBfdU
where Pini and Piin are the intensities of the NMR sig-
nals before and after the sweep, for a series of substances
in which sizeable nuclear polarization can be achieved by
DNP processes.

Spin systems without quadrupole interactions

The short relaxation time Tlp, which is essentially the spin-
lattice relaxation time of the dipolar subsystem, and the rel-
atively weak coupling of the subsystems (Zccman-dipoiar)
set the practical limits to the achievable reversal efficiency.
The paramagnetic centers purposely added to the dielectric
solid to perform dynamic nuclear polarization arc also the
main source of nuclear spin relaxation and have a great in-
fluence on TiP. Too high a dopant concentration can make
the application of the AFP mechanism impossible. There-
fore AFP polarization reversal might be of special interest
for slowly polarizing materials.

1-butanol: The proton spin system of ordinary alcohols
is the most widely employed polarized target in particle
physics experiments. Up to now, the polarization rever-
sal has been accomplished by DNP and or rotation of the
holding field Bo, as the AFP method didn't seem to be
practicable [3]. A fresh investigation has shown that the
situation is not so hopeless as one believed. In fact, the
achieved efficiency 6P = -0.76 in a weakly doped sample
shows that in some cases (under certain conditions) AFP
polarization reversal could help to optimize the duly cycle
of polarization experiments.
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Figuře 1: Dependence of the efficiency b P on the adiabalic
parameter A for the AFP spin orientation reversal in 7LiH
and 1-butanol. The solid curve indicates the theoretical
prediction.

There is even a possibility for improvement of í P by
starting the AFP reversal with a higher initial polariza-
tion (we were limited to a maximum polarization of about
±70%). This, because the efficiency was observed to be
clearly depending on the magnitude of the initial polar-
ization, which is plausible, as the lincwidth and thus the
strength of the local fields are decreasing with increasing
polarization of the spin system.

Octofíuoro-1-Pentanol: In this fluorinated alcohol both
nuclei 1 9F and 'H possess spin \ with a comparable mag-
netic moment. One therefore expects a response on if irra-
dation similar to ordinary alcohols. This we actually found
in our AFP experiments. The low efficiency achieved, most
likely due to the very high concentration of paramagnetic
centers, could probably be improved to the high values ob-
tained in the moderately doped n-butanol.

71 AH: This material has a symmetric fee crystalline
structure so that the electric field gradient is vanishing and
no quadrupolc shifts exist in the ~Li system. Possibly due
to a low concentration of paramagnetic centers, polarization
and relaxation times of the sample at our disposal arc very
long, in particular a full polarization reversal by DNP lakes
about 2 days [9]. The AFP method looked attractive for it
and the low concentration of paramagnetic centers allowed
to expect a high efficiency of the AFP reversal.

The obtained efficiencies arc plotted in Fig.l as a func-
tion of the adiabatic parameter for both spin species to-
gether with the results from 1-butanol. The data points
correspond to measurements with an initial polarization of
about two third of the maximum polarization. Similar to 1-
butanol, the efficiency rises with the initial polarization and
maximum values of h P ~ - 0 90 have been achieved for
both spin species for maximum initial polarizations ( 7Li:
+0.46, -0.37; 'H: +0.64, -0.53). Or illustrating the re-
sult by the practical example shown in Fig.2: Starting from
+0.46 7Li polarization one can achieve by AFP reversal
in seconds —0.40, which is more than one can obtain in
2 days by DNP. This means that a full DNP build-up has
to be executed only once, data taking can then go on with-
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Figure 2: Comparison between DNP and AFP polarization
reversal in 7LiH.

out interruption with a very high polarization of either sign,
kept near maximum by eventually topping it up after the
AFP reversals.

Spin systems with quadruple interactions

Due to the presence of a strong quadrupolc interaction, the
response of the spin-1 system in dculcratcd alcohols to rf
irradiation is different from that of a spin— system.

l-butanol-dio. We actually found a peculiar behaviour
in the deuterated alcohol: One full sweep through the res-
onance as practiced in spin-| systems was not enough to
reverse the polarization. An additional half-sweep whit the
same direction to the center of the deuteron magnetic reso-
nance line had to be performed. Also unexpected high re-
versal efficiencies (f>P > -0.90) could be achieved under
conditions where adiabaticity in the classical sense {Equ.
(1)] is not fulfilled [10], i.e. irradiating with low rf power
only during a short time. The key point to understand the
behaviour of this deuteron spin system seems to be the fact,
that the reversal lakes place consecutively within spin pack-
ets in spin-| transitions. The narrow width of die packets
assures a very fast transfer of order from the Zccman to the
quadrupolc subsystem and back to the Zccman subsystem
111).

Conclusions

The main results of our investigations arc compiled in table
1. Noticeable is the very high efficiency for the spin-^ sys-
tems with low concentrations of paramagnetic centers and
for the spin-1 system in a dcutcratcd alcohol. Therefore
the main focus for an application lies on slowly polariz-
ing materials and on systems with large inhomogenoous
quadrupolc broadenings. There the improvement of the
duty cycle of a scattering experiment and thus of the sys-
tematic and statistical accuracy of its result can be tremen-
dous.
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nuclei

'H

'Li
'H
l a F
'H

m

Substance
Dopant

1-butanol
EHBA-Cr(V)

7LiH
(irradiated)

8-fluoro-1 -Pcnlanol
TEMPO

1-butanol-dio
EHBA-Cr(V)-d22

e~ cone.
Spins/g

2.0xl0I!<

low

1x10*°

2.36xlOu)

6.35xlO l a

gpmar

-0.76

-0.90
-0.90
-0.37
-0.40
-0.92
-0.90

Table 1: Results from AFP cxpcnmcnts with various nuclei
in different target materials.
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PRECISION MEASUREMENT OF THE MUON MOMENTUM IN PION
DECAY AT REST USING A SURFACE MUON BEAM

R-87-01.2, ETHZ - PSI - VIRGINIA - ZURICH

K. Assamagan1» Ch. Brönnimann"', M. Daum', H. Forrcr*\ R. Frosch"s, P. Ghcno", J. Löfflcr", R. Horisbcrgcr",
M. Janousch"1, P.-R. Keltic", T. Spirig'1, C. Wiggcr"

• Paul-Schcrrcr-Instiiut, CH-5232 Villigcn-PSI
t Physik-Instilut der Universität Zürich, Schönbcrggas.sc 9, CH-8(X)1 Zürich
í Institut für Teilchenphysik, Eidgenössische Technische Hochschule, CH-5232 Villigcn-PSI
j Physics Department, University of Virginia, Charlottesvillc, VA 22901, USA.

1 Introduction

The most precise method so far to determine the mass tn,,u
of the muon-ncutrino relies on the measurement of three
constants, namely the momentum />,,+ of the muons from
the decay n+-^/i+i/lt of stopped pions and the masses ?nT-,
ni ; l+ of the charged pion and the muon. In 1991, we have
started a scries of ;>,,+ measurements using a new tech-
nique, involving the momentum analysis of muons in a
surface muon beam, i.e. a beam of muons originating from
the decay of TT+ -mesons stopped at the surface of a pion
production target. The main advantage of the new method
is that the density of muons in phase space is four orders
of magnitude higher than in the older method, using a ?r+

beam [11.

In 1993, the analysis of the data taken in the first run
was completed, and a further run in the ^-El-area was un-
dertaken, in order to improve the statistical precision and
to perform tests leading to reductions in the systematic un-
certainties. These tests will be described in the subsequent
paragraphs.

2 Pion stop density near target sur-
face

From pion production cross-sections and from studies on
Ihc slowing-down of charged particles in matter, we cal-
culated the 7r+-stop distribution near the surface of the
graphite production target of the JTEI channel |2). These
calculations gave a nearly uniform distribution of the num-
ber of 7r+-stops per gram and second, in a layer extend-
ing from 10 /im to ~20nm inside the surface. In a 20 nm
thick surface layer the slopping density is smaller than fur-
ther inside, because of the frequent large-angle scattering
of very slow pions. Since the structure of isotropic graphite
is complicated (grains, microcrystaHiics), the uncertainty of
Ihc calculated slopping density in this 20 nm layer is fairly
large; it contributed 0.00013 McV/c to the lotal uncertainty
of the preliminary muon momentum value determined a
year ago, 29.79177 ± 0.00024 McV/c |3 | .

In the 1993 dam-taking run, we performed measure-
ments to reduce Ihc uncertainty of the pion slopping den-
sity. The principle of these measurements is illustrated in

Figure 1: Sketch of the graphite production target E.

--" 1.5
'to

Ta>

ž" 0.5

-1.0
(ÉÍ)

-0.5 +0.5

Figure 2: Calculated jr+-stop density at target surface, for
proton beam current 280 pA, versus x6 (cf. Fig. 1).

Figure 3: Measured rate of //+ accepted by spectrometer,
versus setting of bending magnet ASL51 or SSG51.

Figs. 1-3. Fig. 1 is a sketch of the production target, with
an incoming 600 MeV proton (p), a pion (*+) stopping
near the surface, and a surface muon (//+) flying in the di-
rection of the first section of the ;rEl channel, in Fig. 2,
the calculated surface ;r+-stop density is plotted versus J> ;
the j>.-axis is horizontal and perpendicular to the muon
beam direction. At ihc comer E2 of the target (Fig. 1),
the stopping density has a minimum. In the data-taking
runs, the distribution shown in Fig. 2 was imaged by the
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Figure 4: Two //+-momentum spectra recorded by the sil-
icon microstrip detector, at a spectrometer field of 0.2760
Tcsla. a) Muons from the side surface of the production
target, b) Muons from the downstream surface.

beam transport magnets onto the entrance collimator of the
magnetic muon spectrometer [3]. The two plots in Fig. 3
exhibit the rate of muons accepted by the spectrometer as
a function of the current settings of two bending magnets
of the 7rEl channel. If these bending magnets were set
to the currents indicated by the vertical arrows in Fig. 3,
we accepted muons from the side surface of the production
target (x=3mm, z«0; cf. Fig. 1), whereas if the bending
magnets were set to the narrow peaks on the right in Fig. 3,
muons from the downstream target surface (x«0, z=30mm)
entered the spectrometer.

The muon momentum spectra obtained in the two cases
were similar; sec Fig. 4. In total, 25 such pairs of spec-
tra were recorded, at six different magnetic fields of the

spectrometer ranging from 0.2754 to 0.2764 Tcsla Their
detailed analysis is in progress. Since the muons traverse
the 20 nm surface layer discussed above at very different
angles in the two cases (10 or 80 degrees, respectively),
the differences between the 'side' and 'downstream1 spectra
allow to determine the effect of the surface jr+-stop distri-
bution. A preliminary analysis of five pairs of spectra like
that shown in Fig. 4 yielded that the distance A i between
the true and 'effective' target surfaces is 1 .'A ± 2.0 nm. The
corresponding Monte-Carlo calculation 12] gives a value of
Ar = ().0±'2.5nm.

3 Cloud muons

The distribution in microslrips 120-170 in Fig. 4 is due
to cloud muons, i.e. to muons from the decay in flight of
7r+-mcsons in the irEl-channcl. The nearly uniform shape
of this distribution agrees with calculations based on * + -
production cross-sections. These calculations were used to
determine the background due to cloud muons below the
cutoff, i.c. in microstrips 170-250 of Fig. 4. The reliability
of the calculations was tested by recording /i~ momentum
spectra, obtained by inverting the polarities of the beam
magnets and the spectrometer. Since slopped JT~ decay
is very improbable, the /r spectra both above and below
29.79 McV/c arc almost entirely due to pion decay in flight.
One of the experimental /r momentum spectra is shown
in Fig. 5. The slopes at strip numbers ~110 and ~260
correspond to the limits of the momentum band defined by
the magnets and collimalors of the channel. Between 29.7
and 29.9 McV, the /t~ spectrum in Fig. 5 is consistent with
a uniform distribution, in agreement with the theoretical
prediction.

Our final result for the muon momentum and its con-
sequences on the masses of the muon-nculrino and the
charged pion will be published in the near future [4].

50 100 150 200 250 300 350

McnMripNuntwr

Figure 5: Momentum spectrum of negative muons.
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The Standard Model forbids flavour-changing neutral
currents at tree level, both in the quark and in the lepton
sector. The transitions between quarks, such as the recently
observed b —* S7 [1], arc allowed at the one-loop level
via quark mixing. The equivalent lepton-flavour changing
transitions, such as // — cy, arc forbidden at all levels
as a consequence of the mass degeneracy of the neutrino
states. In most extensions of the model this selection rule is
violated. The minimal extension, which allows finite neu-
trino masses, is best tested by measurements of the neutrino
masses and by searches for double beta decay or neutrino
oscillations. Most other scenarios arc more constrained
by the limits on flavour-changing decay modes involving
charged leptons; sec Rcf. [2\ and !3] for reviews.

Neulrinolcss conversion, /r(A/)-» r~(A,Z), in a
muonic atom with mass number A and atomic number
Z, is one of three classical tests of muon-numbcr con-
servation; the other two processes arc the leptonic decay
modes (i+ e + 7 and /Í"1 c". The process
//~(A,Z)—• c+(A,Z-2) violates both muon number and total
lepton number.

When negative muons stop in matter, they form muonic
atoms, which decay clcctromagnctically to their ground
state. The atomic ground state normally decays by muon
decay or nuclear muon capture. For //~ —» e~ conversion
leaving the nucleus in its ground state the transition ampli-
tude, expressed as the sum of the amplitudes for the individ-
ual nuclcons, has a coherent enhancement unlike transitions
to other final slates. In this process the electron is emitted
at the kincmatical endpoint for bound muon decay; in the
case of Ti this is at 104.3 McV/c. For a momentum reso-
lution belter than 2% (FWHM) the background from muon
decay occurs at a level below 10~M. Other beam related
backgrounds can be induced by pions or electrons contam-
inating the muon beam. Electron scattering off the target
and nuclear ir~ capture can be recognized by the occur-
rence of a prompt signal in a beam counter. Because of
the simple event topology cosmic rays may also produce
background.

The goal of the SINDRUM II experiment is to search
for coherent /* —• c conversion with a sensitivity of a few
times 10" 1 4 . The SINDRUM II spectrometer consists of a
superconducting solenoid, which produces a field of 1.2 T
in a region of 1.35 m diameter and 1.8 m length, housing
the various cylindrical detectors. Charged particles with
transverse momenta below 112 McV/c, which originate in
the center of the spectrometer, arc confined radially inside

the magnet. The tracking system, as used in 1989, is illus-
trated in Fig. 1, which also shows the tracks of an electron.
Until now the experiment used an upgraded version of the

RUN 1257

Figure 1: An electron event in front and side view, a) and
b), respectively; (1) Ti target, (2) Čercnkov hodoscopes, (3)
plastic scintillator hodoscope, (4) drift chamber DC1 and
(5) drift chamber DC2. The result of a fit of the electron
trajectory to the hits in DC1 is indicated. The reconstructed
momentum is 100.6 McV/c.

old //El channel. The beam, entering the spectrometer axi-
ally, is monitored with a single plastic scintillation counter
to identify prompt background and to determine the number
of muons entering the spectrometer.

Table 1: Comparison of the single-event sensitivities
reached in the three periods of data taking.

year

target
meas. period
stops
sensitivity

1989
t5]
Ti

25 days
4.9xl0 1 2

1.85xlO-12

1992
prelim.

Pb
lOdays

1.6xlO12

7xlO~ ! 3

1993
prelim.

Ti
60 days
3xlO 1 3

3xlO~ 1 3

Table I lists the sensitivities reached during three data
taking periods: (i) in 1989 data were taken on Ti, (ii) in
1992 a relatively short measurement was done on Pb, and
(iii) in 1993 a second data set on Ti was obtained. The
choice of Ti is motivated both by theoretical estimates and
by background considerations. A measurement on Pb is of

33



interest since it gives an increased sensitivity to the isovec-
tor part of the interaction, i.e. the contribution which is
proportional 10 |Z-N|.
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Figure 2: Momentum distributions Tor electrons, part a, and
positrons, parts b and c, from the decay of /t"Ti atoms.
Distributions from various simulated processes arc shown
for comparison: bound muon decay and n~Ti—- f~TiK •*• in
parta, radiative muon capture and //"Ti—• r + Ca s s in part
b, and fi~Ti—+ t+Ca* assuming a giant resonance excitation
in part c. The simulated spectra for /< —* r conversion have
been normalised under the assumption of a branching ratio
of 5 x 10~M. The experimental momentum resolution of
2.3 MeV/c (FWHM) is dominated by the energy loss in the
target.

Figure 2 shows momentum distributions from the 1989
measurement. The measured c~ distribution, Fig. 2(a),
is compared with distributions from simulations of bound
muon decay and coherent fi~ —> e~ conversion. The event
at 100.6 McV/c is the one shown in Fig. 1. In the region
above 100.6 McV/c, where 81% of the conversion events
are expected, no events were found which resulted in an
upper limit at 90% confidence of 2.3 events, which corre-
sponds to

V(/t~'l"i rapture)
J0 ~ 1 2

(1)

The measured positron distribution is shown in Fig. 2(b).
Since the highest momentum in the region of interest of the
measured distribution is 93.S McV/c, no candidate events
were found for fi'Ti^ r+Ca conversion leaving the daugh-
ter nucleus in low-lying states. In earlier searches for
)i~ — e + conversion limits on the branching ratio were
deduced under the assumption of a giant resonance excita-
tion of the daughter nucleus with a mean excitation energy
of 20 McV and a width of 20 MeV. The expected distri-
bution is shown in Fig. 2(c). In this case only 5% of the
events give a momentum above 93.5 McV/c and the upper
limit is

r.+Ca.'

ľ(/i~Ti capture)
< 8 . 9 x (2)

These first results, which give slight improvements over the
most sensitive previous experiment [4 ], have been published
recently [5].

The 1992 and 1993 data arc presently being evaluated.
The sensitivity reached in these measurements is signifi-
cantly higher than obtained previously. Our preliminary
analysis shows no signal and practically no background.

The resulting upper limits should become available by the
middle of 1994.

Presently a dedicated bcamlinc is under construction,
which is an extension of the new ?rE5 channel. This pion
channel delivers about I09n-~ s~' at a momentum of 100
McV/c. The new beam element, the pion muon convener
(PMC [6]), is a superconducting solenoid with a length
of 8.5 m and an inner diameter of 0.4 m. The solenoid
is connected axially to SINDRUM II and has the same
field strength as the spectrometer magnet (1.2-1.5 T). With
the help of collimators and baffles, the PMC selects sec-
ondary muons, originating in the decay T —• /<"!/,, in-
side the solenoid, thereby suppressing the primary pions
and electrons. The resulting stop rate is 10*V~ s~' for
a proton current of 1 mA, which is 20 times higher than
presently achievable. The beam contaminations will be so
low « 10-- n~ s- 1 and 10 c~ s" 1 with E, >100 McV)
that a beam-counter veto is no longer necessary. The PMC
will be installed towards the end of 1994 and first data
taking is planned for fall 1995.
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Introduction
The pion beta (vp) decay, n+ —- 7r"c+ v, is one of the most
fundamental weak interaction processes. It is analogous to
superallowcd Fermi transitions in nuclear ň decays. The
analysis of nuclear /? decay involves nuclear corrections
which are uncertain at the level of a few tenths of a per-
cent. These corrections do not appear in the ir/? process,
which, therefore, presents a more stringent test of the weak
interaction theory.

The difficulty in measuring the wB decay is due to the
small branching ratio of ~ 1 10~8. The most recent and
precise determination of the JT/J decay rale was carried out
by McFarlane et al. [1], and is in good agreement with the-
ory. However, the measurement uncertainty, ~ 4 %, is an
order of magnitude higher than the theoretical uncertainties
[2].

The goal of this experiment is a measurement of the TT/?
decay rate with a precision of 0.5 %. We have designed
a stopped-pion detector system to detect the two 7's from
the TT° decay, as well as the c.+. Due to the large Michel
positron background, the detector must be very efficient in
the 7T° detection and have excellent background suppres-
sion. This is achieved by using a pure Csl calorimeter
with a large solid angle coverage and good energy resolu-
tion together with an active target and two cylindrical wire
chambers for charged particle tracking (Figure 1).

twecn individual fibers (< 10 %) were measured.
Although only 35 of 140 fibers were equipped with
pholomultiplicrs, the whole pion stopping distribu-
tion was measured by moving the target perpendicu-
lar to the beam direction in separate measurements.
Analysis showed that 90 % of the stopped pions arc
contained in a spot of 20 mm diameter. This led to a
redesign of the target with a reduced number of fibers
of 3x3 mm2 cross section each, covering an area of
27 mm diameter.

2. Uniformity of the light output from several crystals
was tested by placing them in a 350 McV v+ beam
with their main body axis perpendicular to the beam.
By optimizing surface treatment and cover of the
front face of the crystals, a uniformity of < 3 %
was achieved (Figure 3).

3. A 12-crysial section of the Csl calorimeter was as-
sembled and placed in a 70 MeV e+ beam. The mea-
sured energy resolution of about 5 % FWHM agrees
well with a Monte Carlo calculation (Figure 4).

Outlook

Status of the experiment
The detector stand supporting 240 Csl crystals was designed
at PSI during 1993 (Figure 2). The stand will be enclosed
in a cosmic muon veto house in the final setup. The first 25
Csl crystals have been delivered and tested. Several tests
were performed in a four week beam period in the TTEI area
in the summer of 1993. The analysis of the data from this
run gave the following results:

1. A prototype of the active fiber target was tested suc-
cessfully. A high sensitivity and low cross talk be-

Thc major task in 1994 is the assembling of the whole
ni) detector. The mechanical stand is being fabricated in
Tbilisi while the active target, wire chambers and plastic
veto counters will be completed by other collaborators in
the summer of 1994. Light response uniformity of the re-
maining Csl crystals will be calibrated in a cosmic muon
tomography setup upon delivery. For the summer of 1994
we plan a precise calibration of the low-energy tail of the
Csl calorimeter response to 70 McV 7's and positrons. The
first operation of the whole detector is expected in 1995.
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Figure 1: Schematic view of the ir/3 detector. The outer
calorimeter consists of 240 pure Csl crystals.
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Figure 3: Light output per unit path tenth of a Csl crys-
tal plotted along the main body axis. Different front face
treatments drastically affect the uniformity.

Figure 2: Design of the mechanical support of the v/3 de-
tector. All detector components of Figure 1 are contained
inside the sphere.
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The spontaneous conversion of p+jr -atoms (muonium
M) into /i~e+-atoms (antimuonium M) violates separate
muon and election number conservation. Consequently, it
is forbidden in the standard model of etecboweak inter-
actions as are all other lepton flavour violating processes.
However, in many models developed to derive some of the
ad hoc parameters of the standard model, lepton flavour vi-
olation appears to be natural. In particular, some left-right
symmetric models [1] and supersymmetric models with bro-
ken R-parity [2] allow for or even require muonium-anti-
muonium conversion with a strength GMJJ of the order of
10~2 of the weak interaction strength Gp, unconstrained
by any other known physical process.

After the original suggestion by B. Pontecorvo [3] a se-
ries of searches for M -+ M conversions has culminated
in LAMPF experiment 1073, in which an upper limit of
G M M ^ 0 1 6 ' G F (-90% C L ) w a s esoblished [4]. Since
1990 a new experiment is being set up at PSI (see Rg.l)
aiming to improve this limit by two orders of magnitude
meaning a 10000 fold improvement in sensitivity for de-
tecting an antimuonium decay.

Detection principle: After passing a 210 /im thick beam
counter a beam of positive muons (»21 MeV/c) is slopped
in a 7 mg/cm2 SiO2 powder target forming thermal muo-
nium there which eventually diffuses into the vacuum [5][6].

SINDRUM I positron detector

___Q_Csl

D micro channel plate

foil colhmator

positron transport system

Figure 1: Schematic top view of experimental setup. The decay of an antimuonium atom is shown.



With our experimental conditions we find up to 7 % muo-
nium per incident /i+ decaying in the vacuum region down-
stream of the target. During the lifetime of a muonium
atom, the conversion may take place and one looks for ev-
idence of antimuonium decays in the vacuum region.
The decay of an antimuonium (muonium) atom is detected
by the coincidence of the high momentum electron (positron)
from fi~ (//+) decay with the remaining positron (elec-
tron) with a mean kinetic energy of 13.5 cV. The muon
decay particle is detected with the cylindrical wire cham-
bers (MWPC) and the plastic scintillator hodoscopc of the
SINDRUM I spectrometer [7]. The low momentum pani-
cle is accelerated electrostatically to 10 kcV and guided by
the positron transport system to the positron detector. The
positron transport system consists of a bent solenoid with
a central field which is equal in strength to Ihc spectrom-
eter field. The 90° bend removes particles with momenta
larger than about 1.5 McV/c. The solenoid contains an elec-
trostatic deflector, which separates low momentum muons
from positrons, and a collimator of parallel foils, which re-
moves particles with transverse momenta larger than about
75 kcV/c. The positron detector consists of a microchanncl
plate detector for position and time information, in combi-
nation with a segmented pure Csl barrel for positron identi-
fication by detection of the two 511 kcV r+r'-annihilation
photons.

The symmetry of the apparatus in detecting antimuonium
and muonium decays reduces systematic errors in the nor-
malisation. All detection efficiencies ( with the exception
of the Csl detector and the beam counter ) cancel when
calculating the experimental limit on the conversion prob-
ability per muonium atom.
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Figure 2: Muonium mode: The time distribution of positron
tracks selected for different regions downstream of the tar-
get with respect to the incoming muon signal. Each region
is separated by 0.5 cm from its neighbour. Besides lower
intensity, regions more distant from the target show the
muonium decay spectrum folded with the thermal velocity
distribution.

Calibration of muonium production: The detector is op-
erated in muonium mode with reduced beam intensity to
allow for an 8 //sec long pile up rejection gate started by the
beam counter. The lime of flight distribution of muonium
atoms as observed by the decay in some region within the
vacuum (see Fig.2) reflects the Maxwell-Bollzmann veloc-
ity distribution. It has been fitted by a simple two parameter
approach. For the normalisation of antimuonium runs Ihc
hodoscopc single rate is used.

Searching for antimuonium: During MM data taking pe-
riods the pile up rejection is disabled and full beam intensity
is used (8 • 105 /z+/(100/iAs)). The electron background
in SINDRUM (sec Fig.3) is mainly due to Bhabha scat-
tering in ihc vacuum pipe and in the frame of target and
accelerator. The rate is less than 10~4 of Ihc positron rate.
The background in the positron detector is « 3 - 10~7 per
incoming muon and is uncorrclatcd with SINDRUM tracks.
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Figure 4: The distance of closest approach between a track
measured with SINDRUM and the MCP hit-coordinates
projected back into the target region. The time difference
of the hodoscopc and the MCP signal was selected to agree
with the time-of-fiight of an electron (positron) of 10 kcV
kinetic energy. The obvious correlation in muonium mode
disappears when the apparatus is set to antimuonium mode.



Preliminary results: In 1992 the complete setup was tested
for the first time and about 24 hours were used to search
for antimuoniiim. In total 2.5(2) -107 muonium atoms de-
cayed in the selected vacuum region. No candidate for an
antimuonium decay was found. After correcting for the
acceptance of the Csl detector (51 %) ss well as for the
finite observation time for antimuonium decays (73 %) and
Ihe suppression of the M — M conversion in the I kG
magnetic field (35 %) an upper limit for the conversion
probability of

P M M < ( 9 0

is obtained which translates to an upper limit of

on the effective four-fcrmion coupling constant of a
(V-A) interaction.

In 1993 we were able to run the experiment for «400 hours
in antimuonium mode. Only part of the data have been
analysed so far, indicating that we may have gained a fac-
tor of 2 in muonium production due to better beam tun-
ing. Combined with a 30 fold increase in the integrated
hodoscopc rate we expect a factor of 60 improvement in
sensitivity to P M ^ , at least. This would translate to a dis-
covery potential for the hypothetical interaction strength of
G M JJ as 0.03 • G p. This is a big step forward. Significant
further improvements will be possible after increasing sev-
eral efficiencies in a dedicated run in 1994.
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The vector analyzing power iTi \ and the composite ob-
servable r22 = T22 + T2O/y/6 were measured at 10 incident
pion energies between 100 and 294 MeV, in an angular
range between 30° and 120°. Two different techniques
were applied, the detection of the pion with a magnet spec-
trometer, and the ird coincidence method with scintillation
counters. In the case of the first technique two different tar-
get materials were used. Consistency among all data was
obtained. The experimental data arc compared to Faddecv
calculations from one of us (H. Garcilazo).
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Figure 1: Cross section <r and analyzing power iTx \ and r22

data compared to predictions of Garcilazo (solid line). The
cross section data arc from Axen et al. [6] (open squares),
Gabathuler ct al. [1] (open triangles) and Otteimann et al.
[2] (open circles). For the plot labeled '100 MeV', data
and prediction for the cross sections are actually compared
at 116 MeV, for '164 MeV', the data was taken at 151
McV. The analyzing power data arc from Stevenson ctal.[5]
(open squares), Oltcrmann ct al. [3] (open circles) and from
this experiment using the spectrometer setup (LiD target:
closed circles, propandiol target: closed squares).
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The aim of the two experiments installed on the NA2
polarized neutron beam line is to study spin dependence in
říp elastic scattering between 260 and 550 McV. In partic-
ular it is planned to measure at least eleven different spin
observables in a large c m . angular range {0cm > 70°m) in
order to perform a direct reconstruction of the I = 0 complex
amplitudes.
Experimental set-up.

Two experiments arc installed on the polarized beam
line, one behind the other: I) Experiment I, measuring the
ilp clastic reaction at large cm. angle between 70°m and
160°m. The polarized target is located at 13.7 m from the
neutron production target The scattered neutrons are de-
tected in a hodoscope made of 11 plastic scintillation bars.
The polarization of the scattered proton is measured in a
polarimeter made of carbon plates sandwiched by MWPC.
2) Experiment II, measuring the np clastic reaction with a
liquid hydrogen target located at 24 m from the neutron pro-
duction target, in a first stage at cm. angles between 156°m

and 180°m, and in a later stage from 130°m to 160°m. A
magnetic spectrometer analyzes the momentum of the re-
coiling protons. Behind the magnet, a polarimeter measures
the transverse components of the spin. This experimental
configuration allows to analyze longitudinal components of
the spin, since the horizontal components s and k are rotated
in the vertical field of the magnet. Both the spectrometer
and the polarimeter arc equipped with drift chambers.
Experimental conditions in 1993.

Two two-week periods of polarized beam were allo-
cated, proceeded by week of unpolarizcd beam for the
setting-up of the experiments. During the polarized beam
period, we have had steadily a beam of 6-8 //A of polar-
ized protons onto the neutron production target; the intense
polarized neutron beam is created by the charge-exchange
reaction C(p,n)X at 0° (for details about the beam sec
Rcf.fl]). The period in February and March 1993 was af-
fected by the polarized target which was available with a
rather low polarization(< 50%) only during the first week
of polarized beam. Therefore the remaining part of the data
for Experiment I were taken with CH 2 and C targets. On
the other hand, the September period was the first success-
ful running period for the polarized target, allowing us to
take data with the polarized beam and also with the unpo-
larized beam which provides a much higher proton beam
current (< 20//A, limited by the shielding in the experimen-

tal area). This has turned out to be a very efficient period.
For Experiment I, after the second level trigger requiring a
scattered proton in the polarimclcr, we have recorded 176
cv/scc with only 28% dead time.
Polarized target status.

The polarized target working in frozen spin mode has
been used continuously for data taking during 3 consecu-
tive weeks in September 1993. Polarizations ~ 70% could
be reached in ~ 5 hours, while operating temperatures
< 7()mK resulted in polarization decay times > 1000 hours
in 0.8 Tesla. Taking into account that 8 hours (all included)
were necessary to rcpolarizc or to change the sign of the
polarization and go into frozen spin mode, we chose to per-
form these operations every 2 days, in order to optimize the
data taking.
Summary of measured data.

In order to cover the angular range from 70°m to 160°TO

with experiment I, it is necessary to measure with 2 different
angular settings of the neutron and polarimeter arms. The
1993 measurements were mainly concentrated on one set-
ting, namely the position symmetric around 90°m ( 70^, to
110°m ). We have measured K o n n o , K o > i o , D^,,,,, K M J 0 ,
N„,,„, N o , f c „, Aoonn and Aoo,k with a statistical accuracy
of =^).07 for the spin-transfer parameters, ~0.15 for the
triple-spin parameters and ^0.04 for the correlation pa-
rameters around 550 McV. The precision will be worse in
the low energy region since the neutron beam polarization
reaches only ~ 0.15 compared to 0.40 above 400 McV. For
the other angular setting ( 110°m to 160?m ), Konno and
D„n<m were measured in 1993 and the spin transfer parame-
ters Ko,,„, K o n n o and Ko,ko have been measured already in
1992. The 3-spin parameters missing in this angular range
will be measured in 1994. The spin correlation parameters
will be also measured for the 2 angular settings in 1994.

Experiment II measured in 1992 and 1993 spin-transfer
parameters for angles between 1 5 7 ^ and 180°m with two
angular settings of the spectrometer. For all transfer pa-
rameters, except K o n n o , two different field settings of the
spectrometer arc needed to disentangle the s and k compo-
nents. So far, data for K o n n o , K o „ o and K,, i j o have been
completed. For K0,ko and Kokko, a second magnet setting
is planned for 1994.
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550 MeV shown as black dots. Other available data in this
energy domain are also shown. The dashed line is the 1993
Saclay-Geneva PSA analysis [5], and the dashed-dotted line
the SM93 Amdt solution [4], shown only if different from
the Saclay-Gencva one.
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Analysis and results.
The analysis for both experiments is in progress. We

present here preliminary results for the Ko,to parameter
measured at large cm. angle by Experiment I with a pure
longitudinally polarized beam and a CH2 target. The anal-
ysis is complicated because of ambiguities in the measure-
ment of time of flight of the incident neutron. Since we can-
not detect the neutron twice, we rely on the time of flight be-
tween the bunch frequency of the proton beam 50(17)MHz
and the scattered proton. Therefore the time of flight is
measured modulo 20(60) ns. With a distance of 13.7 m
between the neutron production target and the polarizcd(or
CHv) target, it is possible to remove the ambiguities us-
ing the time of flight of the scattered neutron even with the
high bunch frequency of 50 MHz. For the K,,.,^ parameter,
36-106 raw events were registered. About 50% arc rejected
because these events correspond to incident neutrons with
energies below 230 McV. Finally about 10% of the raw
events enter into the final dala set. Preliminary results for
(he K0,ko parameter, corresponding to 80% of the available
statistics, arc shown in Fig.l for five incident kinetic energy
bins, namely Tlah = 230 - 290 McV (s260 McV), 290 -
350 MeV (=320 McV), 350 - 430 McV(=390 McV), 430
- 510 McV(s470 MeV) and 510 - 590 McV(=550 McV).
The errors arc purely statistical. The other available dala
from TRIUMF [2] and LAMPF [3] arc also shown as well
as 1993 phase-shift predictions from Amdl |4] by dashed-
dottcd lines and Saclay-Geneva |5) by dashed lines. If the
two predictions are in agreement, only the Saclay-Gcncva
solution is shown. A slightly worse agreement is observed
at 550 MeV since no data were available in this energy
domain between 495 121 and 635 McV|31.

The analysis for Experiment II is in progress. Of the
data written on tape, only 2% remain for the final analysis,
when all cuts have been applied. This is mainly due to
the fact, that we have no hardware decision on the second
scattering angle in the polarimcicr and that near 180 "m, i.c
0 ° for the detected proton, no conjugate neutron can be
detected.

We would like to express our thanks to the PSI mem-
bers, in particular the operators of the accelerator and the
technical staff members. We arc also particularily thankful
to our University technicians.
This work has been partly funded by the Federal Minis-
ter for Research and Tcchnology(BMFT) under the con-
tract No 06 FR 652, and the Fonds National Suissc pour la
Recherche Scicntifiquc.

References

111 A. Ahmidouch ct al., PSI NcwsLctlcr (1992) 33.

|21 D.Axcn ct al., Phys. Rev. C21 (1980) 998.

131 M. MacNaughton el al., Phys. Rev. C46 (1992) 47

|4) SAID code, solution SM93.

|51 J. Bystrický el al., private communication, 1993 solu-
tion.

fy
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The analyzing power Ay for scattering of pions from
protons polarized normal to the scattering plane is given by

The arrows indicate the direction of the target polar-
ization with respect to h, being the normal vector ň =
(k x k')/\k x it I (with k and k' the momenta of the in-
cident and outgoing pions). It measures a combination of
the spin-non-flip and spin-flip amplitudes G and //, respec-
tively, different from that in the case of differential cross
sections.

The experiments have been carried out in 1992 and J 993
at the 7rE3-channel of PSI with the LEPS spectrometer and
a polarized target provided by the PSI target group. The
experimental set-up was slightly different during these two
beam times. In 1992 the polarized target consisted of 83%
1-pentanol, 10% 3-pentanol and 7% 1,2-propanedioI. The
target with the dimensions 20 x 20 x 3 mm3 was cooled
down to 500 mK by a 3Hc refrigerator. A maximum de-
gree of polarization of 73% for spin up and of 68% for
spin down was reached. The target was located in the mag-
netic field of a Helmholtz coil of 2.S T. In 1993 we used
a 18 x 18 x 3 mm3 target of 95% butanol and 5% water
in the frozen spin mode. With a 3Hc/4He dilution refrig-
erator a temperature of 70 mK and a maximum degree of
polarization of 85% for spin up and 72% for spin down was
obtained. After polarizing the target the magnetic field was
reduced for the measurements from 2.5 T to 0.8 T. The ad-
vantage consisted in a smaller deflection of the direct beam.
The relaxation time of polarization was about 500 hours.

The laboratory scattering angles were about 40°, 50°,
60", 70°. At each angle measurements with both polari-
sations have been carried out. In addition data have been
taken for background subtraction with a 1 mm and a 3 mm
carbon sheet in the target cavity and with an empty target
cavity. Particles have been identified by TOF vs the RF of
the cyclotron and by TOF through the spectrometer. The
muons arising from T decays inside LEPS arc removed by
a consistency check of the particle trajectory in the spec-
trometer. The most important cut is done on the target co-
ordinates. They arc obtained by a traccback of the panicle
trajectory from the coordinates measured at the intermediate
focus of the spectrometer to the position of the scattering
target. The quality of this traccback has been checked by
plotting the difference of the distributions for spin up and

Helmholtz
coil

beam defining
scintilluors

Figure 1: Experimental set-up for the x + p analyzing power
measurements at T* = 67.9 MeV. The direct beam and
some trajectories of scattered pions of the 1993 experiment
are shown.

spin down, which gives the pure proton distribution and
which has exactly the dimensions of the polarized target.
This traccback was deteriorated in the 1992 experiment by
a TOF-scintillator in front of LEPS. This stimulator was
replaced in 1993 by two small beam defining scintitlaiors
in front of the target. After the application of the cuts and
subtraction of the remaining background we determined the
number of pions scattered on the proton either by fitting a
Gaussian or by integrating the content of the proton peak.
The analyzing power is given by:

j -jvfau. ,

(PI I +P J
(2)

where jvscatl j and jv j 0 3 1 1 i are the numbers of scat-
tered pions for a spin up and a spin down run normalized to
the number of incoming pions. P f and P J are the abso-
lute values of the target polarization. In the case of having
more than two runs at the same angle, it is more convenient
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Figure 2: Preliminary results of the <r+p analyzing power
measurements of 1993 at Ta = 67.97 MeV. The two sym-
bols correspond to measurements with slightly different tar-
get compositions with separate calibration of the target po-
larization. The error bars represent only statistical uncer-
tainties, whereas the overall normalization error of the data
which is essentially given by the error of the target polar-
ization is of the order of ±5%. Also shown are the KA85
phase shift prediction and two predictions derived from sin-
gle energy partial wave fits to the differential cross section
data of Benin et al. [1] and Brack ct al. [2J. The curve
labeled 'best fit' results from a combined fit to the cross sec-
tion data of Joram ct al. [3], Frank ct al. [4] and Ritchie el
al. [5].

(3)

a and 6 being the parameters of the fit The analyzing
power is then given by Ay - a/b. Figure 2 shows the
results of a preliminary analysis.
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The vector analyzing power i'ľt j and the tensor ana-
lyzing power r22 = 7^2 + 72<>/\/6 have been measured
for 5T+ -• 6Li elastic and inelastic scattering (to the 3+0,
2.19 McV state) at incident pion energies of 120, 150,
180 and 194 MeV. These data and earlier ones from our
group are compared with new coupled channel calculations.
Within the coupled channels model the sensitivity of dif-
ferent nuclear wave functions, the strength of the coupling
of the ground and first excited states and the effects of
(he phcnomcnological second order potential were investi-
gated. Good agreement with the data is obtained with a
new cluster wave function, and without the second order
optical potential.
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Figure I: Data for the composite analyzing power r22 for
clastic and inelastic pion scattering from 6Li arc compared
to calculations from S. Kamalov using new cluster model
wave functions and no second order potential (solid line).
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All measurements of the pionic double charge exchange
(PCX) conducted so far at LAMPF, TRIUMF and PSI ex-
hibit an unusual and surprising energy dependence of this
reaction near T r « 50 MeV in close resemblance to a reso-
nance process. Since the DCX-rcaction in nuclei is strongly
favoured by short NN-distanccs, and since the primary sys-
tem of the DCX process is the 7rNN-systcm, we recently
[1] have proposed the existence of a TrNN-rcsonancc, called
ď, as origin of those pccularitics. Indeed, assuming for ď
quantum numbers 1{.]'') = even (0~), mass M = 2.06
GcV and widths ľ = 5 McV and 1\ N N = 0.5 McV,
we are able to describe all presently available low-energy
DCX-data quantitatively. Actually, such a NN-dccouplcd
resonance in the dibaryon-systcm had been predicted pre-
viously in QCD-string models (2,3|. First results for such
a dibaryen from microscopic calculations in the framework
of constituent quarks arc also now getting available [4].

At PSI we h a v studied so far in great detail the DCX-
reaction on S 6 Fe leading to the doubly-closed shell nucleus
5 6 Ni. There all transitions resolved show a pronounced
peak in the cncrgy-dcpcndcncc; for the latest update on
those data sec, e.g. rcf. |5]. In order to complement the
LAMPF data-base on Ca-isoiopcs, we have started measure-

400 -

ments of the DCX energy and angular dependence on 4 0Ca.
Due to its nuclear structure the nonanalog ground state tran-
sition on this closed shell N = Z nucleus is expected to be
particularly weak in case of a conventional reaction mech-
anism, i.e. the nonrcsonant background should be particu-
larly small. Fig. 1 shows our first results at 7V = 50 McV,
both forward angle cross section and angular distribution.
As can be seen, the cross section at 50 McV is much larger
than at higher energies measured at LAMPF [61- The solid
line which describes the new data very well, is a prediction
based on the recently fixed [1] ď parameters and assuming
that ihc "nonresonant background" is due to the tail of flic
A-resonancc process (dashed line).

This work has been supported by ihc German Federal
Minister for Research and Technology (BMFT) under con-
tract numbers 06 TÍ) 656 and 06 KA 266, and by the DFG
(Mu 705/3, Graduicrtcnkollcg).
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Figure 1: Energy dependence of the forward angle DCX
cross section en '10Ca and angular distribution at Tr = 50
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A muon entering a target filled with hydrogen is slowed
down and forms an exotic atom via Coulomb capture. The
deexcitation of this muonic atom proceeds by a complex
chain of processes like external Auger effect, Stark mixing,
Coulomb collision, elastic scattering and chemical dissoci-
ation [1]. The last step of the cascade - the transitions to
the atomic ground state - is to a large extent dominated
by radiative transitions resulting in the emission of muonic
Lyman X rays in the energy range of 1.9 to 2.7 kcV. In a
mixture of hydrogen isotopes, a new competitive process,
the excited state transfer of the muon from the lighter to
the heavier isotope, occurs due to the different binding en-
ergies. Therefore - considering a mixture of protium and
deuterium (H/D) - a muon initially captured by a proton
reaches its Is ground state only with a certain probability
qi s . A strong dependence of q ] s on the concentration of
the heavier isotope a and the target density * is expected
by theory [2,3,4].

The result of the muonic cascade - the muonic atom
in its ground state - determines the initial conditions for
the following complex processes leading to muon catalyzed
fusion (jiCF). The knowledge of the excited state transfer
is therefore indispensable for the exact understanding of
liCF.

In the present experiment the excited state transfer in
H/D mixtures has been directly measured for the first time
using a new method [5,61.

- <iis is derived unambiguously from the relative iso-
topic yields of X rays emitted during the transitions
to the ground state.

- The X rays arc detected with charge coupled devices
(CCDs) which allow the separation of the lower K-
lincs of protium and deuterium due to their excel-
lent background suppression and energy resolution
[7,8,9].

- The measurement of K-linc intensities in pure H 2 or
D 2 provides a stringent test of the theoretical under-
standing of the muonic cascade [1] in a density region
where accurate data arc lacking [10].

400
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Figure 1:
Energy spectrum of muonic X rays in pure !I 2 at target
densities of a) $=1.0b) $=0.01 of L.H.D.. With increasing
target density higher Lyman transitions are vanishing.

In this letter we report first preliminary results of a
four-week run period in May 93. Due to significant im-
provements of our detector system and to optimized target
setups for liquid as well as gaseous isotope mixtures the
rale of good events could be improved more than one or-
der of magnitude compared to our previous test experiment
[6,9]. This allowed the systematic investigation of several
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Figure 2:
Energy spectra of muonic X rays in a 50% protium 50%
deuterium mixture at target densities of 4>=1.0 and $=0.01
of L.H.D.. The dashed lines indicate the positions of the
given X-ray peaks measured in pure H2(=p/i) or pure
D2(=d/i) liquid targets. Compared to figure 1 the con-
tribution of the deuterium admixture is clearly visible. The
small peak at 1.74 kcV is due to excitation of the silicon
structure of the CCDs caused by electrons following muon
decay and by brcmsstrahlung.

isotopic H/D-mixturcs at three different densities <ř = 1.0,
0.04 and 0.01 referred to liquid hydrogen density ( L.H.D.
= 4.25xlO22 atoms/cm3 ) with high statistics.

Two new large CCDs ( 770 * 1152 pixels each, divided
into four subsections for fast readout) were used. The CCD
chip was placed at a distance of 86 ± 1 mm from the center
of the target cell. 12.5 //m and 25.0 //m thick capton foils
were used as target windows to ensure good transparency
for the observed radiation. For safety reasons a second 12.5
/im window separated the CCDs from the vacuum vessel
surrounding the target cell. The CCDs were read out every
4 minutes to avoid double hits within a pixel.

Figure 1 shows energy spectra obtained in a pure pro-
lium target at densities $=1.0 (a) and $=0.01 (b). It demon-
strates the excellent energy resolution achieved with our
detector - FWHM less than 140 cV at 1.9 kcV - and the
good background suppression.

In figure 2 raw muonic X-ray spectra at densities $=1.0
and $=0.01 arc displayed for a mixture of 50% protium and
50% deuterium. Using the energy calibration obtained with

pure H2 (figure 1) or pure D 2 target fillings a gaussian fit is
applied to each individual peak to separate the contributions
of the two isotopes.
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Figure 3:
<lis in liquid H/D mixtures. Theory (solid line) [4] and first
preliminary results from our analysis (filled circles). The
value at 0^=0.2 (square) is taken from our test experiment
16,91.

Figure 3 shows the first preliminary result for liquid
hydrogen density after evaluation of 25% of the recorded
statistics. The given error bars represent statistical errors
and uncertainties in the efficiency of the detector system
used. The value at cd = 0.2 is taken from our previous
test experiment [6,9]. These results arc in good agreement
with results obtained by our group from the cycling rate
analysis in D/T mixtures [11,12]. The shown theoretical
curve [4] clearly deviates from our results which indicate
a much lower excited state transfer to the deuterium ad-
mixture than predicted. Calculated q l s values for muonic
collision energies even up to 3 cV [13] cannot remove this
discrepancy.
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The aim of this experiment is the determination of the
a-N s-wavc scattering lengths directly at zero kinetic energy.
With a crystal spectrometer we measure the energy and
line shape of the 3 kcV X-rays from the 3p-ls transition
in pionic hydrogen and deuterium. Figure 1 shows the
schematic level diagram of the n~p atom.

Ed.) f
t r(is)

Figure 1: Schematic level diagram of pionic hydrogen. The
dotted line represents the electromagnetic position of the Is
level. In the case of deuterium the shift is positive.

The difference between the measured X-ray energy and
the calculated electromagnetic transition energy defines the
strong interaction shift e\,. The line shape, deconvolved
with the instrumental resolution function, yields a value for
the natural line width (apart from a small Dopplcr broaden-
ing), which is equal to the total width ľ,., of the Is state.
The goal is a precise (± 1% for n--p) determination of the
strong interaction shift and a first measurement (± 10%)
of the broadening of the Is levels. In a first step of the
experiment the shift in pionic hydrogen was measured with
a precision of 5%: e,, „-,, = (- 7.12 ± 0.32) cV |11- The
accumulated statistics of 150 pionic X-ray events and the
instrumental energy resolution of 3.5 cV (FWHM) did not
allow a determination of the natural line width, which is
expected to be about 0.9 cV (FWHM) [21. The shift in
deuterium was measured with Kn X-rays in an earlier ex-
periment 13] as (5.5 ± 1.3) cV.

We present here preliminary results of our first run using
the improved crystal spectrometer |4] together with the cy-
clotron trap at the 7rE5 beam. Figure 2 shows the schematic
layout of the experiment in the beam area. The cryogenic
target mounted in the center of the trap was operated at a
temperature of about 20° K; the density corresponded to
\5psTP- Approximately 10% of Ihc incoming beam was
stopped in the gaseous target.

Figure 2: Schematic layout. (1) Beam line, (2) Cyclotron
trap with target, (3) Movcablc Ar source, (4) Turn table
with crystal assembly, (5) X-Y table with CCD detectors.

The crystal assembly consisted of six cylindrically bent
quartz crystals arranged in two planes. Each crystal was
96 mm wide and 55 mm high. As X-ray detectors we used
4 CCDs (2 per crystal plane) with a size of 17 mm x 26 mm
each. The pixel size was 22.5/íin x 22.5//m and the de-
pletion depth 30//m. The CCDs were operated at -110°C
which led to an energy resolution of 150 cV (FWHM) at
2.9 kcV. The total of some three million pixels were rcad
out every 30 minutes during the pionic X-ray runs. This
exposure lime was determined by the background rate and
the requirement, that not more than 5% of the pixels should
have a hit The measured pionic X-ray rate was 5/h at an
average proton beam current of 600//A. The signature for a
good event was a single pixel hit with an energy of 3 kcV.
Due to the good two-dimensional spatial resolution the sin-
gle pixel requirement is very efficient to reduce background
since most of the background events form multipixel clus-
ters [51. This is illustrated in figure 3.

In figure 4 the measured Ar K„ calibration line and ihc
pionic X-ray lines arc shown. The pionic Bc(4-3) transi-
tion has a negligible natural width. Thus, the measured
Be line yields directly the instrumental resolution, which
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Figure 3: CCD pictures: On the left side a 3 min. exposure
with Ar K,, X-rays (lop) and a 30 min. exposure during a
pionic hydrogen run (bottom) arc shown. Enlarged details
arc shown on the right.

is substantially smaller than I cV (FWHM). Since the data
analysis is still going on, we can not yet give numbers for
the shift and width. However, it seems that the new shift in
pionic hydrogen will be compatible with the value of rcf.
|1), while for deuterium we get a smaller value than the
earlier experiment |3). The good quality of the data makes
us believe, that the precision of the final result will be close
to the proposed ± 1 % for the shift and ±10% for the width
in the case of pionic hydrogen. The errors for deuterium
will be slightly larger because of the smaller statistics.

Figure 4: Measured X-ray lines. The beryllium and the
Ar K„ arc calibration lines. The reflexes of all six crystals
and the data of all four CCDs arc projected on top of each
other.
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Initial estimates of the capture of negative particles ("me-
sotrons") by atoms predicted probabilities which were rough-
ly proportional to the charge number Z of the elements
[ 11. However, early experiments performed with negative
muons disproved such a simple Z-dcpcndcnce |2J. Since
then, a lot of capture ratios have been measured using
muons or pions in compounds and mixtures of elements
extending over the whole Pctiodic Table. Many different
models have been proposed which attempt to predict the
probability of capture by atoms and molecules. Despite the
obvious success of some of them, no one prevailed over the
others. Therefore the capture mechanism is still essentially
unknown.

For muons, the determination of a pcr-aiom capture ratio
in compounds and mixtures is relatively simple, the yield of
the muonic X-rays of the Lyman-scrics being proportional
to the probability of capture by the clement. Due to the
very low energy of the characteristic transitions in muonic
hydrogen, this technique is not conveniently applied to the
present experimental setup [3J. In H-2 + Z mixtures, one can
make use of the charge exchange or charge transfer reaction,
HP + Z —> p + ft/C to determine the muonic capture ratio
A(Z,H).

The present paper reports on measurements of the muonic
capture ratio A(Nc,H), performed in 1989 using H2 + Nc
gas mixtures at 15 bar with neon concentrations of 0.7%,
1.4% and 2.0%. In a H2 + Nc gas mixture, a negative

Table 1: Mean lifetimes T = I/A (in nanoseconds) of the
/rp-atoms derived from the time structure of the muonic
neon X-rays.

0.7% Nc
Dec'89

1.4% Nc
Jun'89

2.0% Nc
Dcc'89

//Nc (2p-ls)
/iNc (3p-ls)
/iNc (4p-ls) to
//Ne (6p-ls)

934 (19)
918 (25)

939 (24)

648 (14) 503 (7)
617 (18) 509 (9)

638 (15) 485 (9)

muon is captured by the Coulomb-field of cither a neon or
a hydrogen nucleus. In neon, the muon capture occurs at an
excited state. The muonic X-rays arc immediately emitted
and show a characteristic intensity pattern (Fig. la). The
relative intensities of the Lyman scries can be reproduced
using a cascade calculation, assuming a statistical distribu-
tion over angular momentum stales in an initial atomic level
n=14 {4,5].

The muonic hydrogen atom, formed by muon capture,

also exists in an excited state. Like its counterpart, it falls
promptly to the energetic ground state. Assuming a //p-
alom can only disappear through muon decay, formation
of p/rp-molccules and transfer of the muon to neon with
the rates A(), Arw, and A*,, respectively, one can write
the total disappearance rate A of the //p-atoms as a sum*.
A = An + ^r/ip + Ajvv — l/r-

232 241
Entrgy (keV)

Fig. 1: Energy spectra of the muonic Lyman-scrics of neon:
a) represents the prompt events conning from the muons di-
rectly captured in neon (the highest neon transitions arc
superimposed with iron X-rays), while b) shows the de-
layed events, i.e. due to muons captured in hydrogen and
transferred to neon.

Trials demonstrated that this assumption is valid and
that other modes for the extinction of ;<p-atoms arc negligi-
ble. The lifetimes r of the //p-atoms measured in the three
H2 + Nc mixtures arc given in Tab. 1.

The fact that a muon, trapped by a hydrogen nucleus.



can be transferred to neon is of primary importance in this
research. The transfer process can be used to determine
the yield of muonic hydrogen atoms. In a collision, the //p-
atom transfers its muon to neon in an atomic level n=6 with
a known angular momentum distribution [6]. The muon
cascades down to the ground state. The intensity pattern of
the muonic Lyman-scrics is characteristic for muon transfer
(Fig. lb). In addition, the muonic neon X-rays resulting
from muon transfer have a characteristic time structure cor-
responding to the lifetime of the /ip-atoms (Fig. 2). It is
possible, therefore, to separate the delected muonic neon
X-rays into two categories: prompt events coming from di-
rect capture by neon atoms, and delayed events that arc due
to muons transferred from hydrogen, i.e. from muons cap-
tured originally in hydrogen. With this separation of events,
the muonic capture ratio A(Nc,H) is more easily calculated.

Table 2: Muon transfer rates X\e, reduced muon transfer
rates AAfe and the pcr-atom capture ratios A(Nc,H) mea-
sured in H 2 + Nc gas mixtures at 15 bar.

500

Fig. 2: Time distribution of the muonic neon transition
(2-1). Experimental values arc presented after background
subtraction, along with the fitted components corresponding
to direct capture in neon and transfer from ;/p to neon.

The sum of all the prompt Lyman-transitions generate
the relative intensity of the direct muonic capture in neon.
Unfortunately, the higher transitions of these Lyman-series
are superimposed by some events coming from direct cap-
ture in iron (target vessel). Nevertheless, using muon cas-
cade calculations, which reproduce the measured relative
intensities of the transitions |iNc (2-1), /xNe (3-1) and /JNC
(4-1), one can reliably estimate the total intensity of the
higher transitions of the Lyman-scrics which docs not ex-
ceed 10% of the entire Lyman-scrics.

The measured events of the delayed muonic Lyman-
scrics correspond only to the /jp-aloms which have trans-
ferred their muon to neon. Other //p-atoms disappear by
muon decay or by formation of a p/ip-molcculc. Thus, the
number of the delayed events must be multiplied by a fac-
tor X/Xse to represent all //p-atoms.

The pcr-atom capture ratio A(Nc,H) is then given by
the following formula:

where /p(n-l) arc the intensities of the prompt muonic X-
rays, /<f(n-l) the measured intensities of the muonic X-rays
resulting from transfer and cjve is the concentration of neon
atoms relative to hydrogen atoms. The rates of transfer to
neon reduced to liquid hydrogen \Nc and the calculated
muon capture ratios A(Nc,H) are given in Tab. 2.

These values, determined using the lifetime of the /ip-
atoms, agree astonishingly well with each other. In spite

Transfer rate
Ajvc

(-10V-1)
0.525 (8)

6 1.018(11)
1.462 (14)

Reduced transfer
rate A;vf

(•10n.s-')
0.086 (4)
0.080 (4)
0.083 (4)

A(Nc,H)

15.2 (9)
15.6 (9)
15.6 (9)

aH, + 0.7% Nc
6H2 + 1.4% Nc
CH-, + 2.0% Nc

of the large differences in the relative neon concentrations,
there is no observable dependence of the capture ratio on
neon concentration. This is contrary to what has been
observed using noble gas mixtures |7]. However, in the
present case the relative concentrations arc far from 1:1,
and the contribution of neon to muon deceleration can al-
most be neglected.

Coulomb capture of muons and pions should be almost
the same. The mass difference should only play a minor
role. Muon capture ratios show a factor of two difference
from the corresponding pion capture ratio

Ax(Nr, / /) = 7.(>r. ±(ur>,

measured by Pctrukhin and Suvorov |8]. Pctrukhin and Su-
vorov took pion transfer from excited 3r;>-atoms explicitly
into account. The reason for this discrepancy may be due
to the muon transfer from excited states. Pion and muon
capture ratios would be equal, if the muon transfer correc-
tion was 100%, that is, if muon transfer from excited stales
was more than one order of magnitude higher than pion
transfer.

The present work was supported in part by the Swiss
National Science Foundation.
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The demonstration of mclaslability of the pB-2S state
is a necessary prerequisite to a parity violation experiment
with muonic boron atoms. If mctasiability is established at
not too low pressures, the parity violation experiment can
be performed by observing the forward-backward asymme-
try of the Ml x-rays with respect to a spin direction of the
fiB 2S->1S transition [1,2,3]. The mclaslability of the 2S
state requires a fully ionized system during the 2S-lifelime.
In noble gases the complete ionisation in the 2S state has
been demonstrated experimentally. The electron refilling
during the muonic cascade is believed to be negligible up
to pressures of 0.5 bar in the case of Nc, as indicated by
experiment [4].
In molecular gases the formation process of a muonic atom
will eventually lead to dissociation of the molecule which
may result in a high kinetic energy of the muonic atom
(Coulomb explosion). Therefore the collision rate will be
higher compared to thermalized atoms, and the electron
refilling in the muonic 2S-state will become significant at
pressures much lower compared to noble gases, i.e. at pres-
sures of several mbar.

A possible candidate for boron in gaseous form is B 2 H 6

which is chemically extremely active and poisonous and
cannot be used in the present target chamber. In preparing
for the final experiment which was proposed in an appendix
magnet attached to the cyclotron trap, we had first to op-
timize the new JTE5 beam line for //" at 32 McV/c and
the injection into the cyclotron trap. In order to gel further
experience (rates, background) we investigated first — as a
test of the experimental apparatus — the 2S mctastability
of muonic neon and in a second step the 2S mctastability of
muonic C 2 H 6 , which is more similar in energy and timing
to a final diborane experiment.

Experimentally we checked the 2S mctasiability by de-
tecting in the two Ge detectors the two x-rays of the 2S—•• IS
two-photon transition in coincidence. In neon (Fig. 1) we
confirmed the 2S melaslability at 40 and 125 Torr. In C 2 H 6

2S—»1S two-photon transitions were found neither at 7 Torr
nor at 3 Torr. To understand the 2S-qucnching mechanism
we analyzed the single x-ray spectra, i.e. the K - intensi-
ties, and compared them to the C 2 H 6 , CH 4 and C 4 H 1 0 data
taken in previous runs at higher pressures. The results can
qualitatively be described as follows:

sities are independent of the collision rate. Therefore
refilling during the cascade can be excluded. The
same finding holds for C 4 H 1 0 (36 Torr). For CH 4 ,
however, at a pressure of 120 Torr, refilling could not
be excluded.

(ii) The measured K-intensities together with the mea-
sured L- and M-intensities at 33.6 and 67 Torr have
been evaluated by comparing the data with a cascade
code [5]. They could be reproduced only by inserting
about 10 (free) electrons into the carbon shell instead
of the regular 5 electrons of the /iC-atom. The cas-
cade code predicted then 2 remaining electrons in the
L-shell when the muon reaches the 2S state implying
that the 2S state is immediately quenched. The same
result holds for C 4 H 1 0 and for CH 4 with the excep-
tion that a slight amount of electron refilling had to
be incorporated.

As already pointed out the handling of B 2 H 6 requires spe-
cial treatment, in particular an aluminum-free UHV target
chamber equipped with special O-rings. Such a chamber is
foreseen in the appendix of the new cyclotron trap. The re-
sult from an investigation of the cascade in different gases at
low pressure, however, explores for the first time an inter-
esting domain of cascade physics of exotic atoms relevant
to a parity violation experiment
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Figuře 1: Energy correlation of two coincident x-rays from muon stops in neon.
The tilted line in the left part of the diagram conuiins events wilh energy sum
E r i + E X 3 =EKa =210.2 kcV which originate on one hand from compton-back
scattering and on the other hand f:om 2S—1S two-photon transitions.
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After a short introduction, we outline the approach of-
fered by the hyperfine effect in measuring the induced pscu-
doscalar coupling of the nuclcon through muon capture in
nuclei. The conclusion of our first test run of September
1992 was the absolute necessity to improve on the signal-to-
background ratio in order to make the experiment feasible.
The results of our test run of July 1993 show that these
requirements can effectively be met. Consequently the in-
duced pscudoscalar coupling gp/9A can be measured in
1 1 ii to a precision of ±1.5 in 260 hours; the experiment is
scheduled for July 1994.

1 Introduction

By and large, quantum chromodynamics (QCD) is now ac-
cepted as the fundamental theory for the strong interactions
between quarks and gluons. Nevertheless, in spite of its
many successes in the pcrturbativc short distance regime,
a detailed understanding of most, if not all, nonpertuba-
tivc dynamical physical properties of QCD is still eluding
us. Chief amongst those of course, arc the spectroscopy
of hadronic bound states of quarks and gluons and the
so important manifestations of dynamical chiral symme-
try breaking. In fact, the approximate chiral symmetries so
naturally realised in QCD provide the justification a pos-
teriori for the ideas of flavour symmetries, CVC, PCAC
and S7/(3)/, x S U (3) K current algebra which proved to be
so powerful in the decade preceding the advent of QCD.
As to the properties of hadronic bound states, though no
"first principles" calculation yet exists even for the mass of
the nuclcon, say, it has now been established that hadronic
states can sec their physical properties being modified while
propagating in a nuclear environment of non vanishing den-
sity or temperature.

An ideal probe of hadronic mailer is realised in the weak
interaction capture of a muon by a nuclcon bound inside a
nucleus. Specifically, the basic muon capture reaction at
the nuclear level is

/'" + 7' — + "
though of course, at the fundamental level, the actual pro-
cess is that of virtual \\F± capture by the muon or a quark
inside the nuclcon. Therefore, this type of interaction in-
deed probes the inner quark structure of a nuclcon, whether
the latter is free or propagating through hadronic matter of

non vanishing density or temperature. The second advan-
tage in using such an interaction as a probe of nuclear mat-
ter lies with the fact that it is a scmi-lcptonic weak process.
Namely, the capture amplitude is given by the product of
lcptonic and hadronic matrix elements of the charged weak
current. Since leptons arc elementary particles, the former
contribution due to the muon vertex is well known. On
the other hand, since nuclcons are composite states, the
hadronic matrix clement is left unspecified; this is where
secrets of hadronic structure lie hidden.

The application of PCAC, tantamount to the assumption
of pion dominance in the coupling of the axial current to
hadronic matter, implies the relation

_ 2 mltM
~ ml - «i2gA(0)

Evaluated at q2 ~ -0.88 mjt it gives :

sAfl = 6 7
9A(0)

Any deviation from this value will show the nucleus envi-
ronment impact.

2 The Hyperfine Effect in Muon Cap-
ture

The hyperfinc effect consists in the difference in muon cap-
ture rates from the two hyperfinc levels of the muonic atom
for a nucleus of non zero spin[l). This difference in cap-
ture rates induces a time dependence for the appearance
of capture products different from a single exponential, if
the relative hyperfinc populations change on a time scale
comparable to the muon lifclime[2,3]. In case of exclusive
muon capture experiments in which definite final nuclear
states arc to be observed, the formation of the final state
can be signaled by the 7 ray of its subsequent decay. Pre-
cisely this mechanism, used already in the past[4] to iden-
tify muon capture on U B , is at the basis of the present
experiment.

An explicit calculation of the oulcoming 7 ray rale leads
to:

dt
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Figure 1: Dependence of the ratio of hyperfine rnuon cap-
ture rates on /

R
-n\K A+ - ,

where A+ and A ~, arc the capture rates from the upper and
lower hyperfine slaie, respectively, to the channel specified
by the 7 decay; A+ and A ~ arc the corresponding total
capture rates; Ao ~ 455160 s~ l is the free muon decay
rate. Finally, the higher hypcrfinc level can convert to Ihc
lower one with a rate R . Due attention has been given
to the hypothesis of the statistical character of the initial
distribution of hypcrfinc populations, at the moment of (he
muon:c atom formation. Dr. J. G. Conglcton investigated
[5] this matter carefully, and has come to the unequivocal
conclusion that such an assumption is completely warranted
whenever the target nucleus is not polarised, as is the case
in our proposal. Therefore

(2)

Up to d wave contributions to the "allowed" capture
process, capture from the upper ľ+ = 2 hypcrfinc level
proceeds through the induced pscudoscalar coupling. There-
fore, a measurement of the ratio A+/A~ of hypcrfinc cap-
ture rates provides a measurement of .<//>. The dependence
of the ratio A+/A" on the induced pscudoscalar coupling is
illustrated in Fig.l provided by Dr. T. Tctercva[6], similar
to the one given in Rcf.|7] by J. Bcrnabcu. Also shown in
Fig.l is the dependence of A+/A~ on gp/gA with the d
wave contribution neglected in the calculation.

3 Results of Test Runs
Two different test runs have already been performed. The
first, an exploratory one, performed without the muon-chan-
nel being operational, in the Fall of 1992, established [8]
that the level of precision required of the experiment can
be reached provided the signal-to-background ratio could be
improved by at least a factor 4 and the data acquisition rate

Figure 2: The experimental layout.

Table 1: Rates and signal-to-background ratios for the 320
kcV line.

Run peak/background Jpcak//iStop
6

Fall 92
July 93

0.5
4

5.5(3)
21.3(3)

increased by a factor of 4. The second test run in July 1993
established that such an improvement is indeed possible,
by properly adapting the detection system and reducing the
background in the experimental area.

Let us recall that muon capture on " B proceeds to the
ground and to excited states of "Be. Only the ground
state and the first excited state of " B e at 320 kcV arc
bound states. Some of the higher unbound slates decay
via neutron emission and reach the first 2+ excited slate
of 1 0Bc which itself then decays into an observable ."t.3f>8
McV 7 line. The specific capture mode which concerns us
here is the one to the 1/2" level of "Be. This mode is
uniquely characterised by Ihc 320 kcV 7 line. Indeed, all
higher excited states arc unbound, and cannot contribute to
the 320 keV 7 yield.

Different experimental layouts were used. Fig. 2 shows
the detector configuration which led to the best results,
namely those for which the signal-to-hackground ratio was
the largest. Table 1 shows the improvement achieved in
this respect between the two test runs. Data were taken
with a 100 cc Gc detector and a n B target which has a
purity of 99.9%. The target was surrounded by a nearly
An scintillation detector array in order to reject as much as
possible all 7 events that arc accompanied by an election.
In addition , a mesic X ray absorber will be placed in front
of the Ge detector.

The same improvement can also be observed in lbe 7
energy spectrum in the Gc detector. Fig. 3 shows the 320
kcV 7 line and the background associated 10 it for both
runs. These energy spectra have been constructed for a
time integration region from 0.9 //sec 10 7.0 ;<scc after the
muon stop. During the second run, a BGO detector was

fid



b) 320 káv

Figure 3: The 320 kcV line and its associated background.
Part a) corresponds to the Fall T 992 run, and part b) to the
July 93 one. Both spectra arc time integrated between ().<)
and 7.0 //sec after the muon stop.

placed behind the Gc counter and connected in anticoin-
cidence. The already good signal-to-background ratio was
not affected by this additional constraint.

Data Acquisition uses a front-end VME processor read-
ing out the CAMAC crate. The general control and on-line
analysis is done with a SPARC computer. The incoming
muon rate, limited to about 10000 s~', is reduced further
by antipilc-up rejection of 10 /is before and after the muon
arrival. The overall dead-time was of the order of 25%.
The acquisition rate of uscfull events was 0.10 events per
second in real lime.

4 Conclusions
In these running conditions, a statistics of 150000 counts,
corresponding to 11 days of continuous running and a fit of
the ume dependence of the .120 keV yield will allow us to
extract the A+/A~ ratio with a precision of 1.5 on (gr/iJA )-
This precision will be achieved, provided all parameters
other than the adjusted ones arc well known. Consequently,
special attention will have to be paid to various items which
will be measured independently with sufficient accuracy.
They arc:

• A good determination of the time response function
of our i detector. This function will be obtained ob-
serving /i — i coincidences from radioactive sources.

• A precise time dependence measurement of the Michel
electrons from decaying muons in " B. An electron
telescope detecting only those /?'s originating from
the boron target will do the job. This will run con-
tinously in parallel with the 7 detection, ensuring
statistics better than necessary.

• A good lime calibration of the electronics. This will
be achieved with a /»+ run and with a run with acci-
dentals only.

• A check of the accidental rate which can be observed
at "negative" limes.
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Muon capture by nuclei has received much attention
as a useful tool for studying the scmilcptonic weak inter-
actions [11. The high momentum transfer in this reaction
makes it sensitive to induced couplings difficult to access
in /i-decay. Particularly interesting is the induced pscu-
doscalar form factor /•>> which can be used to test a variety
of QCD motivated models predicting scaling laws for nu-
clcon and meson masses, the pion decay constant and the
pion-nuclcon coupling constant in nuclear medium |2,3|.

The goal of the proposed experiment is a precise mea-
surement of ľ p via combined average polarization ľa„,
longitudinal polarization l\ and alignment 7'2° of the resid-
ual nucleus in the reaction ft" +'fí O — l f í Ng, + uu. The
experimental method is based on a slack target technique,
which is sensitive to the ion-recoil direction and uses the
/?-dccay asymmetry as a spin orientation analyzer.

The aim of the performed test experiment was to check
basic experimental conditions necessary to optimize the ap-
paratus. We have studied various largct materials with re-
spect to induced electron background, which could obscure
the investigated transition and influence thereby the mea-
sured /?-dccay asymmetry. Simultaneously, the accuracy of
the rest muon polarization measurement has been checked.

The test arrangement consisted of two parts: an ac-
tivation unit with rest muon polarization monitor and a
/^-spectrometer (fig.I). The rest muon polarization mon-
itor (fig.2) was built of two plastic scintillator telescopes.
Hclmholtz coils provided the magnetic field necessary to
process the muon spin. The /J-spcctromctcr was built of two
symmetric plastic scintillator telescopes, shielded against
room background with brass, lead and paraffin. The centre
of the spectrometer was placer i /O cm aside the beam axis.
A mechanical transfer line was moving the target between
the activation area and the spectrometer.

By varying the spectrometer shielding and materials
used to degrade energy of the muons we improved the
signal-to-background ratio for oxygen containing targets
from 1:2 to 10:1. Switching the beam off during the mea-
surement of nuclear /?-dccay (chopping technique) has fur-
ther improved this ratio by a factor of 5.

Tests of muon induced 0 activities were performed for
BcO, LiOH, H2O, Al, Cu and Ag for energies up to 10
McV and decay times ranging between O.S and 40 s. The
spectra taken with an Al-iargct exhibit two /?-transitions in-

duced by /'-capture. They have been identified as originat-
ing from Ihc reactions 27AI(/x,p)26Na and 27Al(//,a)23Nc.
We exclude therefore aluminium as a material for the stack
target. The lime spectra for targets containing oxygen arc
dominated by the "'A' decay with a small admixture of
transitions characteristic for Al, due to irradiation of the
target frames. Sample energy and time spectra taken with
the water target contained in an aluminum frame with Kap-
ton windows arc shown in figs. 3 and 4. Cu and Ag targets
reveal no fl activities in the investigated ranges of decay
time and energy.

For a measurement of the rest muon polarization we
applied the time integrated method of muon spin rotation in
the slowly varying magnetic field (dispersive Hanlc signal).
Relative accuracy better than 5% has been achieved within
I hour measurements (fig.5).

As a result of our recent investigations with polarized
12H and l3N radioactive ion beams al the Calholiquc Uni-
versity of Louvain new candidates appeared for the po-
larization preserving layers: Pt, Rh, Pd. They should be
tested in subsequent runs with respect to muon induced
background.

The simultaneous measurement of /'„„, /'/. and 7Í' must
be performed with a cooled slack target. The design of
the cryogenic equipment and the final decision concerning
largct materials require additional tests. Meanwhile, it is
possible to obtain a valuable physical information on }•',•
from the average polarization Pav alone using a water tar-
get, once the relaxation time in bulk water is sufficiently
long. This measurement is the next goal of our experiment.

References

I1 ] for references sec eg. L. Grcnacs: Ann. Rev. Sci. 35
(1985) 455.

[2] K. Kubodera, M. Rho: Phys. Rev. Leu. 67 (1991)
3479.

[31 M. Lutz, S. Klinu, W. Wcisc: meson properties at
finite temperature and baryon density. University of
Rcgcnsburg, Report No. TPR-91-12.

67



BETA-SPECTROMETER ACTIVATION UNIT

Figure 1: Experimental setup. / J I , / I 2 - Beam detectors, C
- lead collimator, D - energy degrader, Ti,T2 - targets, H -
Hclmholtz coils (muon polarimclcr not indicated).
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Figure 2: Muon polarimctcn AE, E - plastic scintillator
telescopes, 6E - active collimator. For further explanation
sec fig. 1.
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Figure 4: Time spectra for the water target after subtraction
of the room background.
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Figure 5: Hanle signal measured with the graphite target.
Solid line is a theoretical fit.
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Figure 3: Energy spectrum for electrons emitted from a
water target; r.b. - room background, Al - activities induced
in the aluminium frame.
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A year ago we reported on the first test in the devel-
opment of an ultra-low energy fi~ beam |1]: Muons of
30 McV/c were injected into the cyclotron trap, decelerated
and extracted at kcV energies. We showed that our princi-
ple of producing low energy muons is feasible, and found
good agreement between experiment and Monte Carlo sim-
ulations. However, for the available/i~ beams the expected
intensities of extracted low energy muons with energies of
a few keV are modest (100-1000 s"1) and for many appli-
cations not sufficient (2). An enhancement of more than an
order of magnitude was expected by injecting pions at 100
- 120 McV/c momentum radially into the trap and extract-
ing a part of the decay muons slowed down in a thin foil.
Experimental tests of this technique were performed in fall
93 in the TTE5 area at PSI and are reported in the following.

Figure 1: Set-up with cyclotron trap and SiLi x-ray detector
in its extraction bore hole.

The set-up for the firsl phase of this experiment is shown
in Fig. 1. Negative pions with a momentum of 120 McV/c
arc injected into the trap and penetrate the degrader D con-
sisting of a IS mm thick scintillator and an AI degrader
in scries. With a momentum bite Ap/p = 7% FWHM,
108 7T~/mAs hit the scintillator. After the degrader the pi-
ons have a momentum of typically 40 - 60 McV/c and decay

in flight inside the trap. Low energy muons arc trapped by
the magnetic cyclotron field and slowed down while pass-
ing several times through a thin foil in the medium plane.
Since the foil is kept at a negative potential of several kV,
the muons arc axially extracted at keV-encrgics before be-
ing stopped in the foil.
For the extraction studies a 330 fig/cm2 Mylar foil coaled
on one side with a thin (~150 A ) Ti layer was mounted in
the medium plane of the trap (see Fig. 1). A 30 fim Be foil
was fixed on the extraction axis in the bore hole of the trap
at a distance of 3S0 mm from its center. Extracted muons
with kinetic energies < 500 keV (corresponding to a range
of 30 /zm Be « 5 mg/cmz Be) stop in the Be foil and arc
identified by the detection of the JÍBC K-x-rays (Fig. 2). A
Cu-collimator with 42 mm of diameter limited the back-
ground and restricted
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Figure 2: X-ray spectra measured with a free running SiLi
diode.

the phase space of the extracted muons. As x-ray detector
we used a SiLi diode which was not triggered because of
the high intensity of the n~ beam. The absolute rate of ex-
tracted muons which stopped in the 30 /an Be foil, i.e. with
energies in between 0 and 500 kcV, was 14000 ± 2000 per
m As without, and 19000 ±3000 with an extraction voltage
of -10 kV. These numbers were deduced from the measured
/<Be A'-Iine intensities, corrected for solid angle, efficiency.
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Figure 3: Set-up of cyclotron trap with an extraction chan-
nel for the range measurement.

and detector dead lime. The relatively high muon rale at
zero voltage has two reasons; one is multiple scattering in
the Mylar foil which turns the muon momentum vector into
the loss cone of the magnetic trap; the other is that some of
the muons are initially produced at kcV- and McV-cnergies
with the momentum vector inside that cone.

For the second experimental phase we built an extrac-
tion channel consisting of an already existing Hclmholtz
coil which was connected via a 30 cm long tube to the cy-
clotron trap (Fig. 3). For mechanical reasons the Hclmholtz
coil could not be moved as near to the trap as desired.
Therefore the magnetic matching between trap and Hclm-
holtz coil was not optimal rcsulting<in a significant loss of
muons in the extraction channel. The extracted and trans-
ported muons were measured with the 30 /im Be foil fixed
in the Hclmholtz coil at a distance of z — 1011 mm from
the center of the trap (Fig. 3). In front of that foil (at
z = 1005 mm) we mounted thin Formvar foils of different
thickness (20 < d < 240//g/cm2) to measure the range of
the extracted muons. The amount of muons stopping in the
foil of a given thickness d can be determined by evaluating
the missing //Be K-x-rays or by delecting dircctely the /iC
K-x-rays from muon stops in the Formvar foil. The two
methods give consistent results, but the Be data arc more
precise because the efficiency of our SiLi detector for the
fiC /\'Q-x-rays at 75 keV is small and the / iC 3 _ 2 line at
13.9 keV lies on a significant background. Fig. 4 shows
the number of muon stops in the Formvar foil of a given
thickness, determined by the intensity difference of //Be A'o
x-rays with and without Formvar foil. To get the energy
distribution from this integral range curve, the correlation
between range and initial kinetic energy had to be deduced.
Using the stopping power data measured recently for kcV-
H~{3], a range of 100//g/cm2 results for a kinetic energy
of 50 kcV. From the measured data shown in Fig. 4 we
conclude that 35 % of the extracted muons which stop in
the 30 fim Be foil (i.e. with Etin <500 kcV) have kinetic
energies between 10 and 50 kcV. Applying this to the result
given above for the first phase, i.e. the arrangement shown
in Fig. 1, we get 0.35 • 1.9 • 10" « 6500 (mAs)"1 extracted
muons within a circle of 40 mm and with energies between
10 and 50 kcV.

Further improvement of the low energy p~ intensity
will be obtained by minimizing the pion injection losses
and by the use of a thinner (50 fig/cm2) extraction foil.
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Figure 4: Integral range curve of extracted muons in a
formvar foil of thickness d.
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Figure 1: PSC apparatus to be used for muon trapping and stopping in thin targets. S: solenoid, F: detector foil, EI-E3:
cylindrical electrodes. The target is to be placed between El and E2.

It has recently been proposed [1] to apply the muon trapping
capacities of the phase space compression (PSC) method [2]
to experiments requiring the stopping of muons in very low
density targets. The basic idea is to use this new PSC tech-
nique to detect muons of low energies (as lOkeV or less)
and subsequently trap them between two pulsed cylindrical
electrodes in the PSC solenoid. When muons travel back
and forth between the electrodes, they lose some energy
in a thin target placed at the centre of the trap until they
finally stop in the target Besides the increased stopping ef-
ficiency thereby obtained, a clean low-energy muon trigger
is provided by the standard lime-of-flight entrance detector.
Most recently demonstrated by our collaboration [3] is the
configuration using a first parallel plate avalanche counter
(PPAC) followed by the intrinsic PSC detector.

The main goal of the present development is to
achieve an efficient stopping in hydrogen gas at lowest den-
sities. This would open the way to the measurement of the
2s-2p splitting in the n\> atom within a laser cavity of very
small size [4]. Another attractive simple application re-
cently proposed [S] is the measurement of the velocity dis-
tribution of the /jp atoms at low pressure. Figure 1 gives
the basic trapping configuration as it was planned to be used
in the 1993 test experiment It is very similar to the con-
figuration in which the first PSC experiments [6] have been
performed. The ?rE5 /i~ beam tuned to 10MeV/c mo-
mentum is strongly focused onto the PPAC by the steeply
increasing field of the PSC solenoid. An outcoming low
energy yr (whose exit position and time is provided by the
PPAC) crosses the foil F and emits secondary electrons that
arc accelerated to a 4 keV energy and hit the microchannel

plate (MCP) detector after about 25 ns. The signal trig-
gers, via a fast amplification chain, a negative HV on E3
(for fi~ reflection) and on El (for subsequent trapping).
E2 is pulsed with an initial short positive HV pulse that
allows a useful increase of the reflection acceptance (ref.
[6] p. 104). Subsequently (after the muon is reflected) it is
pulsed to a high negative HV for ultimate trapping of the
muon between El and E2.

As shown in initial experiments [6], without gas target,
the trapped muons would remain trapped for their whole
lifetime. For the present interest in stopping applications a
20 cm long gas target was constructed with 2/ig/cm2 en-
trance and exit windows and introduced in the trap. At
0.5 nihar pressure it results in a loss per crossing of about
'.I keV in longitudinal kinetic energy 7'" of the muon. The
acceptance is given by the range of initial longitudinal en-
ergy 'if (at the detector foil exit) for which trapping lakes
place. At the estimated maximal TJ} of 12faV about six
target crossings take place and the stopping time is of the
order of 1 /is. Almost 50% of the stops should ultimately
take place in the gas.

For the practical test, time limitations allowed only a
mini-trapping experiment to be performed. It lead to very
useful data from which some preliminary results arc pre-
sented here. The experimental configuration differed from
that of fig. 1 by having the detector foil F in its old posi-
tion (10 cm downstream) and no El electrode. The stop-
ping target (T), placed in the centre of the trap, was an
ultra-thin carbon foil (3/tg/cm2). With only E3 pulsed
to -7kV after muon detection minimal trapping action is
possible between F (at -4 kV) and E3 for the lowest cn-
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ergy muons (T^1 < 2 keV). These muons, accelerated to
4keV < T" < 6keV, will undergo several crossings in
the thin target T until they stop in it after limes exceeding
I/js. Information on the stopping time is obtained by de-
tecting the //-decay electrons in a 1(5 cm long, 5 cm wide
and 2.5 cm thick Csl (Tl) crystal placed near the T foil and
viewed by two avalanche-photodiode detectors: as the elec-
tron detection solid angle is significantly higher for muons
stopped in T than for muons still travelling back and forth
the shape of the electron time distribution will reflect the
effect of the slopping time and thereby provide information
on the slowing down of n~ in carbon al energies below
I keV. The trigger condition required a signal of the PPAC
entrance detector and a first signal of the MCP within a
preselected time range. This allows the selection of the op-
timal range of muon energies as they appear before entering
the detector foil F.

Runs taken with E3 pulsed to - 7 kV can be compared
with runs without pulsing. At 2//s delay time about six
limes more //-decay electrons where observed with trap-
ping than without. The difference between the two spec-
Ira shown in fig. 2 is essentially the //-decay spectrum of
trapped moons that ultimately slop in the carbon foil. It is
well fitted with the function

F(t) = ae-All(l -nc-^()+b

with the term in parentheses introduced to approximate the
effect of the stopping time (\/\>).

The full extraction of the stopping information will re-
quire a Monte-Carlo calculation of the trapped muon path
that takes in account energy loss and scattering of the muons
together with the position-dependent decay-electron detec-
tion efficiency. The preliminary fit shown in fig. 2 gives a
first indication on the presence of the term which reflects as
expected a detection efficiency that is smaller in Ihe trapped
phase than in the stopped phase.

Altogether the performed experiment has shown a clean
detection of the stopping of negative muons in the thinnest

10

10

solid target ever used. It allows a confident extrapola-
tion to the full trapping configuration where much more
trapping acceptance will be available and for which the
signal/background ratio is automatically significantly im-
proved. This permits to go over confidently to X-ray de-
tection in highly efficient detector configurations as required
in ihc foreseen experimental applications. What can already
be extracted from the present results is the achievable trap-
ping efficiency in the configuration that will be used in
the experimente. From the data of fig. 2 collected in three
hours of measurement (with the HV on) at 100//A proton
current and with an estimated 20% detection efficiency for
the slopped muons, a trapping rate of 5//~/mAs is ob-
tained. By making use of the measured fi~ time-of-flighl
spectra this rate can be scaled with the acceptance of the
trapping operation. This gives a trapping rale about 10
times higher for the full trapping configuration. Moreover,
use of the standard TTE5 separator (instead of the used de-
vice for which a beam loss factor of 2.5 has been measured)
together with a more efficient PPAC (operated at 25 mbar
instead of 15 mbar) and a standard MCP operated at optimal
HV (for which twice the obtained efficiency is reached) al
least six times more muons will be available. Altogether,
one may expect, at high confidence, a trapping rate of at
least 150//"/s for future experiments. Such a rate is suffi-
cient for a wide range of first generation low energy muon
experiments.

What should still be mentioned is the beam size whose
smallncss is important for the considered applications. It
was measured (with ss 1 mm resolution) to be slightly el-
liptical with less than 9 mm FWHM in both transverse co-
ordinates. This results in a unique low-energy muon beam
of tagged energy and position with a spectral density of
15//~/keVcm2s.

This work was supported by the German BMFT.
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Figure 2: Spectrum of trapped and stopped muons fitted
with function given in the text.
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The ficld-tcmpcraiurc (B-'ľ) phase diagram for the high-
temperature superconductors is of great theoretical interest
and practical importance. Of particular interest is the case
of the Bi-bascd compounds, where a strong anisotropy may
lead to a variety of flux-vortcx structures (see e.g. [11).
During 1993 we performed detailed /<+SR measurements
on Bi2 15Sr! (iäCaCu-jON+í (BSCCO), in order to investi-
gate the microscopic field distribution in the mixed stale.

The fi+SR measurements were performed on a mosaic
of 8 high quality single crystals of BSCCO, aligned with the
crystaHographic r-dircclion parallel to the shortest dimen-
sion. A magnetic field was applied parallel to the c-axes
of the crystals, and positive muons were incident on the
sample with their spin-polarisation vector perpendicular to
the applied field. Time-differential /i+SR spectroscopy was
employed from which one can deduce the probability dis-
tribution of the local magnetic field of the vortex state by
measuring the time evolution of the //+-spin polarisation
[21.

For a given flux structure one can calculate the expected
probability distribution j>(li) of the internal field (sec e.g.
[3]). The measurement of i>(B) via //+SR allows an in-
vestigation of the details of the flux structure, such as the
effects of random pinning |3) and the dimensionality of the
vortex structure [41. Fig. la shows the probability distri-
bution of the local internal field ;>(/?) for the sample at
a temperature of 5K, after cooling in an applied field of
S.2mT. This lincshapc shows features which arc clear indi-
cations of a 3D flux-structure (sec e.g. [3]), notably the long
"tail" at fields higher than the applied, which arises from
regions close to the vortex cores. This is the first such clear
observation of a 3D flux-lattice lincshapc in this material.
Figure lb shows the distribution found after cooling the
sample in an applied field of 45.4mT for two temperatures,
one below and one above the magnetic irrcvcrsibility line
(as measured by magnetisation techniques), but still well
below Tc. The shape of Ihc latter spectrum is clearly dif-
ferent, reflecting a marked change of vortex structure. In
order to quantify such changes we define a ratio n, de-
rived from the third and second moments of the lincshapc,
as n = {(ABýy^/dAny-y'-. This is a dimcnsionless
measure of the asymmetry of the lincshapc, the variation of
which reflects underlying changes in the vortex structure.
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Figure 1: The probability distribution of the inter-
nal magnetic fields in Bi-_> isSr! S5CaCu2O8+js . (a) At
/'o//.xi =5.2mT and T ~ 5.0K. The solid line is the re-
sult of a simulated ideal triangular lattice, using a pene-
tration depth of A « 1800Ä , which has been convoluted
with a Gaussian of width 2.4G to simulate the effects of
lattice imperfection and instrumental resolution, (b) At
/lo //„,, =45.4mT, for (i) T = 54 .OK (circles), just be-
low the irrevcrsibility line (see Fig.3), (ii) At T = 63.8K
(squares), just above the irreversibility line, showing a sig-
nificantly different lineshapc. The dashed lines arc guides
to the eye.

In Fig. 2a Ihc lineshapc asymmetry parameter a is plotted
as a function of temperature, for an applied field of 45.4mT.
Here it can be seen that <* changes sign abruptly within a
temperature range of less than 2K, indicating the existence
of a phase transition in the vortex structure. Moreover, the
negative value of «, obtained for the lincshapes observed
above the transition, reflects a substantial shift of probabil-
ity away from the high field tails; this is totally inconsistent
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with the existence of a triangular or square static 3D lat-
tice. It is possible that the truncation of the high field tail
may reflect either a motion of the vortices [5] or a reduced
dimensionality of the vortex structure [6], both of which
could cause an effective smearing of the vortex cores. From
the abruptness of the observed changes in a it is clear that
there is a sharp transition of the vortex structure, which we
associate with flux-lattice melting. Furthermore, this phase
transition has been observed at several fields from S.2mT to
401mT, and its temperature Tm has been ascertained with
varying degrees of precision. The results are given in Fig.3.
The transition line in the phase diagram which is formed by
these points lies close to the irreversibilty line for samples
from the same source, as determined by ac-susceptibility
measurements at a frequency of 87Hz [7]. Also included
in the figure is a fit of the data to a 3D-melting function
[8] which for reasonable values of parameters for BSCCO
gave a value of the anisotropy ratio j ~ 150.

1000 -
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-0.5

Vortex solid

0 10 20 30 40 50 60 70 80 90 100
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Figure 2: The temperature dependence of the lineshape
asymmetry parameter a = ( (A5) 3 ) ' / 3 / { (AB) 2 ) 1 / 2 (see
text). Note the sharp drop in the asymmetry of the lineshape
around Tm = 57K.

In highly anisotropic systems the flux structure may
consist of 2D layers of "pancake" vortices (see e.g. (1]),
which at low fields may couple via Joscphson and magnetic
interactions to form 3D line-vortices. It has been shown
that disorder induced by random pinning in such a system,
which reduces the correlations between the positions of vor-
tex cores in adjacent layers, may truncate the high-field tail
and thus reduce the second moment and the asymmetry of
the lineshape [4,5,6]. We have observed such changes in
the lineshape as a function of increasing field beginning
at fields B ~ 50mT. The data strongly suggests that the
associated transition, indicated by the change of ;i+SR -
lineshape, is associated with a transition from a 3D to a 2D
flux structure. Such a "cross-over" field is expected for a
highly anisotropic system such as BSCCO, and may be es-
timated from B 2 D « * O / ( T S ) 2 . where s is the separation of
the superconducting layers and 7 is the anisotropy ratio [9].
Taking s ~ 15Ä and 7 ~ 150 [10] yields 5 2 D ~ 40mT. In
our measurements the onset of the change of flux structure
was found to be B2D ~ 50mT, which is in accordance with
the above estimate for a cross-over field.

In conclusion, the fi+SR technique is a unique micro-
scopic probe of the flux structures and transitions in the
mixed state, and has provided evidence for both a dimen-
sional cross-over of the flux-vortex structure and for flux-
lattice melting in BSCCO [10]. Our conclusions have re-

100 r

1

30 40 50 60 70
Temperature (K)

80 90

Figure 3: The points in the li-T plane corresponding to
the melting temperature as measured by the change in
//+SR-lineshape (circles). The solid line is a fit of the
3 lowest field points to a 3D-mclting function [8], shown
extended into the 2D-rcgion as a dashed line. Also shown
is the irrevcrsibiJity line as measured by ac susceptibility
(triangles) taken from Rcf. [7]. The //,2-linc (doocd-linc)
is the function 7/f2(0)(l - 1 ) , with Hc2(0) =44T [8J.

ccntly been further strengthened by the results of small an-
gle neutron diffraction measurements [11] .
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One of the mosi striking features of Ihc cuprate high-
Tr superconductors is the strong dependence of their criti-
cal temperature Tr on the concentration of charge carriers
(holes) doped into their CuO2 planes. A recent analysis
of experimental data among the different compounds of p-
type cupratc superconductors revealed a nearly universal
relationship between the critical temperature normalized to
the system dependent maximum TrJTcmax and the hole
content p [1]. In the resulting phase diagram three different
regimes can be identified, namely a) the undcrdoped regime
where an increase in hole content is accompanied by a sharp
increase of Tc, followed by b) the optimally doped regime
giving the system dependent maximum Tc and finally c) the
ovcrdoped regime, which is characterized by a decrease in
Tc despite an increasing number of charge carriers.

XJ(T) oc

0.15 0.: 0.25
Hole Content, pSh

0.35

Figure 1: The universal relationship between r = TJTCfmaT

and p,h for the cupratc superconductors. From reference
II].

Equally remarkable correlations with the critical tem-
perature Tc arc reported from transverse field muon-spin-
rotation (/JSR) measurements [2]. In such experiments on
polycrystalline sintered samples the measured depolariza-
tion rate a of the initial muon-spin polarization has been
shown to be inversely proportional to the square of the in-
plane magnetic penetration depth \ab 12,3,4]. The cupratcs
are extreme type 11 superconductors (A < O where a
London-like picture holds. The measured depolarization
rate a therefore is proportional to n, ejj/m*, the ratio of
the effective density of the superconducting condensate and
the effective mass of the carriers.

In a plot of the critical temperature Tc versus low tem-
perature depolarization rate <r(T —>0) the common behav-
ior of the high-7'c superconductors becomes most obvious.
The data points taken in the undcrdoped regime on systems
like YBa2Cu3O7_4 or La2_xSrjrCuO4 were found to lie on
a common straight line [2]. An interpretation within the
"clean-limit" thus gives Tc oc njm' oc p/m', which was
discussed as being evidence for a high energy scale pair-
ing mechanism [5]. Close to optimum doping, however,
the critical temperature saturates followed by a decline in
the slightly overdoped region whereas <r0 continues to in-
crease. Only very recently these measurements were ex-
tended to the heavily overdoped regime which is readily
accessible in the Tl2Ba2CuO6+i system. It was found that
(To turns back to zero again decreasing linearly with Tc in
the heavily overdoped regime [6,7]. (see Fig. 2). We in-
terpreted this finding in terms of increasing pair-breaking
effects which reduce the effective condensate density and
the critical temperature despite an increasing normal state
carrier concentration [6]. This model explains the linear
dependence of Tc versus a in both the heavily under- and
heavily overdoped regime. Over the entire range the con-
densate density has the form

and this is fitted to the //SR data in Fig. 2. The parame-
ter To is inversely proportional to the pair-breaking length
/;,. Assuming a constant pair breaking length, we obtain
Í6 = 60 Á , which is entirely reasonable.

However, since this result was obtained by combining
data from different compounds, we tried to reproduce this
loop in Ybo.7Cao.3Ba1.6Sro 4G13O7- Í , a system in which
the hole concentration can be varied throughout the entire
range from heavily undcrdoped to heavily overdoped [8].
The results are shown in Fig. 3 as a plot of Tc versus <r0.
The "boomerang-flight" like curve is clearly visible. For
the first time the reduction of <r0 in the heavily overdoped
region and the linear Tc - <T0 dependence for the undcrdoped
region is shown to exist within a single system.

In addition to this main conclusion other interesting
trends can be derived from our Tc versus <r0 - plot for the
(Ybo7Ca03XBa,.6Sr04)Cu307_é system. First, the slope
of the characteristic linear Tc - <r0 dependence in the heav-
ily undcrdoped regime is clearly different from that reported

11
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Figure 2: Relation between Tc and njm*. Solid squares
indicate our data on overdoped Tl-2201. Open circles rep-
resent data taken from Uemura et al. [2] on La2.xSrxCuO4

and YBa2Cu3O7_6. Solid curve: Pair breaking model
based on Tc (p) (see inset).

for YBa2Cu3O7_j. For similar values of Tc the <r0 values
of the present experiment are larger. Similar trends are in-
dicated by results of Ansaldo and coworkers on underdoped
(B»i sPbo 32) (Sr^La,,) Ca09Cu2O8+a [9], however, with
lower £T0 values. This raises questions about the "univer-
sality" of the Tc x <r0 line found for heavily underdoped
YBa2Cu3O7_* and La2_ISrrCuO4 [2]. It seems that only
the linear dependence of Tc on <r0 is universal while the
specific slope appears to be system dependent.

Second, we want to focus on the data points close to
optimum doping. Unlike in YBa2Cu3O7_é, there is no
"plateau" characterized by nearly constant Te but strongly
increasing <r0 values [2,10]. Recent //SR measurements
on the optimized (Yb,_rCar) (Bai 6SrOi1) Cu3O7_4 sys-
tem for x = 0.32, 0.15 and 0 show the depolarization rate
Go rising from 2.85 to 3.4 to 4.25 / /s~' . Each of these
compounds arc at ľ ( m „ = 82 K but the chains arc pro-
gressively more complete. Together with the results from
specific heat measurements, which show a drastic increase
of the jump of the specific heat at Try we are lead to the
conclusion that pair condensation occurs on the chains, re-
sulting in a considerable additional contribution to the to-
tal condensate density in the YBa2Cu3O7_4 system. This
contribution to the total superconducting condensate, how-
ever, is only observed for well ordered and nearly filled
chains, while it is rapidly suppressed by pair breaking ef-
fects induced by oxygen vacancies for 6 > 0.15 [11,12].
In YBa2Cu3O7_« the contribution from chain condensa-
tion coincides with optimum doping, which results in the
observed "plateau". Due to the additional doping effect by
Ca the final chain filling in Yb0.7Cao.3Bai 6Sro.4Cu307_4

is shifted far into the ovcrdoped regime. Consequently the
"plateau" around optimum doping is absent in this system
as can be seen from Fig. 3.

Figure 3: Critical temperature 7'c versus low temperature
depolarization rate <r0. The solid line is a sketch of the
Tc <x <TQ dependence in the underdoped region and of the
"plateau" close to optimum doping for YBa2Cu3O7_« [2,
10]. The dotted line represents the corresponding behaviour
in (Ybi-sCa^XBai 6Sr0 4)Cu3O7_i. Solid squares: data
for Yb0.7Cao.3Bai.6Sr0.4Cu307_< with different amounts
of oxygen ranging from the under- to the heavily overdoped
regime. Arrows, indicating an increasing hole doping, elu-
cidate the boomerang-flight like shape. Optimally doped
samples {Tc,max), one with x = 0.15 and two with x = 0
but slightly different amounts of oxygen are represented by
open circles, while the sample with x = 0.32 is already
included in the boomerang.
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(i) Lai 875(Ba,Sr)0 125CUO4 Superconductors: Double
doped La2-x-yBaz_ySr!/CuO4 represents an excellent mo-
del system for which the inicr-relalionship between struc-
tural anomalies, long-range magnetic ordering and the ap-
pearance of high-7; superconductivity may be studied. Near
x - y =0.125, soft mode behaviour [1] is responsible for
a structural transformation from an orthorhombic structure
(O, Space group: Bmab) to a low-temperature tetragonal
structure (LTT, P42/hcm), different from the one (HTT,
I4/mmm) adopted by these systems at high temperatures.
Transport measurements as a function of x and y reveal that
even though the total doping by the divalent cations may be
kept at x = 1/8, the superconducting transition temperature
(Te), suppressed to low values (~ 10 K) for Ba-rich compo-
sitions, gradually recovers to larger values (Tc ~ 30 K), as
the concentration of Sr2+ increases. This behaviour corre-
lates well with the results of our neutron scattering studies
which show that the structural transition temperature to the
LTT phase gradually decreases with increasing Sr2+ con-
tent and that the (O)-(LTT) transformation becomes more
complete with increasing Ba content. The subtle structural
changes accompanying the (O)-(LTT) phase transition thus
appear to significantly affect the superconducting properties
of the materials.

Our earlier transverse-field (TF) /t+SR measurements
(Ber,=6 kG) on a Lai.875Ba0.o75Sro.o5oCuC>4 superconduct-
ing sample (Tc=20.5 K) gave evidence for (he presence of a
component of magnetic origin at low temperatures. Its vol-
ume fraction was found to grow below the transition to the
LTT phase (Td=40 K), reaching a saturation value below Tc,
and mimicking the temperature evolution of the LTT frac-
tion of the material, inferred from the neutron diffraction
measurements [2]. We have now carried out measurements
on the same sample in zero-field (ZF) between 2.7 and
100 K. These revealed well-resolved oscillations in the fi+-
spin polarisation, providing unambiguous evidence for the
static character of the Cu2+ localised electronic moments.
The internal field at the / i+ stopping sites is 244(7) G at
2.7 K. Below 35 K, the spectra can be fitted with the sum of
a fast exponentially-relaxing oscillating (component 2) and
a slowly-decaying Gaussian (component 1) signal. Between
38 and 100 K, a Kubo-Toyabe relaxation function (no. 1)
for a Gaussian distribution of static random fields revealed
a temperature-independent relaxation rate A=0.18(l) /is"1,
arising from nuclear moments. Spin freezing at 7}= 23 K is
accompanied by an increase of the relaxation rate of com-
ponent no. 2 (A=7.5(4) /JS~ '). The temperature dependence
of the precession frequency is presented in Fig. 1 and shows
that the magnetic volume fraction of the material develops
only below the LTT transition and at the expense of the
paramagnetic-superconducting volume fraction.
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Figure 1: Temperature dependence of the spontaneous //+

precession frequency.

The present work unambiguously reveals the role of the
magnetic interactions present in the LTT structure in pair-
breaking and destroying superconductivity.

ZF measurements were also performed on a supercon-
ducting sample with larger Sr content (y=0.100, rc=27.5 K)
between 0.068 and 40 K. High-resolution powder diffrac-
tion had shown that no LTT phase is present down to 4.2 K.
The //SR spectra show no coherent precession, but reveal
the presence of two relaxing components: a very rapidly-
damped Gaussian-like (<TI =10.0(3) /is~l) and a slowly-rela-
xing Lorentzian one (A2=0.50(4) fts~l) below 10K. The
enhanced depolarisation rate of the first component is ten-
tatively considered to be of magnetic origin, a conclusion
also supported by TF measurements at 6 kG which show en-
hanced depolarisation for a Gaussian component at the same
temperature. The TF measurements in field cooling further
reveal a small diamagnetic frequency shift (Ai/fI=O.O46(3)
MHz) at 27 K, associated with a slowly-relaxing Gaussian
component. The T-dependcnce of its precession frequency
(v2) and relaxation rate (<r2) are presented in Fig. 2.

Diffusional dynamics arc also apparent at high temper-
atures. The present multicomponent behaviour in the / i+-
spin polarisation is good evidence for the existence of spa-
tially inhomogeneous features in the sample [3]; i.e. a vol-
ume fraction, built up in strength below about 10 K, arises
from electronic contributions of magnetic origin, while the
rest, and largest part in the present case, is clearly of non-
magnetic and superconducting nature.

(ii) La2CoirCui_xO4+i Solid Solutions: In an effort to
probe the role of excess oxygen on the electronic prop-
erties of layered cuprates, we have synthesised the series
La2CorCu1_3.0-1+{ in which Co substitutes for Cu2+ in die
Cu-O layers. A much higher oxygen solubility (fi between
0.06 and 0.20) than in the superconducting La2CuO4+i

phase (S less than 0.05) was achieved. High resolution
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neutron powder diffraction gave convincing evidence that
the local geometry of the excess-oxygen species is consis-
tent with negatively charged O 2~ ions [4]. The present
oxides are Mott-Hubbard insulators but susceptibility mea-
surements reveal a rich magnetic phase diagram (Fig. 3).
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Our early //SR work focused on the 'glassy-magnetism'
observed in La 2 Co 0 75O10 25O4 i 6 . ZF measurements be-
tween 2.5 and ISO K followed the slowing down of the
spin dynamics and revealed certain characteristics of the
spin-freezing process (7/ ~ 30 A'). The dynamic spin cor-
relation function decayed non-exponeniially and the corre-
lation times r c rapidly grew as 7) was approached from
above. Below 7) , the static random local fields coexist
with a dynamic local field width. LF (S kG) measurements
were now performed between 20 and 100 K in order to
decouple the static from the dynamic local field contribu-
tions. At T > Tf, the temperature evolution of the //SR
histograms was described well by a stretched exponential
relaxation function A = Ao exp[-(Adt)"]. The temperature
variation of the spin dcpolarisation parameters (Ad, /?) of
the combined ZF and LF results are shown in Fig. 4.

In agreement with other recent results [5], the present
behaviour is consistent with that of an fsing spin-glass,
where a stretched exponential relaxation sets in below an
upper characteristic temperature, above which /? ~ 1.0.
As T -* Tj, a continuous drop in /? occurs, approaching
1/3, whence the correlation time of the fluctuating mag-
netic moments diverges. TC increases from 7.8(5)xtO~12 s

at T ~3.3 7) to 7.5(1.2)xl0-1 0 s at T ~ 1.2 7) . More-
over, the critical slowing down of the fluctuating moments
is described less satisfactorily by a power-law [6] than a
simple Arrhenius expression.

Preliminary measurements have been also performed on
the dense spin system La 2 Co 0 25CU0 75O4 1 0- Its magnetic
behaviour is drastically different from the Co-rich sample.
At T > 250 K, the time histograms can be described using
two components, a fast relaxing Gaussian and a slowly de-
caying Lorentzian. Below 250 K, freezing of the spins is
evident by the development of a very fast initial decay of
the time-dependent asymmetry and a shallow 'dip' at less
than 0.1 /is. Very good fits are obtained in this tempera-
ture range by employing a Kubo-Toyabe relaxation func-
tion, representing a Gaussian distribution (IT,) of static ran-
dom fields, with a characteristic exponential decay (Ai) of
its 'one-third' term in order to account for slow fluctuations
of the Cu moments. The behaviour of this system is still
under investigation.
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MAGNETISM
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The goal of our investigation of the only known Cc-
based heavy fcrmion superconductor (at ambient pressure)
CcCu 2 + rSi 2 is to understand the coexistence of magnetic
ordering and superconductivity ( 7 ^ » Tc) in samples with
small excess x of Cu, discovered by /iSR [1]. Our par-
ticular interest is to test whether both phenomena coexist
homogeneously on a microscopic scale, like in all known U-
based magnetic heavy fcrmion superconductors. The ques-
tion of coexistence of magnetism and superconductivity in
CcCu2Si2 is one of great current interest [2].

In 1993 we have investigated a new high quality poty"
crystalline sample of CcCu2 osSi2 with Tc - 0.7 K, pro-
duced and characterized at the TH Darmstadt. The experi-
ments have been carried out on the irM3-beam-line, using
the General Purpose Spectrometer as well as the /iSR-Low
Temperature Facility (LTF).

Most interesting results have been obtained in zero field
(ZF) measurements below 1.5 K, using the LTF. Fig. 1
shows the development of the muon relaxation with the
temperature. Cooling down, at about 1 K a second com-
ponent with small intensity but large gaussian relaxation
appears, revealing the onset of some kind of static mag-
netism in a fraction of the sample volume. The intensity
of the fast relaxing signal and hence the magnetic volume
increases rapidly down to Tr. From our data we conclude
that at Tc about 70% of the volume is magnetic. Below
Te the magnetic volume decreases again, showing that the
magnetism is destroyed in the superconducting phase.

The temperature dependence of the relative intensities
of the two components is shown in Fig. 2. At the low-
est temperatures a fraction of 30% of the sample volume
stays magnetic. This is in contrast to earlier observations
on a sample with x — 0.1 [1], where «85% of the vol-
ume stays magnetic down to the lowest temperatures. The
T-dependence of the relaxation rate a associated with the
magnetic phase is shown in Fig. 3. The value of 12 //s~'
at 60 mK corresponds to static moments of 0.1-0.3 fiB, de-
pending on the muon site. Obviously there is no influence
of the superconducting transition on IT.

We believe that (at least in our sample) the magnetic
and the superconducting phases arc spatially separated at
all temperatures and hence magnetism and superconductiv-
ity do not coexist on a microscopic scale in CcCu2.nsSi2.
This behaviour is in contrast to all other heavy fcrmion
superconductors showing magnetism (all of them uranium-

- 1 2 5 K .

OAK

0.VK

.QQBJt.

rim if*)

Figure 1: Some ZF spectra of CeCu2 0 sSi 2 at different tem-
peratures. Note that Tc = 0.7 K.

based), where superconductivity and magnetism coexist ho-
mogeneously.

In this context it is important to note that from the jump
of the specific heat at Tc, measured on a piece from the
same sample, a superconducting volume fraction of 40-50%
is derived, somewhat larger than the non-magnetic volume
fraction «30% at Tc found in the ;<SR measurements. The
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Figure 2: Temperature dependence of the relative intensities
jf the two ZF signals observed in CcCu2 0sSi2. Squares
^A2) denote the fast relaxing, circles (A]) the slow relaxing
component.

origin of the difference of the absolute values is unclear
at the present stage of the experiments bul clearly a large
volume fraction is not superconducting below 0.7 K.

It is necessary to point out that the observed inhomo-
gencous behaviour is not due to sample quality problems.
Previous //SR measurements on a CeCu2 ^Si? sample [3]
exhibited a very similar behaviour but have never been pub-
lished in detail. Our results also seem to explain peculiar
results of recent nuclear magnetic resonance (NMR) mea-
surements on CCCU2.02SÍ2 [4]. The NMR intensity exhibits
a strong decrease below 0.9 K (due to the occurrence of a
large distribution of hyperfine fields) which stops at Tc, with
Ihc remaining intensity showing no detectable enhancement
of the line-broadening. It was speculated that magnetic cor-
relations slop developing below Tc, but our data clearly in-
dicate that it is rather the magnetic volume fraction which
stops to increase below Te.

Transverse field (TF) measurements below 1.5 K at
Ilcxi z= 6 kOe arc in qualitative agreement with the picture
derived from the ZF measurements. The two signals, corre-
sponding to different muon sites, become strongly damped
around Tc and partly recover again at temperatures far be-
low Tc.

Since our data suggest that the development of mag-
netism in the whole volume is stopped by the supercon-
ducting transition, future measurements in external fields
larger than the upper critical field arc planned. We also plan
to perform TF measurements at lower fields to follow the
ficld-dcpcndencc of TN, the onset temperature of magnetic
correlations. We also plan to study the zero field behaviour
of samples with different Cu concentration (different Tc),
to study whether the variations of Tc arc connected to vari-
ation of the superconducting volume fractions.

0.2 0.4 0.6 0.8
T (K)

1.2 1.4

Figure 3: Temperature dependence of the gaussian relax-
ation rate of the 'magnetic' phase. Note that Te = 0.7 K.
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The goal of this proposal is to study the normal-state
magnetic properties and to understand the coexistence of
local-moment antiferromagnetic order (TN = 14 K) and
hcavy-fermion superconductivity (Tc « 2 K) f 1] in UPd2Al3.
While we investigated the normal-state properties in 1992
[2], in 1993 we have focused our attention on the super-
conducting state.

The UPd2Al3 samples investigated were single crystals
grown in Sendai and exhibiting Tc=1.65 K. Transverse-field
/iSR measurements for the two principal orientations H \\c
and H ± c have been carried out in the temperature range
25 mK - 2.5 K at fields of 390 Oe, 5 kOc and 10 kOe on
the 5rM3 beam line, using the //SR low temperature facility
(LTF). They were aimed at determining the temperature and
orientation dependence of the penetration depth A and of the
Knight shift in the superconducting state.

From previous //SR measurements on a polycrysiallinc
sample a value of Ao = (6250 ± 1250) Ä was derived. The
temperature dependence has been observed to be consistent
with the behaviour expected for a BCS superconductor in
the weak clean limit (31.

For temperatures TN > T > Tc the depolarization ob-
served in transverse field is best described by an exponential
depolarization function P(t) <x cxp(-A/) [3]. This depolar-
ization is primarily caused by nonvanishing internal fields
at muon sites arising from distortions of the magnetic sub-
lattices. Below Tc an additional transverse-field depolariza-
tion arises from the formation of the flux line lattice. Since
this contribution is unrelated to the magnetic ordering, at
T < Tc the depolarization can be described by a two chan-
nel depolarization function P(t) oc cxp(-r72/2) exp(-Aoí)
with fixed Ao. Here IT is a measure of the width of the
field distribution in the flux line lattice.

Fig. 1 shows the observed temperature dependences of
a for different external fields. The behaviour of <r is almost
independent of orientation. The observed field dependence
is well in line with the behaviour expected from Ginzburg-
Landau theory, i.e. taking into account that at higher fields
the coherence length is not negligible compared to the in-
tervortcx spacing. From the observed behaviour of <r by
comparison with simulated data [4] penetration depths Ao of
A0,j. » (4800±1000) Á and Ao.|| » (4500±1000) Á can be
derived, somewhat smaller than reported previously [3],[5],
but well in line with an indirect determination from the be-
haviour of the upper critical field Hc2 [1]. The observed
isotropy of A is consistent with the isotropic behaviour of
Hc2 [6,7].

The temperature dependences of the frequency shifts
for the two different orientations arc shown in Fig. 2. The

0.35

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5

Temperature (K)

Figure 1: Temperature dependence of the depolarization
rates a for (a) / / || c, (b) H L c at different external fields.

shifts in the normal slate have different signs due to a
large dipolar contribution to the total shift. Below Tc pro-
nounced changes of the frequency shifts arc observed, re-
ducing the splitting between the frequencies observed for
// || c and // _L c by 25% at Hoxl = !> kOc and by 18%
at Hcx, = 10 kOc, respectively. Note that for // 1 c the
shift caused by the superconducting transition is positive. A
diamagnctic screening cannot account for such a behaviour,
since it would lead to a negative shift for both orientations.
Also a reduction of the hypcriinc contact coupling can be
excluded, since it would lead to a strong negative shift of
the signal for // _L c in contrast to the observed behaviour.
Hence it must be concluded that in the superconducting
phase, the 5/-susccptibility is reduced, consistent with the
behaviour expected for singlet pairing. Similar reductions
of the Knight shifts have been observed before in 27A1-
NMR measurements, but from the NMR results it could
not be decided whether the 5/-susccptbility or the hypcr-
finc coupling reduces below Tc. From the observed relative
reductions of the frequency shifts and the susceptibilities for
the two principal orientations one can derive absolute val-
ues for the susceptibility reductions for T — 0. One yields
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Figure 2: Temperafurc dependences of the frequency shifts
observed / / „ , = 5 kOc and Ilrxt = 10 kOe. Lines arc
guides to the eye. Note that the shifts caused by the super-
conducting transition have opposite signs.

A\ | | ss AXJ. = 14 10" ' cmu/molc. Surprisingly A\ is
isotropic within the accuracy of the experiment, in contrast
to the susceptibility remaining at 7 =0.

Taking into account that the superconductivity is the
clean limit in UPd-,Al3> one has to conclude that A\ is
the total 5 / - susceptibility connected with the heavy elec-
tron system that carries the superconductivity. The remain-
ing f)/-susccptibility has to be associated with the local
moments also responsible for the aniifcrromagncu'c order-
ing that is known to be unaffected by Ihc superconducting
transition. Thus the 5/-dcrived electron states behave as
separated into independent subsystems in UPd^Al.j, a con-
clusion that was also drawn rcccnlly on the basis of specific
heat measurements under pressure (9|.

This separation could reflect the dual nature of the 5 / -
clcctrons carrying localized degrees of freedom far below
the fcrmi surface as well as itinerant degrees of freedom in
form of a narrow quasiparticlc band at the fcrmi surface.
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YbBiPt. This material has attracted attention primar-
ily because of its very large linear coefficient of specific
heat 7 si 8J ( inolYh)" 1 K~2 [1] and evidence foraphasc
transition at Tc ~ 0.4 K which /tSIl measurements |2]
have shown to be magnetic. Recent studies [3] show an
anisotropic resistivity anomaly at 7', which suggests a spin
density wave (SDW) and gapping of the Fermi surface. The
anomaly disappears for magnetic fields above 0.3 T.

In our previous / J S R measurements [2,4] the zero-field
fi+ relaxation functions exhibited two (fast and slow) com-
ponents in crystalline and crushed-powder samples of Yb, _ r

YrBiPt, i = 0 and 0.5. We interpreted this behavior in
terms of different magnetic regions with different character-
istic relaxation rates, and estimated a reduced value ~0.1/*B
of the ordered Yb moment below 7'r.

We have measured the field dependence of the fi+ relax-
ation rates above and below 7;, and developed a physical
model which comprises several aspects of the resistivity,
specific heat, and /tSIt data. We have also obtained evi-
dence for a change of spin structure below ~0.1 K. Below
Te the fast-component amplitude decreases with increasing
longitudinal magnetic field, characteristic of a quasistatic
field distribution due cither to a random /<+ local-field
distribution or, alternatively, to an ordered magnetic state
with an incommensurate modulation of the anlifcrromag-
nctic (AFM) spin density.

In contrast to the fast-component amplitude, the fast-
component Gaussian relaxation rale is independent of field
up to 2 T (Fig. 1), whereas the Fermi surface instability
responsible for the resistivity anomaly (3) disappears above
0.3T. The //SR and resistivity data together imply that
both the Yb local moments and conduction electrons order
magnetically at T — Tr, II = 0, and that an applied field
of 0.3 T destroys the SDW magnetic ordering but not the
Yb ordering. The slow-component exponential relaxation
rale reflects the local field dynamics, and its reduction by
applied field (Fig. 1) may be associated with the destruction
of the SDW.

High-statistics zero-field /*SR spectra show a change in
relaxation function form from Gaussian to exponential as
the temperature is lowered below ~0.1 K ~ 0.25T<- (Fig. 2).
This could be due to a change in cither the spin dynamics
or the spin structure; evidence for a phase transition below
0.1 K has also been seen in susceptibility and specific heat
data |1].

A paper describing these results |5] has been accepted
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Figure 1: Dependence of the Gaussian (quasistatic fast
component) and exponential (dynamic stow component) /z+
relaxation rates on longitudinal applied field in YbBiPt.

for publication in the proceedings of the International Con-
ference on Strongly Correlated Electron Systems, San Diego,
August 1993.

URu2Si2. We have continued our study of the /i+

Knight shift and lincwidth in the superconducting state of
this AFM hcavy-fcrmion superconductor, using two wcll-
charactcrized single-crystal samples supplied by the AL-
MOS (Amstcrdam-Lciden) collaboration. Previous results
[61 yielded a strongly anisotropic normal-state Knight shift
which docs not scale with the bulk susceptibility for T <
50 K, a superconducting penetration depth «7000-10000Á ,
and a temperature-dependent Iincwidlh in which two steps
were observed near 0.3 K and 0.9 K. We saw no sign of the
previously-reported [7] well-defined precession frequencies
below TN = 17 K.

Measurements carried out in 1993 established that the
changes in the /i+ Knight shift A',, and relaxation rate a^
between T = 0 and T = Tc in URu 2Si 2 arc both in-
dependent of field above 0.3 T and extremely anisotropic.
For // | | i the //+ frequency exhibits an increase of about
225 ppm, whereas no change of frequency was observed
for // J_ č (Fig. 3). Similarly, for // | | i n^ increases by
about 0.11 //s - 1, whereas again no change was observed
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Figure 3: Temperature and orientation dependence of the
(i+ frequency in the superconducting state of
Transverse field H = 3kOc.

for // J. é (Fig. 4). The anisotropy in a^ is to be compared
with the behaviour of the lower critical field He\, which
is found to be quite isotropic [8]. This is surprising, since
both <Tp and He\ reflect rather directly the superconduct-
ing penetration depth X, and hence should exhibit the same
anisotropy or lack of it.

In addition, measurements taken at a lower field (0.03 T)
yielded different values of K p and v,t, but systematic errors
may have been introduced by counts from muons stopping
in the cryostat cold finger. Experiments using a depolariz-
ing sample backing to avoid this problem will be undertaken
in the near future.

We have also observed an interesting increase of the
exponential relaxation with increasing transverse field. Af-
ter an initial decrease, presumably associated with the usual
Kubo-Toyabe passage from a zero-field to a transverse-field
quasistatic distribution, the transverse-field relaxation rate
increases sublincarly with field. A linear increase could
be due to paramagnetic line broadening, but the observed
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Figure 4: Temperature and orientation dependence of //+

relaxation rate in the superconducting stale of URu2Si2.
Transverse field H = 3kOe.

behaviour seems to be influenced by the AFM state. We
intend to study this effect further.

A paper describing the results to date is in preparation.
This work was supported in part by the U.S. Department

of Energy, Office of Basic Energy Sciences, the U.S. Na-
tional Science Foundation, Grant No. DMR-9114911, the
U.C. Riverside Academic Senate Committee on Research,
and the Dutch foundations NWO and FOM.
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It is the aim of the project to monitor the gradual loss
of the magnetic order from long range antiferromagnetism
(CeCu5) to heavy fcrmion behaviour (CeCu4Al(Ga)).
The results obtained in the project's first year were pri-
marilary concerned with the parent compound Ce.Cu$ [1].
The /i+-stopping site was determined and the magnetic or-
dering temperature, derived from the onset of oscillations
in the zero-field /iSR spectra, was found to be in perfect
areement with the value derived from previous bulk mea-
surements [2]. Below T N a complex //SR specirum was ob-
tained, which suggested non-simple antiferromagnetic order
seemingly not in agreement with neutron scattering exper-
iments carried out recently.

In the project's second year, attention was focussed on
four v4/(čľa)-substituted CeCus-compounds with x = 0.1
and x = 0.2. From previous calorimetric and magnetic
measurements it is known that there is no significant dif-
ference between the Al- and the Ca-containing compounds
[2]. The two concentrations, however, were expected to
yield different //SR results. For x = 0.1 the ordering of
small magnetic moments was looked for, for x — 0.2 only
small magnetic correlations were expected.

Zero- and transverse field measurements were carried
out on the n M 3 beamlinc, using both the general purpose
spectrometer (GPS) and the low temperature facility (LTF).
The entire range of accessible temperature (0.02/\ < T <
.300A) was covered.

From specific heat and initial susceptibility results (i.e.
reduced peak height in c p (T) and shallow maxima in \A.C.
at temperatures between 1.5 K and 2 K[2|) the occurrence of
long range magnetic order in the compounds with x = 0.1
can not be ruled out completely. Starling from ambient
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Figure 1: //+ polarization as a function of time in zero field
for CcCu4 5A1Q s (x = 0.1) at T = 25 mK.

Figure 2: Relaxation rate of the fast relaxing component in
zero field spectra on CeCu4 5 Al 0 5 (z = 0.1).

temperature down to about 5 K the zero field /iSR spectra
exhibited a pure gaussian relaxation in both compounds,
produced by the presence of the Cu nuclear moments. Be-
low S K an increased relaxation is obscved, pointing to
the onset of correlations between the electronic moments.
Around that temperature, where the anomalies in the calori-
metric and magnetic measurements are reported, a strongly
damped component shows up (sec Fig. 1), its relaxation rate
increasing down to about 0.7 K followed by a tendency to
saturation at lower temperatures (Fig. 2).

Unfortunately it cannot be decided whether the zero
field spectrum (Fig. 1) shows a strongly damped oscillat-
ing signal or a Kubo-Toyabc like relaxation. In any case
one can conclude that static electronic moments are present
which produce a broad field distribution at the muon site,
pointing to a frozen but more or less disordered arrange-
ment of the moments. Thus for the .4/((7a) concentration
of jr = 0.1 the occurcncc of long range magnetic order can
be ruled out.

For the compounds with x = 0.2 the anomalies in
calorimetric and magnetic measurements arc still present,
however al lower temperatures (below 1 K) and with an
even more reduced magnitude compared to the compounds
with x = 0.1 [2]. The low temperature /*SR zero field
spectra consist of two components (Fig. 3) and arc sim-
ilar 10 that of the compounds with the smaller Al(Ga)-
conccntration (r = 0.1). Down to the lowest temperature
accessible (0.02 K) no trace for long range magnetic order
could be detected. However, again the gaussian damped
component in the signal shows up around that temperature,
where the above mentioned anomalies of the bulk properties
occur.
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Figure 3: n polarization as a function of lime in zero field
for CcCuiGa (x = 0.1) at T = 25 mK.

We conclude that for the ^/(Ga ^concentrations x =
0.1 — 0.2 static correlations between the electronic moments
arc responsible for the anomalies in the macroscopic prop-
erties. The electronic ground state consists of a frozen but
disordered arrangement of the moments.

This work was supported by the Austrian Science Foun-
dation (grant P 8276-TEC)
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The specific goal of the proposal is to study the last
hcavy-fcrmion compounds (HFC) still classified as param-
agnetic, and to probe whether a magnetic ground state with
ultrasmall ordered moments, observed in a growing num-
ber of HFCs [1], is a common feature among these still
poorly understood compounds [2). During 1993, a large
part of our allocated beam-time was devoted to the determi-
nation of the /i+-stopping site in the proposed Ce-systems
(CeRu2Si2 and CcCu,-,) as well as the measurement of the
ji+-Knight shift (KS). The remaining lime was utilized to
confirm the occurcncc of an extremely weak magnetism in
CcRuoSi^ and to start investigations on UAuPt,.

CeCu 6 : The /i+-stopping site was determined by mea-
suring the angular dependence of the /i+ -frequency ^ + ,
as well as its temperature dependence, in an external trans-
verse field of l!,x, = 5 kOc using our modified "Slrobo
II"-setup on the /<E1 beam-line. Figure 1 shows the angu-
lar dependence of </„+ at 12 K for //,.„, in the («,c)-planc
of the orthorombic structure (I'nma). The presence of two
symmetrical signals of identical amplitudes is indicative of
cryslallographically equivalent but magnetically incquiva-
Icnt sites. Figure 2 shows the //+-KS as a function of
the macroscopic magnetic susceptibility \b"lk for the main
axes. If no sizable contribution from itinerant electrons is
included in x b " l k a scaling is expected since \ b " l k reflects
the local moments induced at the Cc-sitcs. From the ob-

68.2

240 280 320 360
ANGLE (deg)

Figure 1: Angular dependence of the /i+ -frequency mea-
sured in a CcCue single crystal at 12 K (transverse field
// r x t = 5 kOc, routed in the (a, r)-planc).

served scaling and knowing that the dipolc-dipolc hypcrfinc

tensor A dip is iracclcss, we can derive the dipolar- and con-
tact hypcrfinc coupling constants:

Adi"
A c

ň i

Aconi

mcas. values
kG/fiR

0.89
-0.10
-0.79
0.17

calc. values, fc-sitf
kG//iB

0.97
-0.11
-0.86

Among (he 16(!) considered //+-stopping sites, only the
site (0,0,1) (6-sitc in Wyckoff notation, multiplicity 4) has
compatible theoretical /ld,P values (sec Table) and presents
two subsets of magnetically incquivalcnl sites when //< x l

is rotated in the (a,c)-plane.

The observed scaling is indicative that, at least down to
12 K where the three directions have been investigated, the
molar susceptibility obtained from the atomic susceptibility

tensor x*t'loc js identical to the macroscopic susceptibility.
CeRu 2Si 2 : Using the new rotation possibility in the

General Purpose y/SR-Spectromcter (beam-line JTM3), the
KS along the r-axis and in the basal plane of the tetrago-
nal structure (74/mmm) of CcRu2Si2 were obtained in a
transverse applied field of Hexl = 6 kOe (see Figure 3).
From the scaling of the KS with * b u I k , the dipolar- and

0.002

-0.002
0.00 0.01 0.02

Susceptibility (emu/mol)

Figure 2: Plot of the /*+ Knight shift in CcCu6 versus the
bulk susceptibility for the three main axes.
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Figure 3: Plot of the /*+ Knight shift in CcRu2Si2 versus
the bulk susceptibility along and perpendicular to the te-
tragonal c-axis. Temperature is an implicit parameter. The
susceptibility of the reference system LaRu2Siv has been
subtracted, in order to obtain only the contribution from
the 4 / electrons.

hypcrnnc-coupling constants can be calculated to be Adip =
-1.24 kG//jB and Aconl = 0.86 kG//xB- Among the possi-
ble n+ -stopping sites of the structure, only the site (-5 ,-5,0)
(6-sitc in Wyckoff notation, multiplicity 2) has a compatible
theoretical dipolar-coupling constant i4diP,thcor = - 1 3 0
kG/[ia. Moreover all 6-sites are magnetically equivalent
in agreement with the observation of a unique signal in the
transverse field spectra.
In order to confirm the intrinsic character of the ultrasmall

moment (//stat ~ 0.001/iB) static magnetism observed dur-
ing our 1992 beam period [4], we have performed new
zero-field (ZF) measurements at very low temperature on
a new single crystal grown at the CRTBT-Grenoble. The
exponential relaxation rate of the muon polarization (sec
Figure 4) exhibits a clear increase when decreasing the tem-
perature below about 2 K, which is in complete agreement
with our previous data. This strongly suggests the intrinsic

10"
T(K)

Figure 4: Temperature dependence of the ZF relaxation rate
of the muon polarization at very low temperature measured
in two independent single crystals of CeRu2Si2. The lower
curve was obtained during our 1992 beam-period.

character of such a behaviour which reflects the formation
of a magnetic ground slate with, to date, the smallest value
for an ordered moment |4].
More surprising observations were made in preliminary stud-
ies of the relaxation rate in low fields. Strong hysteresis ef-
fects were observed, below about 2 K, possibly indicative
of spin glass effects.

UA11IH4 : This compound is to date the last real U-
based HFC (lirnr^ 0 Cp/T =; 725 mJ/mol K2 [5]) which
is still classified as paramagnetic. Preliminary ZF mea-
surements on a polycrystal (see Figure 5) exhibit a strong
increase of the muon spin relaxation rate below about 2.S K.
Assuming that a random distribution of static U-momcnis
is responsible for such an increase of the internal field dis-
tribution, we can estimate the value of the static moments
at the U-sites to be ;istat ~ 2 - 3 • 10-3/tB.

0.00

Figure S: Temperature dependence of the exponential ZF
relaxation rate of the muon polarization at very low tem-
perature measured in a polycrystal of UAUPL,.
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The goal of the present proposal is lo investigate some
of the so called heavy fcrmion compounds "without charge
carriers" (Sm3Se4, Sm3Tc, ), which display similar
thcrmodynamic properties as the well investigated usual
heavy fcrmkm compounds, but for which the almost com-
plete absence of conduction electrons precludes the widely
accepted Kondo-latticc picture to explain their heavy fcr-
mion behaviour. In particular the origin of the low energy
excitations giving rise to a large 7 -linear term in the spe-
cific heal is still unsolved.

The pSR technique was specifically chosen lo inves-
tigate, in parallel with NMR studies, the Sm-ions valence
fluctuations in Sm3Sc4 and Sm.)Tc4 and related compounds,
and to gain more insight into the cooperative magnetism
phenomena at low temperature.

In 1993, we have focused our attention on the valence
fluctuations problematic of Sm3Sc4. Another part of our
beam-time was devoted lo the study of the related com-
pound Yb4As3.

Sm3Se4: This system possesses the Th3P4-typc cubic
crystal structure (space group I43d). In this structure Sm 2 +

and Sm 3 + ions occupy equivalent cation sites with a ratio
1:2. The 7 7 S c NMR l/7-> relaxation is consistent with a
T-activatcd process (hopping of the 4 / electrons) of the
Sm-ions valence fluctuation ra'.c with an activation energy

0.0
50 100 150 200 250

T O O

Figure 1: Trans verse-field exponential relaxation rates
(ATF) for a solid sample and a powder sample of Sm3Se4

as function of the temperature. The longitudinal-field ex-
ponential relaxation rate (ALF) obtained in the powder is
also reported.

of Ea ~ 0.22 cV |1). Below 130 K the NMR signal is lost
due to a too short 7'2. The idea was to utilize the different
time window of the /xSR technique to extend the study of
the valence fluctuations to lower temperatures.

In 1992, our first measurements in a powder sample
of Sm3Se4 showed that the transverse-field (TF, Hext =
6 kOc) relaxation rate (ATF) was dominated by inhomoge-
ncous broadening (sec Fig. 2 of ref. [2]) which could pos-
sibly mask the effect of the valence fluctuations on ATF.
Considering that a large part of this inhomogeneous broad-
ening was probably due to a distribution of demagnetization
factors in the powder sample, we decided to investigate the
transverse relaxation rate, obtained in high statistic runs,
in a solid sample. Figure 1 exhibits the relaxation rates
in 6 kOc in a TF geometry in the solid sample as wel! as
in the powder. The longitudinal relaxation rate A L F ob-
tained in the powder is also reported. The relaxation in the
solid sample is strongly reduced, confirming the inhomoge-
ncous line-broadening picture. The difference A T F - AI.F
is strongly 7-dependent, indicating that the nuclear dipolc-
ficld contribution is not the only cause of it. [This nuclear
dipolc-field contribution arising from the 7 7Sc, H 7 Sm and
1 4 9Sm is estimated to be about 0.06 pS"1.] In order to
check whether this difference could reflect T-activatcd va-
lence fluctuation effects, we have reported in Figure 2a plot
of ATF,SOI - A[.F versus j . The straight line indicates an
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f 0.2u.
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Ä'
E. = 2 m«V ä / 1
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0.00 0.02 0.04 0.06
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Figure 2: Plot of the difference A T F - ALF as a function of
the inverse of the temperature in Sm3Se4. The straight line
corresponds to an activation energy of the order of 2 mcV
(sec text).
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"activation energy" of about 0.002 eV to be compared with
Ea ~ 0.22 eV extracted from the NMR data. Thus our
/iSR data clearly indicate that the T-activated process for
the valence fluctuations is strongly modified at low tem-
perature and that a less T-dependent mechanism (probably
tunneling) for the valence fluctuations appears for T —> 0.

Yb4As3: This system has the anti-Th3P4 structure which
is an inverse structure of Th3P4-type with the same space
group. In this structure the Yb-ions appear with a ratio of
Yb2 + to Yb3 + of 3:1 as clearly indicated by susceptibility
measurements (Yb2 + has no magnetic moment). In contrast
to the situation in Sm3Se4, a first-order charge-ordering
transition is observed at about 290 K [3]. No magnetic
transition has been reported to date but recent NQR mea-
surements [4] reported a considerable distribution of \/l\
relaxation below about 20 K. Interestingly the longer com-
ponent of 1/T] is close to a TiT = constant law which
could reflect Fermi-liquid behaviour, whereas the shorter
component of 1/T'i appears constant for T < 10 K. This
strongly suggests inhomogencous magnetic properties in the
system for which a study utilizing the /;SR technique could
present significant advantages.

In 1993 we have focused our attention on the high tem-
perature charge-ordering transition. The goal was to check
whether the //SR technique could detect such a transition
which should also be present in the system Sm3Te4. Fig-
ure 3 exhibits a plot of the muon-frequency shift (obtained
in transverse field experiments with Hexl = 6 kOe) as func-
tion of the temperature. The charge-ordering transition is
detected by a very slight deviation at about 290 K. This
could be linked to recent specific heat data [S] which indi-
cate that the release of configuration entropy at the transi-
tion represents only about 2% of the calculated value. This
suggests that short-range charge-ordering is still present at
room temperature and could therefore considerably hamper
the detection of the charge-ordering transition by a micro-
scopic technique such as /iSR. Nevertheless our data clearly
show that a careful monitoring of the muon-frcquency can
reveal such a transition.
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The heavy electron compound U 2 Zn l 7 orders anlifcr-
romagnctically below TN = 9.7 K. Neutron diffraction
measurements revealed a simple ami ferromagnetic struc-
ture where nearest neighbor U-momcnts in the basal plane
and along the c-dircction of this rhombohcdral structure arc
oriented aniiparallcl to each other and parallel to the basal
plane [1]. Given this magnetic structure the dipolar fields
from the ordered moments should cancel at all reasonable
)r interstitial sites. //SR measurements performed already
a few years ago at SIN using a polycrystallinc as well as a
monocrystallinc sample showed that the magnetic proper-
tics were not as simple as implied by the neutron results f 2].
It was found that about 25% of all /i+ were exposed to a
very wide field distribution of ~ 0.1 T below 7 N , implying
a kind of a random, spin glass like moment configuration.
Later it was found that precisely this fraction of implanted
/i+ displayed also a very anomalous behavior above 7/v
in transverse field (TF) measurements on a single crystal
sample. These measurements revealed very unusual ori-
cntationai effects of the /i+ Knight shift (3]. In 1993 we
have studied this phenomenon once more with better reso-
lution utilizing the general purpose spectrometer (GPS) on
the 7rM3 bcamlinc. A typical result is shown in Fig. 1
obtained at a temperature of 25 K in an external field of
0.6 T. A total of live different components can be identified
by their different Knight shift behavior. Two of these com-
ponents arc well understood and arise from //+ stopped at
particular interstitial sites. The three others - the anoma-
lous ones - show, as one can sec, a rather complex angular
dependence, never seen before, which is not understood at
all at present.

Perhaps more insight into the origin of the anomalous
components (accounting for ~ 25% of all implanted /<+!)
may arise from another observation made in zero field (ZF)
runs. Here it was found that a certain fraction of the im-
planted /t+, varying from experiment to experiment (5%-
20%), feel a small but well defined static field of ~ 8 Gauss
which persists up to at least room temperature (sec Figs. 2,3).
The magnitude of the involved //+ fraction seems to depend
on the thermal and magnetic history. The spontaneous static
field mm t arise from a magnetically ordered state in part of
the samp c volume involving rather small moments of the
order of 10~2 /»». It appears that this part of the sample
volume is loo large to be explained in terms of a foreign
phase or other impurity or defect related features. At least
for the time being we have to conclude thai some intrinsic
small moment magnetic order appears in part of the sample
volume (single crystal!) and can be observed to tempcra-

81.3
50 100

ANGLE (deg)
150

Figure 1: Angular dependence of the five precession fre-
quencies (Knight shifts), found in TF-mcasurements (0.6 T)
at 25 K in monocrystalline U2Zn1 7. The data labeled site
/x+(l) and site n+(2) follow a cos2fl-dependence and can
be explained when placing the /i+ at particular interstitial
sites. The remaining three data sets can only be observed
above 7 V Their angular dependence is not understood at
present

Figure 2: ZF-/iSR signal in monocrystalline U 2 Zn l ľ at
25 K. Note the reduced amplitude: ~ 20% of the full asym-
metry.

tures larger than room temperature. The icsults of future
measurements are eagerly awaited.
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The aim or the present proposal is to study the magnetic
properties of well-characterized uranium-based inicrmetal-
lic compounds UTX, where T is a transition metal and X
is a p-block clement The specific goal is a better un-
derstanding of the transition from localized to dclocalizcd
behaviour of the 5/-clcctrons. A large group of Ihc UTX
compounds possesses the hexagonal ZrNiAl-typc structure
which is characterized by the presence of two types of basal
plane layers U-T and T-X alternating along the c-axis. An
important feature of these materials is the strong uniaxial
magnetic anisotropy which confines the uranium moments
along Ihc r-axis. [Only a negligible magnetization density
can be expected on the transition mclal site.)

In 1993, we have focused our attention on the study
of the magnetically ordered phases in UNiAl and UNiGa
(using the zero-field /iSR technique) as well as on the study
of the //+-Knight shift in UNiGa. The samples used for
the /xSR measurements were made of 0.5 mm thick slices,
oriented such that the r-axis was along the muon beam
direction.

UNiAl (7N = 19 K): In the 1992 report we claimed that
no spontaneous /<+-frequencies could be detected even at
the lowest investigated temperature (2.5 K). This statement
was based on measurements using a "standard" time-win
dow (10/is) and "standard" statistics.

In 1993 we used a short time window (<2.56//s) and
high time resolution (625 ps/channci) and measured with
much improved statistics. Under these experimental condi-
tions we have been able to detect spontaneous //+-frequen-
cies, associated with very large depolarization rates, both
in the transverse (initial //+ polarization P(0)_L <-) and lon-
gitudinal (P(0)| | r) geometry. These observations indicate
that:

• Two muon stopping sites arc present in the lattice
and at least one of them is off the U-T plane and is
sensing a local field 1 r (although all the U magnetic
moments arc \\r).

• The nagnctic structure of UNiAl is not compati-
ble with simple ferromagnetic U basal plane layers,
which confirms the neutron diffraction results claim-
ing the presence of a modulation within the basal
plane.

All the frequencies decrease continuously with increas-
ing temperature and vanish at 19 K, confirming the second
order-type transition at 7'N. The relaxation rates suy almost
constant up to 10 K, whereas they arc enhanced rapidly (by
an order of magnitude) with increasing temperature from
10 to 19 K, indicating the increased rob of magnetic fluc-
tuations when approaching 7'N. The relaxation rates reach

a maximum above 7 N (at about 21-22 K), corresponding
to the occurrence of a maximum in the bulk magnetic sus-
ceptibility.

The value of the /t+-frequency observed at 2.5 K for
transverse geometry is comparable with the corresponding
value observed in UNiGa (sec below). This suggests that
the value of the ordered U magnetic moment in UNiAl
is much higher than the one extracted from neutron ex-
periments and could be comparable to the one observed
in UNiGa (lA/m). The value of the magnetic moment
per unit cell (0.8//u) derived from the bulk magnetiza-
tion above the mctamagnclic transition is nevertheless much
lower and could be ascribed to the moment modulation in
the basal plane.

UNiGa (TN = 39 K): All the antifcrromagnetic (AF)
phases in the ordered state arc characterized by simple fer-
romagnetic basal-plane layers of U magnetic moments ori-
ented along the hexagonal r-axis. Consistently, no spon-
taneous //+-frequency could be observed in the transverse
geometry for T < 7N-

The AF structure below 34.8 K is characterized by a
"+ -1 1 " stacking along the c-axis. The /*SR spectra
reveal the occurrence of 4 components with frequencies
0, 0.55, 47, and 48 MHz. (The zero-frequency signal is
associated with a relaxation rate of 10-106s~', which is
about two times higher than those associated with the non-
zero frequency signals.] These observations suggest that:

• The zero frequency is associated with a site which
should be symmetrical with respect to the AF struc-
ture, i.e., one muon stopping site should be in the
T-X plane.

• The non-zero frequencies indicate the presence of
muon stopping sitc(s) not in the T-X plane (cither in
the U-T plane or between the U-T and T-X planes).

The abrupt changes of the //SR frequencies at 34.8 and
36.1 K (without considerable variation of the associated re-
laxation rates) show unambiguously that the transitions in
UNiGa between different AF phases arc of the first order
type without addiiionnai fluctuation effects.

Above 37 K, the values of the relaxation rates start to
increase and diverge at 7*N = 38.8 K. Unfortunately, the lack
of beam time has prevented further zero-field measurements
above 7 \ to study the critical behaviour in the paramagnetic
regime.

An interesting observation is the fact that the observed
spontaneous frequencies arc only weakly temperature de-
pendent (and almost constant up to 34 K). From the analy-
sis, it follows that the U magnetic moment only 1K below
7N keeps 90 % of its low temperature value.
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The temperature dependence of the /j+-Knight shift in
UNiGa has been investigated in the paramagnetic regime
( r > 40 K) with the external field (B = 0.6 T) applied
along the hexagonal c-axis. We have observed four dif-
ferent signals with two distinct types of temperature depen-
dencies. This reflects different temperature dependencies of
the local magnetic susceptibility at different muon stopping
sites (similar to the situation observed in UNiAl, reported
last year). Interestingly, two signals scale with the bulk
susceptibility measured along the c-axis, whereas the two
others (above SO K) scale with the bulk susceptibility mea-
sured in the basal plane. At this stage we can suppose
that we have four different types of muon stopping sites
(compatible therefore with the zero-field results metioned
above). Experiments allowing the precise location of the
muon stopping sites are foreseen fcr next year.

These results were presented at the "Actinides'93" Con-
ference held in Santa Fc (September 1993).
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The rare earth and uranium monopnictidcs (RcX and
UX with X = N, P, As, Sb, Bi) crystallize in the simple
NaCI structure but exhibit a complex magnetic behaviour
[1,2]. This is caused by a delicate interplay of various
exchange and anisotropy mechanisms. The present /<SR
work on CeSb and DySb is a continuation of our earlier
studies on Cc and U monopnictidcs [3). The experiments
were carried out mainly with decay muons at /< E4 and a few
additional runs on DySb with surface muons at v M3. The
samples consisted of sets of randomly oriented crystallites
of linear dimensions between 0.5 and S mm.

As verified from our earlier data on UX the most prob-
able muon site in the fee rock salt structure is in the center
of a cube formed by 4 magnetic and 4 non magnetic ions
with a letrahcdral coordination with respect to the magnetic
ions.

CeSb exhibits a first order phase transition from a para-
magnetic to a scries of 6 different antiferromagnetic phases
at TN = 16.2 K. Neutron diffraction studies [5] reveal a
temperature dependent stacking of paramagnetic and fer-
romagnetic (OOl)-laycrs with Cc 3 + spins pointing along
± <001>. These spin modulations can be described by a
single magnetic wave with wave vector <f0 = (2jr/c)(0,0, q)
and q between 1/3 and 1/2. The observed g-valucs have
been interpreted as fractions of integers assuming a com-
mensurate character of the spin modulation. Calculations of
the magnetic dipolc field at the muon site show three mag-
netically incquivalcnt muon surroundings. Between two an-
tiparallcl ordered planes the dipolc field vanishes, between
an ordered and a paramagnetic plane the dipolc field re-
sults in a muon precession frequency of vr = 16.5 MHz
and between two parallel ordered layers vr = 33 MHz. The
relative spin orientations in next nearest planes and further
away from the muon site modify these values by less than
0.05 MHz. The statistical weight of these signals depends
on the actual stacking sequence characterized by its wave
number q.

In a first scries we performed zero field (ZF) and 50,
200 and 1000 G transverse field (TF) experiments. Above
Tfli the signal amplitude of the CcSb sample is fa 0.06.
The relaxation in ZF and TF could be described by a root
exponential indicating a Lorcnt/.ian distribution of internal
magnetic fields in the fast dynamic limit. Below TN the
amplitude of this signal is reduced and a second signal with
a spontaneous precession frequency of 29.5(5) MHz appears
in the ZF and 50 G TF experiments. We attribute this sig-
nal to muons located between two parallel ordered planes.
The reduced frequency may be caused by contact fields.
The constant muon precession frequency in the whole an-
tifcrromagnctic temperature regime supports the first order
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Figure 1: Amplitude of a) the ZF and TF signals and b) the
29.5 MHz precession signal in ZF and 50 G TF experi-
ments. The dashed horizontal lines indicate the expected
signal amplitudes from the dipolc field calculations.

nature of the phase transition. The observation of the ro-
tating signal clearly proves the commensurate character of
the magnetic modulation.

These two signals do not account for the total signal
amplitude above TN. We associate the missing fraction
with the expected 16.5 MHz signal, which is not observed.
It must be damped out very fast (relaxation rate > 20 fis'1).
This can be explained by relatively slow fluctuations of the
spins in the paramagnetic plane adjacent to these muons.
Considering only the two nearest neighbor spins in this
plane, a static width of 110 /is'1 implies an upper limit of
« 1.2 GHz for the spin fluctuation rate.

Although the phase transition is of first order, a contin-
uously increasing relaxation rate as approaching Tjv proves
the existence of spin fluctuations above TN, which also
have been observed in diffuse critical neutron scattering
[61. We observed a very strong negative frequency shift
(«-10 % ) slightly above TN. Since the muon sile has cu-
bic symmetry this must be caused by demagnetization and



conduction band polarization. We relate it with a ferromag-
netic in plane coupling of Cc above 7V> which is consistent
with the positive paramagnetic Curie Weiss temperature.

Recently we performed ZF/LF decoupling experiments
on CeSb between 0.25 and 25 K. In 5000 G LF the decou-
pled amplitude decreases at « 8 K where the first para-
magnetic sheets are created and close to TV where the
whole spin system becomes dynamic. The relaxation rate
reveals a slow spin dynamics (deduced spin fluctuation fre-
quency < 10 MHz in a strong collision model) develop-
ing between 0.3 and 3 K. At « 8 K the relaxation rate
reduces slightly due to the introduction of paramagnetic
sheets which change the spin wave excitations from a 3-
dimcnsional into a 2-dimcnsional behaviour.
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Figure 2: Relaxation rate in 5000 G longitudinal field (LF)
decoupling experiments on CeSb .

Below Ts DySb shows a MnO-like antiferromagnctic
structure consisting of ferromagnetic [lll]-plancs with the
Dy3"1" spins pointing along ± <001> due to the strong
axial ionic anisotropy. Near TN a small tilt of the magnetic
moments away from the tetragonal axis has been reported
[4]. Dipóle field calculations for this spin structure yield
a single site with a muon frequency of vv = 2 1 0 MHz.
However, the ZF experiments show two different signals of
nearly equal intensity in the ordered regime. In addition to a
spontaneous precession signal with « 240 MHz a zero field
signal occurs. One possible explanation is to assume a spin
structure of the CoO-typc [7] which has been ruled out by
the neutron diffraction studies on DySb with the existence
of a small monoclinic distortion only [4]. A dipolc field
calculation for this structure yields two muon sites with
equal statistical weight: one site with zero dipóle field and
one site with i/p = 300 MHz. The difference to the observed
frequency may be due to contact fields. An alternative
explanation for the strong zero field amplitude might be a
very small size of grains and magnetic domains.

The zero field signal exhibits a strong relaxation oc
exp(-\/Ä7) and could not be decoupled in longitudinal
fields up to 6000 G pointing to a highly dynamic spin sys-
tem down to « 1 K. Nevertheless our data do not fully
contradict a static interpretation with a very broad field dis-
tribution (AB > 10 kG). The Fourier spectra show a fre-
quency reduction of less than 10% between 3 K and 9.5 K
consistent with the first order nature of the transition. The
relaxation rates in ZF increase strongly near TN. DySb also
shows a very strong frequency shift (up to as -20%) above
T/v in the TF experiments. For the MnO structure this shift

can be interpreted by a precursor phase with [HI] ferro-
magnetic in plane correlations similar to the the case met
in CcSb. For the CoC) type structure it can be explained
by the onset of a quadrupolar anisotropy above TN. Earlier
structural studies [8] were in fact interpreted with possi-
ble quadnipolar order some degrees above TAr. Subsequent
specific heat studies and neutron diffraction, however, point
to a single transition at 9.5 K. The TF experiments reflect
the antifcrromagnclic transition at 9.5 K in a strong reduc-
tion in the frequency shift and the amplitude. This reduced
signal corresponds to the zero field component in the ZF
experiments.

In conclusion our /<SR data on CeSb support complex
commcnsuraicly modulated phases including paramagnetic
sheets. For DySb our data put some questions with regard
to the MnO type magnetic structure proposed from neutron
diffraction and rather favour a tetragonal structure with CoO
type order. A careful comparison with neutron data on
identical samples may clarify this question. Similar to the
muliiplc-<f structures of most U pnictides the spin dynamics
in the singlc-if structures of CeSb is slow in the ordered
states whereas DySb shows fast spin dynamics down to 1
K.

Work supported by the German Federal Minister of Re-
search and Technology (BMFT) under contracts Nr. 03-
LI3-BRA and 03-KA2-TUM-4.
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The Fermi contact field Dp,.rm„ which is due to the
interaction of the fi+ magnetic moments with the spin-
polarized conduction electrons, contains valuable informa-
tion on the modification of the spin polarization at intersti-
tial sites in ferromagnetic metals by the presence of the /J+.
In addition, DFerm, is of interest because it depends, though
only moderately so, on the type of interstice in which the
ft+ arc located. Therefore, if the /i+ arc excited to states
at which they experience Fermi fields different from that
in the ground state, or if they occupy more than one type
of interstice, changes in site or stale occupancy with tem-
perature should show up in the temperature variation of the
effective (averaged) Fermi field ÔFcrmj. The information
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Figure 1: Pressure dependence of the effective magnetic
field B p acting on the /i+ magnetic moment. The slopes
of the straight lines correspond to (he values given in the
inscL

on the occupation of more than one /«+ site or of excited //+
slates, however, can only be extracted from measurements
of Ôpcrmi if w<* succeed in separating these effects from the
"intrinsic" temperature dependence of the Fermi fields due
to, e.g., the temperature dependence of the magnetization.

The interest in obtaining this information stems, inter alia,
from the desire to achieve a more detailed understanding of
the behaviour of metal-hydrogen systems.

The present work on Ni uses two additional experimen-
tal techniques in order to achieve the separation mentioned
above.
(i) Measurements of the dependence of the Fermi field on
the hydrostatic pressure p.
(ii) Accurate determination of the temperature dependence
of Ihc transverse relaxation rate ľ3.

The averaged Fermi field Š F e r m l is deduced from mea-
surements of the fi+ spin precession frequency U>M/2T on a
highly perfect Ni single-crystal sphere of 12 mm diameter.
The sample, which was grown crucible-free in high vacuum
(< 10~5 mbar), has a volume-averaged mosaic spread of
0.25 mrad, measured using a dilfractometer with a 661 keV
radioactive 7-source. The direction of the applied magnetic
field /?appi = 0.63 T was parallel to an axis of easy mag-
netization (<111> direction). Under these conditions the
sample is magnetically saturated; hence the magnetic field
acting on the n+ magnetic moment is given by

= -Bappl + - (1)

(Since there is no evidence contradicting the assumption
that Z?Fermi is parallel to Ihc magnetization and since the
same is true for all other contributions to the local mag-
netic field which arc relevant to the following discussion,
the magnetic fields arc treated from now on as scalars with
the convention that they arc counted positive [negative] if
they arc parallel [antiparallel] to the magnetization. As is
well known, with this convention BFermi of Ni is nega-
tive.) According to Eq. (1), the pressure dependence of the
averaged Fermi field, dBrerm,/dp, is equal to dfi^/dp.
This quantity was determined at hydrostatic pressures up to
0.4 GPa and temperatures between 15 K and 600 K (Fig.
1). For these measurements a new pressure cell was de-
signed which can be used from cryogenic temperatures up
to 700 K. The cell is made of the titanium alloy T1-6AI-
4V-ELI and is designed for a maximum hydrostatic pres-
sure p = 0.85 GPa (= 8.5 kbar). A schematic view of the
pressure cell is given in Fig. 2. The high-pressure generat-
ing equipment was previously used for high-pressure p+SR
work at CERN [1,2] and has recently been transferred 10
the fiEl area at PSI.

The /i+ spin precession frequency can be determined
with high accuracy (better than 10~4) within reasonable

99



measuring rimes. The required long-term magnetic-field
stability A/?appi/flappi < 10"*5 is achieved by means of an
active field regulation. The temperature stability is better
than AT < 0.05 K.

In the present work transverse relaxation rates l\ be-
tween 0.03 x 10 6 s" ' and 0.085 x lff's"1 have been ob-
served (Fig. 3). At low and intermediate temperatures the
relaxation rates are at least a factor of 3 smaller than those
obtained in earlier experiments (cf., e.g., |3)). This testifies
to the high perfection of the Ni single crystal investigated.

Cu-SEAL

TITANIUM PRESSURE CELL

(TÍ-6A1-4V-ELI)

O-RING

CLOSURE SAMPLE PRESSURE INLET

Figure 2: Schematic view of the pressure cell. The cell
is made of the titanium alloy TÍ-6A1-4V-ELI and is de-
signed for a maximum hydrostatic pressure p = 0.85 GPa
(=8.5 kbar).

Fig. 4 compares the measured temperature dependence
of BFvrm, °f Ni with that of the spontaneous magnetization
A/sp [4]. Except for the lowest temperatures and (possibly)
Ihe regime close to the Curie temperature 7c, the ratio

BFem,(T)Msp(0)
' BFerml(0)Msp(T)

(2)

exceeds unity. Katayama ct al. [5] attempted to account
for the deviation of A(T) from unity in terms of single-
particle excitations and the contribution of the electronic
states introduced by the /<+ to a narrow peak structure in
the dcnsity-of-slatcs difference between the majority and
minority spin states near the Fermi energy.
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Figure 3: Temperature dependence of the transverse /z+

spin relaxation rate r3 in Ni. The dashed line represents
Ihc temperature dependence of the transverse relaxation if
ra{T) ex Msp(T).

However, the temperature dependence of A(T) — 1 fol-
lowing from the calculations by Katayama [5] deviates above
about 100 K (sec, e.g., [1]) considerably from the measure-
ments. The much steeper rise of the experimental data at

elevated temperatures may be accounted for by an addi-
tional contribution to .4(7') - 1 due to the occupation of
metastable sites at which the fi+ experiences Fermi fields
that differ from (hat at the stable sites. This model was orig-
inally proposed by Sccger and Monachcsi 16] in order to
explain the temperature dependence of the transverse relax-
ation rate / 3 observed in Ni (cf. |3] and Fig. 3). A further
consequence of the concept of the occupancy of metastablc
sites in thermal-equilibrium at elevated temperatures is thai
the pressure or volume dependence of the effective Fermi
field should depend on temperature. Both aspects of the
model arc discussed in the following in more detail.

To be specific, we consider the fee structure (the crystal
structure of Ni), in which /i+ are likely to occupy octa-
hedral (O) as well as tctrahedral (T) interstices (or excited
states centred essentially at the T site), which exist in the
ratio 1:2. Later on we shall assume that in Ni the T sites
arc mclastablc and that the energy of a ;i+ in a T interstice
exceeds lhal in an O interstice by AE. The occupation
probabilities in thermal equilibrium, denoted by /'o and
l'r, arc given by (for simplicity entropy changes arc disre-
garded)

(3)

Under motional-averaging conditions the experimentally de-
termined Fermi field is then an effective Fermi field given
by

The experimentally determined temperature variation of
BFerm, has been analyzed in terms of mctastablc site occu-
pation using two different hypotheses:
(i) We adopt Ihc simplest physically acceptable assump-
tion, w>. that both /?permi and Bjermi are proportional to
Msp(T).
(ii) We assume that the temperature variation of B^enni is
correctly given by the theoretical work of Katayama, Tcr-
akura, and Kanamori [5].

The results of Arrhcnius-lypc fits to the data are Aŕľ ~
25 meV under assumption (i) and A E ~ 37 mcV in case
(ii). InboUjcascsIIBg^iiOJl-lflLmiWIlisorihconlcr
of magnitude 10 mT. If we adopt values Á E of the order of
magnitude 40 mcV, corresponding to assumption (ii), the
occupancy of the T sites should be negligible at 1SK but
appreciable at elevated temperatures. This conclusion can
be tested by high-pressure experiments as follows.

The application of a hydrostatic pressure p will in gen-
eral affect the energy difference A E between T and O sites
and therefore their occupancy by fi+ in thermal equilibrium.
A convenient dimcnsionlcss measure of this effect, well
suited for comparison wilh theory, is d\n \BFerm,\/d\n V,
where V is the specific volume. According to the model of
metastable-site occupancy it may be decomposed into three
terms as follows:

8\nV BFcrml d\nV

BFermi d In V
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1.0

Figure 4: Temperature dependence of the normalized spon-
taneous magnetization A/s(, | 4 | and the normalized hypcr-
finc field /ÍKirtiii ' n Ni.

in the present experimental set-up it is related to measurable
quantities by

0ln|«|.Vrmi|

d In V Hy,.n

, (G)

where AT,/).,,,,, = -Vi)ji/iW\.r ; i is Ihc isothermal mod-
ulus of compression at constant applied magnetic field. The
experimental values obtained in this way arc shown as open
squares in Fig. 5.
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Figure 5: Temperature dependence of the dimcnsionless
q u a n t i t y c?lu \lif,Tmi\/(fln I•'•

If it suffices to consider one type of interstices only
(/'•r s 0), the volume dependence of /*{,-.„„; is completely
described by the first term in Eq. (5). The dashed line in
Fig. 5 represents the temperature dependence of this term
under the simplifying assumption that the volume depen-
dence of /i", r m , is entirely due to the volume dependence
of ihc Curie temperature '/'<- (7i.-|P=» = 630 K). When the
occupation of mctaslablc sites is allowed for, the third term
in Eq. (5) vanishes at low temperatures (hn'ľ < |A/-.'|) be-
cause the thermal-equilibrium occupation probability !'y of
Ihc mclaslablc T sites ;s negligible at these temperatures.
It goes through a maximum at intermediate lempcraiurcs
and finally disappears as A E/ku'/' al elevated temperatures
since the ralio I'o/f'r becomes temperature-independent
when Jfcu'/' exceeds A/-.'. The question whether the term
3In \AK\/d[\\ V in Eq. (5) is significant can thus only be
decided by high-precision measurements in ihc temperature
range where we expect /'[• % /' o , i.e. between 100 K and
300 K according to the above estimates of SIC.

Since in the fee structure octahedral and tetrahedral in-
terstices have cubic symmetry and since in thermal equilib-
rium at low temperatures only the sites with lowest energy
are occupied by the //+ (in the present model: FT|T=OK -
0), a perfect Ni crystal should show no transverse /i+ spin
relaxation at low temperatures. Although the present mea-
surements on a highly perfect crystal give by far Ihe low-
est l\ values at low or intermediate temperatures so far
reported on Ni, Ihc finitencss of r 3 measured at 15 K in-
dicates a static distribution of local magnetic fields caused,
e.g., by strain fields of defects. If this interpretation is cor-
rect, l\(T) should be proportional to Msf>(T) up to tem-
peratures at which motional narrowing becomes significant.
However, as Fig. 3 shows, up to about 0.6 T(: ( « 370 K)
the deviation of /'2(7') from M s | )(7') is opposite to thai
predicted by motional narrowing. A definitive lest whether
this deviation can be explained by the occupation of T sites
at elevated temperatures will be possible when accurate ľ2

data in the temperature range 100 K - 300 K becomes
available.

The authors arc grateful to Mr. Peter Keppler at the
Max-Planck-Institut Túr Mctallforschung for growing and
characterizing the Ni crystal sphere. The work was funded
by the Bundesmtrtisterium ftir Forschung und Technologie,
Bonn, Germany, under contract no. O3-SE3STU.
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In this work we study the magnetic properties in crystal
structures with infinite chains containing magnetic ions, the
exchange interaction between the chains being much weaker
than within each chain. Ilvaitc CaFc5+Fe3+[Si2O7/O/(OH)l
and hcdcnbcrgitc CaFc2+Si2O6 arc natural silicate min-

erals which represent such model systems to study low di-
mensional magnetic order and fluctuations. In ilvaitc Fe2+

and Fe3+ ions arc located in the centers of oxygen octahedra
which form double chains (sites A). In addition Fe2+ is lo-
cated inside oxygen octahedra above und below these chains
(sites B). Hedcnbergite only contains Fc2+ ions which are
located also in the centers of oxygen octahedra but form
single chains (see Figure 1).

b)

IN

[x
Figure 1: a) The double chain of octahedral Fe3+A and
Fc2+A and attached octahedral Fe3+B and b) the single
chain of octahedral Fc2+ in hedenbergitc.

Magnetic susceptibility measurements [1,2] show an an-
tiferromagnetic cusp at ~ 50 K for ilvaite and ~30K for
hedenbergite. Ilvaite reveals an enhanced paramagnetic mo-
ment below ~ 120 K, the opposite tendency is observed in
hedenbergite below ~70K. Above these temperatures the
spins behave like in ordinary paramagnets with a Curie-
Weiss susceptibility. The deviations from the Curie-Weiss
law can be described by theoretical predictions for one-
dimensional ferromagnets for ilvaite and one-dimensional
antiferromagncts for hedenbergite [3].

Our MOssbauer measurements show an onset of mag-

netic hyperfine splitting at ~ 120 K and ~ 27 K for ilvaite
and hedenbergite, respectively. Between SOK and 120K
rotational relaxation modifies the line shape markedly in
ilvaitc, the relaxation times 7 are shown in Fig. 2b. Re-
laxation effects are also observed in hedenbergite below
~ 30 K, here it can be shown to occur between a spin orbit
singlet and a doublet.

Preliminary transverse-field (TF) /i+SR data on ilvaite
have been reported [4], which are now supplemented by
zero- (ZF) and longitudinal-field (LF) measurements. We
present now also some prospectory transverse-field /i+SR
data on hedenbergite.

Above ~ 120 K the 200G TF^+SR dataon ilvaite show
an asymmetry of Ao ~ 22 % and the damping rate A in-
creases from 0.05/js-1 at 300K to O.ll/is"1 at 120K.
At 114K the moon asymmetry Ao reduces in a sharp step
to ~ 30 % of its high temperature value. No anomaly is
found for A around this temperature. A of the residual sig-
nal increases smoothly up to a saturation of ~ 0.19 /is"1

at ~ 50 K (these results are in agreement with the 50 G
LF experiments). We interpret the sharp loss of asymmetry
at 114 K (Fig. 3) with the onset of ferromagnetic order of
Fc ions in single A chains which agree with the onset of
magnetic hyperfine splitting from Mossbauer spectroscopy,
neutron data [5] and the smooth change of slope in the mag-
netic sucepubility measurements. Using an estimated static
width [6] we derived correlation times re from the TF data
(see Fig. 2a). The absolute values of T'1 and relaxation
times 7 derived from Mossbauer effect are in discrepancy
but since the proposed site of fi+ (close to O(5)) is exposed
to the influence of several iron neighbours, this 7 may be a
crude underestimate for r~l. There is, however, a remark-
able agreement between the thermal activation energies J
for 7 and r"1 with J ~ 200K *«, revealing that the dy-
namics of Fc is indeed controlling the relaxation of the ft*.
We attribute this dynamics to the movement of wide do-
main walls along the ferromagnetic chains. Below about
S0K this is not detectable from Mossbauer spectroscopy
due to lack of time resolution. The /i+SR data show a sat-
uration of r-' below 50 K. At 13.5 K, 0.5 T LF experiments
show no decoupling of the electronic relaxation. The reason
that the spin fluctuations are not frozen at low temperature
even in this three-dimensionally coupled regime is related
to the planar anisotropy of Fe2+ in its ground state. This
is also consistent with the reduced hyperfine magnetic field
for Fe2+ in the A chain Írom the Mossbauer measurements.

0.1 T TF/i+SR experiments on nedenbefgite show an
asymmetry loss at 27 K which is interpreted with die onset
of the three dimensional anoferromagnetic order, in agree-
ment with magnetic susceptibility and Mossbauer measure-
ments. A change of slope of the damping m e below 70 K
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Figure 2: Temperature dependence of" the inverse correla-
tion time T~ ' determined from /t+SR (a) and (b) of the Fc
relaxation rale 7 from Môssbaucr spcciroscopy in ilvaitc.

experiments on hedenbergitc.
Above the three dimensional ordering temperature the

/(+SR dala for ilvaite indicate the movement of wide do-
main walls, those for hedenbergii.e give evidence for the
formation of short range order. Both findings arc charac-
teristic of low dimensional magnetic systems.

Another interesting magnetic chain compound is ae-
girin. Its structure is nearly identical to that of hedenbergitc.
The chains, however, are formed by F e 3 + . Thus a dif-
ferent exchange mechanism and a clearly smaller single
ion anisotropy are expected, which should allow to follow
the dynamics of the magnetic chains to lower temperatures.
Experiments on aegirin are under preparation.

Work supported by the German Federal Minister of Re-
search and Technology (BMFT) under contract Nr. O3-LI3-
BRA. M.A.C. dc Melo is grateful for support by CNPq-
B razil.
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indicates the short range order along single chains, which
can also be traced from magnetic susceptibility data. The
antifcrromagnctic coupling between the chains leads to a
slowing down of fluctuations in hcdcnbcrgitc, in contrast
to ilvaite with comparable strengths of anisotropy and ex-
change coupling. The planar anisotropy of Fc2+ in heden-
bcrgilc is less pronounced due to a comparatively stronger
spin-orbit mixing. A proper analysis will only be possible
after performing supplementary zero- and longitudinal-iield

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
inverse temperature (1/K)

Figure 3: Temperature dependence of the TF //SR damping
rate in hedenbergite.
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In our previous report [ 1] we have presented data recor-
ded for the hexagonal compound TmNi5. At the last session
in april 1993 we intended to complete our measurements
on some of the RNi5 compounds. However since we lost
about half of our beam time due to a beam failure, we can
only present one measurement of the frequency of GdNi5

and a completion of our study of ErNi5 at low temperatures,
i.e. T < 10 K. Furthermore it appears that a search for an
oscillating signal in ErNi5 and TmNi5 crystals was negative.

At PSI we have recorded a zero field spectrum of GdNi5

in the ferromagnetic phase at 3.3 K with the initial beam
polarization perpendicular to the r axis. The two frequen-
cies, observed as shown in Figs. 1 and 2, were at 79.68 (4)
MHz and 220.89 (3) MHz. Fig. 1 shows the measured fre-
quencies, while Fig. 2 shows the Fourier transform of the
spectrum. At ISIS we have recorded zero field spectra with
the initial muon beam polarization parallel to the c axis. As
the value of the initial asymmetry docs not change when
crossing the Curie temperature we deduce that the local
magnetic field at the muon site is parallel to the c axis. The
PSI data leads to the same conclusion. This result strongly
suggests that the c axis is the easy axis of magnetization.
This conclusion is not consistent with reported magnetiza-
tion measurements [2] but agrees with the 15SGd Mossbaucr
data [3,4]. This discrepancy is maybe explained by the fact
that the magnetization measurements arc done in an applied
field which can modify the magnetic properties of the com-
pound. Because we observe two frequencies, there are two
localization sites for the muon. We have checked that a
crystallographic site gives only one magnetic site. In PrNi5

we note that the muon seems to be localized in only one
site [5]. This is surprising. Therefore, more work is needed
on the muon localization problem. On the other hand the
results presented below will not be influenced by the lack
of knowledge with respect to the muon site.

In Fig. 3 the ErNi5 data are shown. When the muon
beam polarization is perpendicular to the c axis, the spectra
arc well described by a single exponential line, the asym-
metry of which is temperature independent Below T ~ 55
K the damping rate is too large to be measured. We could
not find any signal below 7c = 9.2 K. When the muon
beam is parallel to the c axis a single exponential function
describes the data recorded above about 7 K. Below that
temperature the signal is a sum of two components: an ex-
ponential and a time independent function. Below 12 K we
observe a drop of the total asymmetry by ~ 25% compared
to its high temperature value. Note that at this temperature
\z(T) has a maximum (see Fig. 3). This complicated tem-
perature behaviour of the asymmetry indicates that the spin
dynamics is quasi-static and/or the possibility of more than
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Figure 1: Zero field fiSR spectrum recorded on a crystal
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one muon sile.
Fig. 3 shows that the damping is strongly anisotropic

even at T ~ 20 T o Whereas A?, starts to increase with
decreasing temperature near 200 K when the polarization is
perpendicular to the c axis (Az ~ Ax), it keeps a constant
value down to about 50 K when the polarization is parallel
to that axis (Az ~ A|| in this case). The Ay increase for T <
SO K is probably due to the fact that the magnetic fluctua-
tions are quasi static as indicated by the ) < ! 6Er Môssbauer
Spcctroscopy measurements described earlier.

In reference (6) we have introduced a model which may
explain the high temperature (7' > 50 K) behaviour of the
relaxation rate. Ax and Ay arc first expressed in terms of
the spin-spin correlation functions of the Er atoms. In our
model the pair correlation functions have been neglected,
which is justified at high temperature. The self correlation
functions arc calculated in a high temperature approxima
lion which consists to neglect, when performing the ther-
mal averages, the Hcisenbcrg interaction between the spins.
Regarding the crystal field as an average two level system
(spin up-spin down) we find that Ax increases with decreas-
ing temperature, while Ay keeps approximately a constant
value.

The data for T < 7 c ca n ** understood using the fol-
lowing formula

A|,(T) = a col,li(A/'•«'/') + b'ŕ (1)

where a = 0.15 MHz, A/k ) t > 5 K and 6 = 1.1 Hz.K"7.
This strong temperature dependence is a clear signature that
the muon depolarization is induced by the phonons. The
physical picture is as follows. For 7' < 7'<-, A|| is propor-
tionnal to the fluctuation rate of the Er moments. The inter-
action between these moments is described in the molecular
field approximation. In addition we take into account the
crystal field acting on the atoms. The muon depolariza-
tion is induced by the relaxation of the atoms between their
energy levels with Am = 0, 1 or 2 due to magnctoclastic
coupling described by a Hamiltonian which is the sum of
terms product of strain operators by Stevens operators.
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Several singlet ground slate systems were investigated
during the last two years. In this letter we will limit our-
selves to the discussion of results on new PrNi5 samples,
obtained in 1993.

Transverse field (TF) measurements on single crystals of
PrNi5 have been carried out on the /iEl beam line, using our
own spectrometer (Strobo II setup), and on the JTM3 beam
line, using the General Purpose /iSR-Facility-Spectrometer
(GPS). The observed angular dependences of the Larmor
precession frequencies of the muon arc shown in Figs. 1 and
2. Results on the temperature dependence of the frequency
shifts are shown in Fig. 3.

To our surprise, these new results arc in clear disagree-
ment with earlier transverse field results obtained during
1987-1989 with an old and supposedly well characterized
sample [1,2]. As the old sample was subsequently cut into
numerous smaller pieces, further checks are not possible
and the discrepancy remains unsolved presently. However,
the new results were completely reproduced in all three
new samples, each of which was prepared and grown sep-
arately in different orientation during the past two years at
the Hebrew University.

The main findings on the basis of the current transverse
field measurements arc:

• Using symmetry arguments and dipolar field calcu-
lations it is deduced that the /i+ occupy a single in-

45.5
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Figure 1: TF angular scan with H rotated in a plane !_
to the e-axis on PrNi5 at T = 23K, H = 3.33kOe. Three
signals are observed.
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Figure 2: TF angular scan with // rotated in a plane X to
the ä—axis on PrNis. The signal wilh lower frequency has
twice the intensity as the other one.

tcrstitial site in the simple hexagonal lattice, the so
called T site (1/2 0 0), situated in the basal plane.
This conclusion is in contrast wilh the results from
the old crystal, in which the T site had to be specif-
ically excluded as possible fi+ site.

• The observed frequency shift (Knight shift) for H _L
c (Fig. 3) docs not scale with the bulk susceptibility
below T - 50 K. A particularly remarkable feature is
the change of sign of the shift for one signal.

• We have proposed a theoretical model [3] to account
for all of the new Knight shift data. The model takes
into account the lowering in the local symmetry for
the Prions close to the muon. It postulates changes
in the crystal electric field (CEF) parameters by the
presence of the muon for the Pi3"1" ions next lo a
/i+ at the T-site, resulting in changes in the local
susceptibility around the //+. A good fit of this model
to the present results is obtained (sec Fig. 4) assuming
relatively small changes of the CEF parameters.

We believe that the consequences from the present re-
sults are important for all applications of the JJ+SR tech-
nique in magnetism. The effect of implanting a positive
muon into an interstitial lattice site on the crystal electric
field may change the magnetic properties in its neighbour-
hood. In this case the magnetic properties measured by
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/i+SR may be different from ihc properties of the unper-
turbed system one is interested in. On the other hand,
as shown in the present work /i+SR allows to determine
quantitatively the changes introduced by the muon. As
the positive muon is electronically equivalent to the pro-
ton, this feature could also allow to study the influence of
a hydrogen-like impurity on the magnetic properties of its
local environment
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Figure 3: Temperature dependence of the Knight shifts of
the two signals observed for UeTt || a, corresponding to
0 = 9O°,4> = 30°. The signal with the smaller shift has
twice the intensity as the other one. Broken lines: be-
haviour expected for linear scaling of the shifts with the
bulk susceptibility. Inset temperature dependence of the
additional signal from the Cu-samplc holder, which reflects
the bulk magnetization of the sample.
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Figure 4: Anisotropic susceptibility (circles) of the
next-neighbour Pri-ons to the muon calculated from the
measured Knight shifts. The dashed line shows the bulk
susceptibility, the straight line is the result of (he fit of the
model explained in the text to the data.
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From numerical simulations the relaxation in Ising spin
glasses has been found to be strongly non-exponential over
a wide range of temperatures above the glass temperature
Ta\ in experiments on a number of different "real" spin
glasses non-exponential relaxation was also found but be-
cause of the fast relaxation rate of the spins it was diffi-
cult lo obtain clear information on the form of the relax-
ation. The /JSR time window is in principle well adapted
to this problem and a number of experiments were car-
ried out on standard spin glasses by different teams in the
1980s [1]. We have taken up this problem again, using sam-
ples with higher magnetic site concentrations and profiting
from recent improvements in /iSR technology. Following
exploratory experiments at RAL (collaboration with R. Cy-
winski and S.H. Kilcoyne) and a first run at PSI in 1992
we have now obtained data on three AgMn samples of dif-
ferent concentrations and a AuFc sample, in zero field and
in longitudinal field. These systems were chosen because
the host nuclear moment is weak so that the decay of the
muon polarization due to interactions with the nuclear mo-
ments is negligible, leaving the pure effect of the relaxation
by the impurity moments. The results give clear informa-
tion on the local magnetic spin relaxation, and also give
new insights into the muon diffusion and trapping in these
systems.

If a muon interacts through some spin-spin interaction
S- A ľ (e.g. through a dipolar or contact hypcrfine inter-
action) with a local spin S which is relaxing with a relax-
ation time T, then the observed muon polarization function
P{t) will decay exponentially with a depolarization rate A
proportional to A2r. In the standard analysis of /iSR re-
sults above T9 in spin glasses, it is assumed that r is the
same for all spins and that A varies for different muon
sites because the muons are distributed at random in a di-
lute alloy. Because of the different A values there will be
a distribution of A values. In the limit of infinite magnetic
site dilution it can be shown [1] that the P(t) averaged
over all muon sites takes up the "root exponential" form:
(P(t)) oc exp(-\/Á7).

With these assumptions A should become smaller as
the temperature is increased (and so r decreases) but the
stretched exponential exponent 1/2 should be independent
of temperature. For a sample which is fairly concentrated
this geometrical effect leading to an effective distribution of
the A values will be weaker (no muon site will be very far
from a magnetic spin) and so one could expect a (P(t)) in-
termediate between the root exponential and an exponential
decay, but still with a temperature independent exponent.

We have fitted <P(<)) data on AgMn samples con-
taining 10%, 7% and 5% Mn to a stretched exponential

form cxp(-(A<y) at each temperature over the tempera-
ture range between the Tg of the sample and 300 K. The
fits were statistically good everywhere. The results for A(T)
and P(T), obtained from longitudinal field (LF) measure-
ments, arc shown in Figs. 1 and 2. It can be seen that X(T)
tends to diverge at Ts in each case as one would expect be-
cause of the critical slowing down of the relaxation of the
Mn spins; on the other hand /3(T) goes from near 1/3 at T,
in each sample to just above 1 at 300 K rather than taking
up a constant value.
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Figure 1: Temperature dependence of the rale parameter A
obtained by fitting a stretched exponential relaxation func-
tion to the LF-data from the three AgMn,. (x = 5%. 1%,
10%) samples.
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Figure 2: Temperature dependence of the exponent 0 m
AgMn* {x = 5%, 7%, 10%). Note the universal behavior
of/?.

We will first discuss the X(T) data in more detail. X(T)
initially decreases rapidly as the temperature is increased;
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a priori one would expect this decrease to continue as the
Mn spin relaxation becomes faster and faster with increas-
ing temperature, but instead we observe an increase to a
concentration independent value just below room tempera-
ture. Now, it is known from measurements on dilute Ag
based alloys that the muon begins to diffuse in silver at
temperatures above about 190 K 12]. We can understand
the observed behaviour as due to a diffusion plus trapping
mechanism. Initially the muon thcrmaliscs at a random site
in the alloy with an average interaction A with the Mn spins
which is stronger wnen the Mn concentration is higher.
When the muon starts to diffuse it is attracted towards the
near neighbourhood of a Mn site where the A is higher so
A(7) starts to increase again with increasing temperature;
at a high enough temperature where diffusion is fast so the
muon has time to diffuse to these sites, all muons will be in
the same environment whatever the Mn concentration, so if
the Mn relaxation is concentration independent A(7') will
be concentration independent. The observed (i(T) become
rather greater than 1 in this temperature region; this is be-
cause the diffusion time falls within the observation time
window of the /'(I), so the same muon is being depolarized
faster at the end of its lifetime where it has diffused into
the Mn neighbourhood than at the start of its lifetime when
it is on average further from a Mn site. At temperatures
above ~ 220 K X starts again to decrease now independent
of Mn concentration, and reflects directly the temperature
dependence of the Mn relaxation. In this regime fl tends
to 1. The AuFc results showed similar effects but with
apparently more than one trapping site.

However our primary preoccupation was with the infor-
mation on the Mn relaxation which could be deduced from
the muon data. The results in the temperature regime where
there arc no diffusion effects show that f)(T) is strongly
temperature dependent, going from 1/3 for all samples at Tg

to a plateau near 1 (the value of this plateau for the 5% Mn
sample is about 0.8; it is more difficult to estimate for the
other samples because of the diffusion effects coming in) at
a temperature about 4 times 79. This means that there is a
unique Mn relaxation time only above this higher temper-
ature. In the whole intermediate temperature regime some
Mn spins arc relaxing fast and some arc relaxing slowly,
leading to a distribution of the times T for the different
muons. The value of 1/3 for the exponent at Tg means that
there is a special distribution of r values associated with
the freezing transition. In other experiments on quite dif-
ferent spin glasses [3,4] the same exponent value has been
observed, so there is reason to believe that this exponent
is universal. We conclude from these experiments that for
spin glasses in general there is a special form of the distri-
bution of spin relaxation times at Tg related to (he stretched
exponential decay observed in the simulations, and that we
can identify an upper characteristic temperature well above
Tt, above which uniform relaxation sets in. Between the
two temperatures there is a novel type of thcrmodynamic
state which is neither frozen nor a simple paramagnct.
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Previous /iSR studies of Cdi-jMn/Te (CdMnTe) mixed
crystals [1,2,3,4] were focused maimy on die phenomenon
of spin-glass freezing. The antifcrromagneticaly coupled
Mn spins, which are randomly diluted in the cation fee
sublattice, freeze at low temperatures. This freezing shows
up in the /JSR experiments as a divergent increase of the
muon depolarization rate.

Additionally, at intermediate temperatures spurious min-
ima were found by Ansaldo et al. [2,3] in Ihc temperature
dependence of the /iSR depolarization rale. They observed
these "dips" in crystals with z = 0.275,0.3,0.36. Our TF-
fiSR studies of CdMnTe confirmed the existence of similar
minima for samples with x = 0.1, 0.15,0.2,0.3,0.4.

As shown in Figures 1 and 2b, in many cases even two
minima can be observed. The temperatures at which they
appear depend on sample compositions.

The transverse-field /<SR spectra for CdMnTe samples

CD
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Figure 1: Temperature dependences of the depolariza-
tion rate A(T) for the strongly damped component in
Cdi-xMnxTe crystals with different x.

contain generally two exponentially damped components.
The strongly damped component, which at the spin freezing
temperature exhibits a divergent increase of the relaxation
rate, usually shows also a negative paramagnetic shift [1].
The second component is observed at the frequency of the
external field and remains almost undamped, even in the
vicinity of the freezing temperature.

In our previous papers [1,4], we ascribed the undamped
component to muons stopped outside the CdMnTe sam-
ple. More extensive studies have shown, however, that the
relative amplitudes of both components strongly vary with
temperature (especially around the temperature of minimum
depolarization).

As depicted in Figure 2a the amplitude of the undamped
"background" component may change from less than 5% to
more than 80% of the total asymmetry. Therefore we have
to ascribe both the undamped and strongly damped compo-
nents to different muon species (sites or charge states) in
CdMnTe crystals.

Two additional, still unexplained features were found in
our previous studies.

In Hgi_zMnzTc and Cdi_xMnrSe samples, which arc
n-typc, as well as in CdMnTc with x < 0.05 no strongly
damped component was found at any temperature. For
CdMnTe with 0.1 < * < 0.2 the fraction of the damped

10°
100 150 200 250 300
Temperature ( K )

350

Figure 2: Temperature dependences of: (a) relative am-
plitude for the undamped component and (b) the depoiv-
ization rate A(T) for the strongly damped component in
Cdo.8Mno.2Te crystal.
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Figure 3: Temperature dependences of the depolarization
rale A(T) for the strongly damped component and ampli-
tudes of both component in the CdQ 6Mnn 4Tc crystal before
annealing.

30

f 20

<< i o

v
•o

>

f10
<

0 100 200 300
Temperature [K]

Figure 4: Temperature dependences of the depolarization
rate A(T) for the strongly damped component and ampli-
tudes of both component in the Cd0 6Mn0 4Tc crystal after
vacuum annealing.
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component, seen at low temperatures, increases from 40%
at x = 0.1 to 90% for x = 0.2.

At high temperatures the strongly damped component
disappears for all samples shown in Figures 1 and 2. Its am-
plitude decreases and the relaxation rate steeply increases.
For samples with higher Mn content this feature shifts to-
wards higher temperatures (for x = 0.4 it starts above
300/v).

The hypothesis was that the strongly damped compo-
nent might be attributed to the muon site which is charac-
terized by the strong hypcrfinc component of the exchange
field. This field would be transferred from Mn spins through
the valence (Tc) electrons, since the CdMnTc is character-
ized by a relatively strong p-d exchange interaction (O.88eV
[5]). The dipolar fields of Mn spins alone, as calculated for
interstitial muon positions (3,6], do not seem to be strong
enough to explain the observed depolarization rates.

The undamped component would therefore be attributed
to muons trapped at some centers characterized by much
smaller hypcrfinc fields. A good candidate for such trapping
centers is the cation vacancy, which is known in CdMnTc
to form different acceptor centers when pairing with other
impurities [7]. The anomalies observed at intermediate tem-
peratures may then be (he result of muon dctrapping from
such acceptors.

In Figure 3 we show the //SR results obtained on the big
(<yi20mm) single crystal of Cd() ,;Mn„ .,Tc especially grown
for /iSR experiments. The solid lines represent a fit of
the simplest dctrapping model with activation energy of
84mcV. The intensity of the fast relaxing component (frac-
tion of trapped muons) decreases with increasing tempera-
ture, whereas the damping rate increases due to dctrapping.

Since the acceptor concentration in CdMnTc crystals
can be varied by annealing [7], we started the //SR experi-
ments on the already studied CdMnTc crystals after anneal-
ing them at different conditions. Annealing in Cd vapour
should decrease the concentration of the cadmium vacancy
acceptors, whereas vacuum annealing should produce more
vacancies.

Because of the accelerator break-down in August 1993,
we could only measure one sample in the temperature range

to 70-350K. This was the "big" Cdo.6Mno 4Te sample, the
same as presented in Figure 3. From infrared absorption
studies we derive that the concentration of 0.2cV neutral
acceptors in the sample increased 3 to S times after vacuum
annealing. The //SR results for the annealed sample arc
shown in Figure. 4.

U seems that the anomaly observed previously about
220K either disappeared or has shifted to temperatures lower
than 70K. The high temperature feature observed before
above 320K has shifted to lower temperatures (above 2S0K)
like in the samples with smaller x.

Although, due to the loss of almost all our 1993 bcam-
limc, our results arc incomplete, we observed a surprisingly
strong influence of the annealing on the /iSR spectra of
CdMnTc. In order to draw final conclusions we need to
study our other samples (especially the Cd-anncaled).

This work was partially supported by the Polish Com-
mittee for Scientific Research (KBN) under contract Nr.
2P302 11 05.
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Previous experiments indicated thai the relaxation rate
IT of the polarization of implanted / i+ particles in single
crystal bismuth varies, as a function of the strength of the
applied magnetic field //, in a completely unexpected way
[1 ]. The present work is a more detailed experimental study
of this behaviour, for which also a possible explanation is
proposed.

The relaxation or decay of (he observed muon polariza-
tion is, in a diamagnetic metal, due to the dephasing effect
of the spatial inhomogencity of the local magnetic fields
originating from the randomly oriented magnetic moments
of the atomic nuclei. At a given direction (0, tj>) of H
fixed relative to the crystal axes, the relaxation rate <r due
to this mechanism is theoretically predicted to be a decreas-
ing function of H for small fields, approximating the 'van
Vleck' limit <r0 when H becomes sufficiently large. This
is valid for nuclei with a spin / > 1/2, which possess
an electric quadrupole moment Q; 'large' and 'small' H
means that the magnetic interaction energy of the nucleus
with H is large or small as compared to its electrostatic
energy in the given electric field gradient Va^. The cal-
culation of the expected relaxation rate, as function of the
orientation and strengths of i f and Va^, is straightforward,
though somewhat lengthy for a high spin (/ = 9/2) as that
of the 209Bi nuclei. Since V„<p is mainly determined by Ihc
perturbed electronic density near the muon and is difficult
to estimate, it is a parameter normally determined by fitting
of the measured tr(0,(j>, II) curves.

Previous results showed [2] that the high-field (van
Vleck) limit <r0 is not reached even at transverse fields as
high as H ~ 1 T. Moreover, the dependence of a on the
field orientation was found to deviate more and more from
the expected high field limit as // increased; generally, <r
was observed to increase, instead of being reduced, with in-
creasing H for all field directions. The possibility was sug-
gested [2] that a change in the electronic structure, corre-
lated with the magnetic field, influences the muon relaxation
in bismuth, by modifying the interplay of Ihc quadrupolar
and Zeeman couplings of the host nuclei.

However, these previous data did still not exclude the
possibility ihat the anomaly is due to a particularly strong
but otherwise conventional electric field gradient and that
the high field decoupling for the Bi nuclei sets in for // >
1T. To check this, new experiments were done at fields
up to H - 3 T, available at the Low Temperature fiSR
Facility (LTF), on four differently oriented single crystal
plates. The results in Figs. 1-2 show that

- the relaxation rate keeps monotonically increasing

with / / , up to typically 0.4 - 0.5/is"1 at 3T, to
be compared to the low-field value of ~ 0.2 /is"1 for
// < 1T,

the ff(H) curve for i/||a-axis seems to have a struc-
ture near 1.6 T. If confirmed by future experiments of
higher accuracy, this would correlate a with the or-
bital magnetization of the electrons, the oscillations
of which at low temperature are known as the dc
Haas - van Alphcn (dHvA) effect [3].
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Figure 1: Measured tr(H) at T=4 K for H directed along
the crystalline e-axis. The solid line is expected if the re-
laxation (for muons localized at interstice 'type 2' in the
rhombohcdral lattice) is due uniquely to the dipolar field of
the Bi-nuclei.

A detailed examination of a as a function of the temper-
ature gives the result shown in Fig.3. One sees a transition
to a *1OW-(T' regime near T = 13.5 K even for die high-
est obtainable field / / = 3 T, the same transition that was
observed previously for low or even zero applied field (1).
Therefore, the observed increase of <r with H below 14 K
is not related to a spurious, instrumental inhomogencity of
the applied field.

The transition to the Iowa regime, observed now for
both low and high H's near T = 14K, can a priori be
a sign of either a change in the electronic structure in die
crystal, or of a narrowing of the precession frequency line
due to the onset of diffusion of the muon. There is up to
date no independent observation pointing ID the first possi-
bility. In the second case nothing happens to bismuth near
14 K and the inhomogencity of H,oc seen for T < 14 K
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Figure 2: Measured o(II) at 7'=4 K for H alcng the crys-
tal a-axis. Like in Fig.l, the solid line for a would result
from the nuclear dipolc fields. The single data point for
7=30 K indicates that Ihc 'unexpected' contribution is lim-
ited to lower temperatures. The dashed line shows the first
two dHvA oscillations in the diamagnclic moment (in arbi-
trary units) below the quantum limit ai // — I C> T for this
geometry in bismuth |4|.
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Figure 3: Temperature dependence of <r for H along Ihc
crystal r-axis at // = .'{ T, showing the transition near
T = 115.5 K between low and high-<r regimes. (The solid
line is a guide for the eye.)

y 0.1 - 1 G for Hcxt = 3 T, to be compared with
the observed value of some G.

In addition to the increase of <r wi'h H, a splitting of
the muon precession frequency seems to be present at high
fields, but for the study of this splitting further, more accu-
rate data are needed.

In conclusion, the present experimental results suggest
that the increase of the relaxation rate <r with the applied
field is related to an inhomogeneous distribution of the elec-
tronic orbital magnetization, which is a consequence of the
very small, semimeiallic electron density, and the decreas-
ing localization length as H increases.

However, lo make unambiguous statements, the statis-
tical accuracy of the data has to be improved. In view
of Ihc known complexity of the dHvA oscillations of the
magnetization in a general crystalline direction, only fiSR.
experiments for H\\(a or 6) arc susceptible to a quantitative
interpretation, when this is related to the dHvA cffccL

We remark that these experiments arc part of the first
systematic fiSIt study of diamagnctism in ihc dHvA range
near the high field quantum limit. For such a study, Bi is
a unique material, requiring not too high fields (// < 3 T)
and not loo low temperatures (T < 13 K).

New experiments with improved accuracy arc in prog-
ress.
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persists to higher temperatures, only it becomes invisible
due to motional narrowing. A lo that ihc rise of <r( / /) with
increasing // , one possibility is that it reflects an incom-
mensurate spatial inhomogcncily of Ihc electronic orbital
magnetization Horb.

Inhomogcncily of Horb is expected to be observable
for metals in the 'quantum limit' of high external magnetic
fields (near and over the last dHvA oscillation)[S]. For Bi,
the quantum limit occurs at fields as low as //,/ ~ 1.6 T
for H\\a and // , , ~ 1A T for H\\b, though much higher
for the field in the trigonal direction |4]. The line width due
lo the expected inhomogcncily of the orbiial magnetization

is 7if = .'H;Ž7?)"w( Af)2 • *"M. wncrc M is the cyclotron
mass for the given field direction, K is an inverse 'local-
ization' length characteristic for the impurities, which arc
assumed to have a concentration comparable to the elec-
tron density n = 2.7 • 10"cm"3 and A ~ 5. This gives
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1 Introduction

In continuation of the study [1] decisive new data have
been obtained in 1993. This permits to elucidate compre-
hensively the problem or the //+ localization in Sc single
crystals at low temperature. The main new features have
been reported at the /iSR Conference, Maui, in June 1993
[2]. A selection of striking new results is presented below.

2 Muon sites

For Sc and ScH,. with x = 0.05,0.10 and 0.25 /iSR relax-
ation rates have been measured as a function of the applied
magnetic field in a transverse field geometry at various tem-
peratures between 2.5 and 300 K. Scans were performed
for different values of the angle 9 between the hexagonal
č-axis of the crystal and the direction of the externally ap-
plied field. All measurements show basically a leveling of
the jiSR relaxation below 50 K [3] .

Figure 1 shows <r(0) for Sc, ScH0 io and ScHo.25 in
high field (503 mT) and low field (7.8 mT). The patterns
at the high field Van Vlcck limit arc very different from
the ones at low field, where the quadrupolar interaction is
dominant. The effect of increasing H concentration is weak
at high field but quite remarkable at low field.

For Sc the <r(0, B) data can be perfectly described by
considering local /i+ tunnelling between adjacent tclrahc-
dral (T) sites across their common base, along the č-axis,
and a local lattice relaxation corresponding to an increase
of 0 to 3% for the distance between the next nearest Sc
atoms and the //+.

For the case of no lattice relaxation the best possible
assumption is a rapid tunnelling between adjacent T-sites,
whose equilibrium positions arc slightly shifted from the
ideal T-centers towards each other, with z/c = ±0.09
(Fig. 2). Below the Van Vleck limit the effect of the pre-
dominantly radial EFG generated by the muon is prevalent.
The strength of the quadrupolar coupling is found to be
VQ « 67 kHz for the neighboring Sc nuclei. It contains a
small contribution from an inherent crystalline axial EFG
parallel to the č-axis (*/£r « 9 kHz) which leads to the up-
turn of the calculated a(0°, B) for B decreasing below 10
mT, in agreement with the data (see Fig. 2a).

For the case of a 3% lattice relaxation z/c amounts
to ±0.06 whereas (he quadrupolar couplings remain essen-
tially as found for the unrelaxed lattice.

3 Tunnelling

It should be noted that the determined tunnelling distance
2r = 0.18c is remarkably near to the corresponding value
found for D in Sc (2z = 0.194c) [4]. Furthermore, rapid lo-
cal hopping (~10 1 0 s" 1 ) of H between neighboring T sites
has been observed for H in Sc [5]. In this case the tem-
perature dependence of the hopping rate is well described
by a model in which the tunnelling rate is damped by cou-
pling to conduction electrons. Considering the rather close
separation of the adjacent T sites and the apparent shallow
potential between them (as measured by inelastic neutron
scattering [5]) the observation of tunnelling phenomena is
not surprising, particularly for the light /*+.
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Figure 1: Transverse relaxation rate IT measured versus the crystal orientation 0 at 7' < 30K, (a-c) in a field of 503 mT,
and (d-f) in a field of 7.8 mT. The solid lines arc fits of the square root of sums of ľu, ly?(0) and P^(0) contributions - the
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During the past year longitudinal field-quenching (LFQ)
was used to perform a systematic study between 6 K and
300 K of the three muon states discernible by //+SR in
Group-IV semiconductors, viz. the two paramagnetic states
(normal and anomalous muonium, Mu and Mu*) and the
diamagnctic state y/d, which may comprise bare muons,
positively or negatively ionized muonium states, or bound
muonium states. Three different samples, Sil (high-purity
silicon, n-type, 3-1012 cm-3),SiB (boron-doped, 1016cm-3),
and SiP (phosphorous-doped, 5 - 1015cm~3) were investi-
gated in longitudinal magnetic fields up to 6kG applied
either parallel to a (100) (sample Sil) or a (111) (samples
SiP and SiB) direction. Additional radio-frequency //SR
(RP/iSR) measurements were performed on the same sam-
ples and in the same temperature range at the Rutherford
Appleton Laboratories (RAL) in order to obtain comple-
mentary information on the fraction of muons in the dia-
magnctic state.

In an LFQ experiment the dependence of the mean
residual longitudinal /<+ spin polarization

exp {-*}•
-±\dl

(1)

on an applied longitudinal magnetic field B\ons is deter-
mined from the measured forward-backward decay asym-
metry OI,FQ defined by

(2)
_J[F(t)-B{i)]át

J[F(l) + B(t)]óť

where B(t) and F(t) are the time-differential backward
and forward count rates (Fig. 1). In order to overcome the
usual normalization problem, in a longitudinal measurement
CLFQ was measured for two known values of P, e.g., at
P = 0 and P = 1, as a function of the applied field. In
this case P is given by

P = ["LFQ -ai,FQ(/ J = 0)1
(3)

The P = 1 value is obtained from LFQ measurements on
pure Al, which_is known not to show longitudinal relax-
ation, whereas P = 0 is realized in crystalline Fe2O3 a t

X

X
Figure 1: The experimental arrangement of a LFQ-cxpc-
riment (H = helmholtz-coils; F,B = forward- and back-
ward-counter, M = muon-countcr).

room temperature owing to its extremely fast longitudinal
muon spin relaxation. We have performed these-calibra-
tion measurements in a variety of applied magnetic fields
and found field independent values for a L F Q ( / J = l) and
<*U-'Q(^ = 0). Since each muon state shows a character-
istic field dependence of the longitudinal n+ spin polariza-
tion, all muon stales contributing to the LFQ signal and
the corresponding fractions of muons in each state may be
identified from <ZLPQ provided that sufficient experimental
accuracy is achieved.

Figs. 2 and 3 show typical results of LFQ measurements
on the samples SiB and SiP at different temperatures. The
well-known static model of the paramagnetic muon stales
in silicon [1] fails to describe these results. In order to
explain the observed field dependence of the yi+ spin po-
larization, dynamic processes giving rise to polarization and
depolarization effects have to be taken into account. In the
literature several dynamic processes have been discussed
[1,2,3]. However, no mathematical formulation of these
models existed that could be directly used to fit the data.
A newly developed extension of the dynamic model allows
us to consider both the interaction of the bound electron
with the environment, including spin exchange processes
and reversible or irreversible changes of die charge stale,
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0.0

Figure 2: Normalized LFQ data measured on Ihc sample
SiB. The solid lines represent fits of the dynamic model for
Mu and Mu' (sec text).
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e.g., ionizaiion and electron recapture. In addition to the lit
parameters used in Ihc static model (initial formation prob-
abilities for the three muon states) the dynamic model in-
troduces two spin exchange rates v and v' to describe spin
exchange processes of the two paramagnetic muon states
and one transition frequency per charge exchange process
(ioni/ation and electron recapture). In the limit that the re-
capture rate An is much larger than the ionizaiion rate A |
the charge exchange model and spin exchange model merge
with v, v' = Ai if the spin polarization of the electron gets
lost during ionizaiion and recapture. Thus a link between
both dynamic processes is possible.

The analysis of the LFQ measurements on differently
doped silicon samples yields a consistent description for
the anomalous muonium slate. Below 200 K the formation
probability of the anomalous muonium is almost indepen-
dent of temperature and doping, it decreases above 200 K.
No anomalous muonium has been observed above 250 K
(Figs. 4, 6, and 8). Wilh increasing density of free elec-
trons the dynamics of the anomalous muonium state gets
more complicated. While in SiB the dynamics of Mu* may
be described by an irreversible ionizaiion process with an
ioni/ation rate \ (Fig. S), the fit of Ihc dynamic model to
the data measured on Sil indicates that reversible ioniza-
iion and electron recapture have to be included (Fig. 7).
For phosphorous-doped silicon finally a model allowing
for reversible ionizaiion and electron recapture as well as
spin exchange with a rate v' results in reasonable fits.
From measurements on the three samples an average ac-

220 190 WO 130
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Figure 5: lonization rate (A|) determined from a fit of ihc
dynamic model for Mu* to Ihc LFQ data measured on
sample SiB.
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tivation cncrgy_for ionization ŕľa = (188 ± 6) mcV was
determined. E a is slightly higher than the value given by
Patterson, Ea(A*) = (168 ± 10) mcV [11, which was de-
termined from measurements of ihc transverse relaxation
rale A* of the anomalous muonium on intrinsic silicon (p-
doped, M O ' - c m " 3 ) . For SiP the lit of an Arrhenius law to
the spin exchange rate v' between 40 K and 160 K results
in an activation energy E f = (45.13±7.21)meV (Fig.9),
which corresponds to the ionization energy of a phospho-
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rous impurity in silicon (45 mcV). Hence the spin exchange
rate v" is proportional to the density of free electrons. This
result is in agreement with measurements of the transverse
relaxation rate A* of Mu* on n-doped silicon by Albert
et al. [4], where A* ~ n (n = electron concentration) was
found. Owing to the very fast depolarization of the p + spin
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in the Mu state which is due to the strong hypcrfine-inter-
aclion (hypcrtine-frequency v0 « 2 GHz), any dynamic
process involving normal muonium on a time scale that is
slow with respect to l/i/0 results in LFQ data which may be
described by a static model for the Mu state. Therefore, the
temperature dependence of the formation probability of the
normal muonium state observed on all three samples may
indicate the presence of such dynamic processes.

The comparison of LFQ and RF/iSR results on the same
samples shows differences in the deduced formation prob-
ability of the diamagnctic muon state. This is due to the
different time scales of RF//SR (10~6s to 10~5s) and LFQ
(10~9s to 10~7s). In the case of fast dynamic processes
only the final state is visible with RF/iSR. Therefore the
formation probability deduced from RFyzSR experiments in
the presence of a Mu, Mu* —* fid transition is higher than
that inferred from LFQ.

So far our measurements have been restricted to tem-

peralures below 300 K. At higher temperatures Mu —>
ftd transitions may play an important role as indicated by
RF/JSR and measurements of the longitudinal relaxation-
rate [5,6,7]. LFQ measurements on silicon above 300 K
which aim at an investigation of these processes arc in
progress.

The work was supported by the Ministerium fur For-
schung und Technologie, Bonn, Germany under contract
No. O3-SE3STU.
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The future use of diamond films as electronic de-
vice substrates necessitates a thorough understanding of
hydrogcn-dcfccl interactions in this material. That this is
so is indicated by the observed passivation of acceptors
in semiconducting diamond 111. Furthermore, the catalytic
role played by hydrogen in the mctasiablc growth of high-
quality diamond films is not fully understood. The largest
single source of information about the possible behaviour
of hydrogen in diamond has been //SR studies. While the
Mil-lattice system in diamond is very well understood |2],
Mu-dcfcct interaction studies arc in their infancy. Cen-
tral to the present experiments is the use of the RF//SR
method to trace the Mu chemistry through the various Mu-
dcfcct and Mu-latlicc processes. The present note reports
on an initial study using the transverse-field method show-
ing strong evidence of the former in the two single crystal
samples studied so far: a type la and an electron-irradiated
type Ha diamond.

Several features make the present study unique:
Firstly, the samples used arc well characterised. Infra-
red, optical, and ultraviolet (UV) absorption spcctioscopy,
calhodolumincsccncc spectroscopy and EPR have so far
been used to determine the dominant defect systems in both
samples. This characterization revealed nitrogen-related
paramagnetic centres (ss25ppm) as well as the usual A and
B centres in the la sample, and the broad UV absorption
band characteristic of electron-irradiation in the Ha sample.
Secondly, the absolute fractions of the muonic species were
determined. The use of a quartz backing allowed the back-
ground /i+ to be stripped from the total diamagnctic line.
To achieve this, the magnetic field was chosen such that
the Mu in quartz was well resolved from the diamond Mu
(B := 240 G), and the muonic species in quartz were charac-
terised separately. Thirdly, the two samples discussed here
arc the first members belonging to a suite of several large
single-crystal diamonds selected to display a variety of de-
fects and defect concentrations. Fourthly, high-statistics
measurements were made over a wide temperature range
(4-270K).

Clear evidence for Mu-dcfcct interactions was observed
and the Mu behaviour in the two samples was quite differ-
ent No Mu was observable above noise in the la sample at
any temperature, while Mu was evident at all temperatures
in the Ha sample. The initial absolute fraction of Mu in the
Ha diamond increases slowly with increasing temperature
(sec Fig. 2), corresponding to a decrease in the missing
fraction. The temperature-dependence of its relaxation rate
is shown in Fig. 1. Table 1 shows the initial absolute frac-
tions of all species in both samples. The lifetimes of the

Type Temp.

I (K)
!a

Ha

4 -
270

(*)
3.8
(0.4)

4 - II 0.4
270 || (0.5)

•"Mu

-

55-68
(10)

(%)'
16.6
(1.5)
22
(1.0)

Missing
fraction

79.5
(1.6)

23-10
(6)

Table 1: Absolute fractions of the muonic species observed
in the types la and Ila diamonds used.

/i+ and Mu* species exceed the 5/iS window and could not
be determined accurately.

The non-observance of Mu in the la sample adds to the
existing confusion regarding Mu in diamonds of this type
13,4]. The initial fraction and the relaxation rate tempera-
ture dependence of Mu in fa samples is believed to depend
strongly on the concentration and form of the nitrogen-
related defects [3]. In the case of the la sample used here,
the Mu may have undergone dephasing or depolarising in-
teractions with the known defect centres on a timescalc
much smaller than the time resolution («3.5ns). Chemical
bonding and/or electron exchange arc possible mechanisms,
the former producing a dephased diamagnctic species. A
thorough, quantitative characterization and /iSR study of
several la diamonds will be necessary to explain the divers
results presented here and in the literature. It is believed
that the UV absorption band typical of electron-irradiation
of diamond is associated with the neutral vacancy [5]. Some
controversy exists as to whether this defect is of p-typc or
n-typc character [6]. Given that the relaxation rate of Mu
in undamaged Ha diamond increases monotonically with
temperature [7,81, the different dependence shown in Fig.
1 is ascribed to the electron-irradiation (a similar depen-
dence in diamond has previously been observed only in the
la sample used by Spencer ct al. [4]). The Mu is probably
interacting with the vacancy systems and/or the interstitial
carbon atoms that make up the other half of the Frcnkcl
pairs; C-Mu chemical bonding at both centres, resulting
in Mu to fŕ conversion and dephasing, is one possibility.
The temperature dependence of the signal relaxation could
therefore be modelled in terms of reaction, dctrapping and
diffusion rates (in both the quantum and classical regimes).
Furthermore, an independent determination of the defect
concentration may assist in quantifying the latter.
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Figure 1: Relaxation rates of Mu in the electron-irradiated
Ha sample. The fitted exponentials arc principally to guide
the eye.
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Figure 2: The absolute fractions of the muonic species in
the electron-irradiated type Ila sample.

In order to interpret properly the results in the case
of the electron-irradiated sample, the /JSR work needs to
be taken a stage further. Longitudinal-field /xSR (LF/iSR)
would indicate whether the dominant relaxation mechanism
is one of depolarization or dephasing. Longitudinal field-
quenching (LFQ) as well as RF/iSR could be used to track
changes in the average fractions of muonic species with
temperature, regardless of dephasing.

We would like to acknowledge the contributions of Dr.
J.A. vyn Wyk and Prof. O. Coinmins of the Physics De-
partment of ihc University of the Witwatcrsrand, and S.R.
Naidoo of the Schonland Research Centre.
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Identification of the muonium (Mu) ionic charge-state
responsible for the so-called //+ .signal in various semi-
conductors is a long-standing experimental problem. This
signal can arise from cither a Mu+ or Mu" ion, or from any
bound slate. The two paramagnetic neutral muonium states
arc a rapidly diffusing isotropic species (Mu) associated
with the ictrahcdral interstices (T-sitc) and an anisotropic
slate (Mu*) with the muon located near the center of a
stretched bond (BC-silc). The ionic slates arc expected to
reside in similar sites with Mu+ in the BC-sitc and Mu"
at the T-sitc in elemental semiconductors. In the IH-V ma-
terials, partial ion icily may modify these site expectations
by significantly shifting the relative stabilities of the two
incquivalcnl T-sitcs, especially for charged species. Refer-
ences [ 1 ] and 121 provide excellent recent reviews of H or
Mu behavior in these materials.

For GaAs all of the host atoms have nuclear spin 3/2.
This provides a means to determine the dipolar magnetic
field and Ihc electric field gradient (EFG) at Mu* sites. In
room temperature experiments on two heavily n-typc sam-
ples of GaAs, doped with Si which is a donor at the Ga-sitc
and with Tc which is an As-sitc donor, essentially identical
quadrupolar level-crossing resonance (QLCR) spectra were
observed | 3 | . Standard /iSR dala indicate that only ihc
ionic slate is present in these samples over a wide tempera-
ture region. Theoretical considerations, the absence of this
QLCR spectrum in heavily p-typc GaAs, and its identical
nature for dopants at opposite subslilutional sites strongly
indicate the observed muonium stale is Mu~ rather than
Mu+ or a Mu-dopant pair. The QLCR spectra, which were
obtained only for fields along 1100], imply an EFG with
1111 ] symmetry and a single equivalent Ga near-neighbor
position for this experimental geometry; however, both ihc
BC and T(;a sites satisfy Ihcsc criteria.

We have examined the field dependence at room tem-
perature for the transverse-field //SR relaxation rales for the
ionic muonium state in the Tc-dopcd sample using the Gen-
eral Purpose Spectrometer at PSI. The resulting quadrupolar
decoupling curves arc shown in Fig. 1. These data arc sen-
sitive to the strength of the dipolar coupling between the
Mu species and neighboring host atoms, thus yield informa-
tion on interatomic distances. Detailed fits were performed
assuming the symmetries dictated by each site and using the
quadrupolc constants from the QLCR spectrum. The T-sitc
assumption results in a better overall fit and is shown in the
figure. The resulting distances arc 2.17Á for Mu-Ga and
2.93A for Mu-As with statistical errors of 0.10Á or less.
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Figure 1: Quadrupolc decoupling curves for the Mu~~ ionic
state in highly doped n-type GaAs: Te at room temperature
for high-symmetry field orientations.

These can be compared to 2.45 and 2.83Á for an unre-
laxed T-site in GaAs, and arc much longer than theoretical
distances of 1.68 and 1.62Ä for the BC neutral Mu* state
[41.

Based on the QLCR and relaxation data and various
theoretical considerations, we conclude that the dominant
slate in heavily n-type GaAs is a Mu~ ion located in a
relaxed TGa interstitial site, consistent with lowered energy
due to the III-V ionicity. Field dependent relaxation rates
obtained at PSI were crucial in making the experimental
siic assignment and in determining the associated lattice
relaxation.
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Within a very short time after implantation, a negative
muon n~ will be captured by a host atom in a muonic or-
bital with main quantum number s»14 [l] . Subsequently
the muon cascades down to the muon Is ground state un-
der emission of characteristic X- or 7-rays or by ejection
of e~ in Auger processes. Due to spin-orbit coupling most
of the ji~ polarisation is lost during this cascading [2]. In
addition, the electronic orbits are heavily disturbed but re-
store very quickly to those of an atom with charge number
Z — 1 since the /t~ screens one nuclear charge for the
e~ due to the fact that the extension of its ground-state
wave-function is 200 limes smaller than that of the c~ Is
orbit. In semiconductors the formation of a muonic atom
is thus electronically equivalent to the sudden introduction
of an acceptor atom. By means of fi~SR experiments the
electronic processes associated with this sudden introduc-
tion may be investigated in a time window reaching from
10~9s to about 10~6s.

In earlier n~SR experiments on differently doped sili-
con samples [Int (intrinsic), B18 (boron doped, 1018cm~3),
BI6 (boron doped, 1016cm~3), and P14 (phosphorous do-
ped, 10'4 cm"3)] an Arrhenius-type behaviour of the muon
polarization was observed at temperatures below 30K [3,4].
This polarization loss was interpreted in terms of a model
assuming a 7-rccoil-induced displacement of the accep-
tor atom and the formation of a metastable paramagnetic
slate. According to this interpretation the disturbance of
the electronic shells during the cascading of the /J~ should
be so strong that the 3.1 cV recoil at the Si nuclei caused
by the emission of the 403 kcV 7-quanta (Table 1) suffices
to displace the quasi-Al acceptor (q-Al). Results of addi-
tional measurements on diamond and germanium were in
agreement with this interpretation (Table 1). The observed
doping dependence in silicon, however, could not be ex-
plained by this hypothesis.

In order to better understand the observed temperature
and doping dependence of the muon polarization and to fur-
ther test the model mentioned above, we performed fi'SR
measurements on a phosphorous doped silicon sample and
on a SiC sample in applied transverse magnetic fields of
Z?a = 0.045T or fla = 0.055T, respectively. These fields
arc by a factor of » 2 higher than the field available in pre-
vious work [4], although due to problems with the magnet
power supply less than originally intended. During the data
analysis it turned out that an additional oscillating back-
ground signal has to be taken into account. For a given
sample the amplitude of this signal changes if the setup
is changed; it is therefore most probably caused by muons
stopped outside the sample. Since the precession frequency

of the background signal is determined by the applied field,
it must be due to muons captured at nuclei with zero spin,
such as carbon, which are present in the surrounding of the
sample. In contrast to the results of Koch et al. [3] and
Stammler et al. [4] from this analysis a relaxing signal was
found for fi~ stopped in silicon. This led us to reanalyse
their data and to repete the measurements on two of their
samples (Int and B16) in higher applied fields. The results
of the rcanalysis of the data of Koch et al. [3] and Siamm-
lcr ct al. [4] as well as those of the analysis of the new
measurements are shown in Fig. 1 and Fig. 2. The asymme-
try of the /r signal is almost independent of temperature
and doping level. The relaxation rate A, loo, does not ex-
hibit a significant doping dependence. However, in contrast
to the analysis of Koch and Stammler, a strong tempera-
ture dependence A oc T~a, with a = 3.0 ± 0.3 is deduced,
which is consistent with a = 2.75 obtained by Gorelkin el
al. [5] on p-type silicon with an impurity concentration of
« 1013cm~3.

According to Table 1, in SiC the atoms should not be
displaced by the 7-recoil since the displacement threshold
energies of Si and C in SiC are much higher than the 7-
recoil energies. Therefore measurements on SiC may help
to decide whether the temperature dependence observed for
silicon is related to a displacement of the quasi-acccptor or
not. Due to the facts that the difference between the inverse
\L~ lifetime in Si and C is less than 1 MHz and that muons
at Si and C have the same precession frequency, á damped
signal from fi~ at C cannot be separated from the signal
of n~ at Si. Therefore the partitioning of the SiC signal
into contributions from Si and C is not possible. Nevcnhc-

Table 1: Recoil energies Er due to the emission of 7-rays
with energy 72-1 during the 2p->ls transition, and dis-
placement threshold energies E#n for different semicon-
ductors.

Diamond

Si

Ge

Si
SiC c

7 2 _! [keV]

75.6

403

1772

403

75.6

Er tcV]

0.26

3.11

22.8

3.11

0.26

fid,. [eV]

35

12.9

14.5

92

163

12s
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Figure 1: Transverse relaxation rale A of the //~SR signal
in different silicon samples. The open symbols refer to
the analysis of new measurements, all other symbols to the
results of a rcanalysis of the measurements of Siammlcr ct
al. 14) and Koch el al. |31.

less, the strong temperature dependence of the /t~ signal
observed on SiC shows that a temperature dependence of
the /i~SR signal in Si may be expected even without a dis-
placement of the q-Al acceptor atom.

The magnitude of the asymmetry of the /i~SR signal
(ss4%) measured on Si suggests that a diamagnctic slate
is formed immediately after implantation of the /t~. The
relaxation may therefore be caused by the transition into a
paramagnetic state or by the interaction with fluctuating lo-
cal fields. On the one hand, the interaction with electronic
moments induced by the ioni/.ation of acceptor levels docs
not explain the results since no dependence of the relaxation
rate on the impurity concentration was observed.

20
T[K]

so WO 150
BOO/7" [t/fC]

200 250

Figure 2: Arrhcnius plot of the reduced asymmetries
A(T)/A(300 K) for all silicon samples. The open sym-
bols refer to the analysis of new measurements, all other
symbols to the results of a rcanalysis of the measurements
of Stammlcr ct al. (4) and Koch ct al. [3j.

The interaction with the nuclear spin of 29Si (natural abun-
dancy « 5%) on the other hand is too weak to induce sig-
nificant relaxation. A direct thermally activated transition
into a paramagnetic state is also ruled out by the tempera-
ture dependence of A.

At low temperatures the paramagnetic q-Al° state is
stable in boron-doped Si in thermal equilibrium. Accord-
ing to the above discussion, the q-Al is supposed to be in
a diamagnctic state, e.g., q-Al+ , shortly after implantation.
This would mean that the electronic shell is not yet fully
restored after the cascade. The relaxation could therefore
be due to the q-Al+ —> q-Al° transition. If the transition is
controlled by the capture of an electron this process could
be related to the diffusion coefficient of electrons which
increases with decreasing temperature. In order to explain
the observed results, however, it is required that the local
electron concentration is doping-independent, i.e., that it is
mainly due to charge carriers induced during the cascading
of the muon. The same argument is valid if the trapping of
an exciton is considered.

The work was supported by the Bundcsministcrium fur
Forschung und Technologic, Bonn, Germany, under con-
tact no. O3-SE3STU.
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Positive muons Qt+) bind an electron to form a muo-
nium atom Mu (/i+e~). the light isotope of hydrogen. Ex-
perimentally, /(SR measurements can probe the rotational
dynamics of molecules in condensed phases. Solid fullcrcncs
arc very effective media for the formation of such muo-
nium centres. Mu can add exohcdrally across high TT-order
C-C bonds to form muonatcd fullercne radicals. Mu can
also enter (probably as fi+) and become trapped inside the
cage, forming an cndohcdral fullcrene complex. The muon
spin label can then act as a sensitive probe of the dynamic
behaviour of the muonatcd fullcrcncs.

(i) Ceo- At high temperatures, solid C6o forms a fee
phase showing dynamic rotational disorder (rc «12 ps at
300 K). At 260 K, a transition to a primitive cubic phase
is accompanied by ordering of the C60 molecules which
shuffle between nearly-degenerate orientations, differing in
energy by 11.4(3) mcV [1]. Below «90 K, the motion
freezes and a transition to an oricntalional glass occurs.
Zero-, longitudinal-, and transverse-field (ZF, LF and TF)
ftSR measurements have provided valuable information on
the C6o rotational dynamics, with the derived rc and acti-
vation energies Ea in excellent agreement with those de-
termined by NMR and quasiclastic neutron scattering. Mu
thus acts as a nearly nonperturbing spin label.

An outstanding problem has been the reoricntational
mechanism in the intermediate "ratchet" phase (90<T< 260
K) which is likely a ss42° jump motion, accompanied by
a quasi-random sampling of different rotational axes. We
used avoidcd-lcvel-crossing //SR and followed the tempera-
ture evolution of the resonance line resulting from the muon
spin flip transition in MuC60 at Ä 1.2 T (Fig. 1). Above
ISO K, the resonance line starts broadening, becoming un-
dctectable above 2S0 K. We analysed our results using a
spherical diffusion model [2], developed for systems of ax-
ial symmetry. Employing a single parameter (the diffu-
sion coefficient D), we get a satisfactory description of the
data and extract Ea = 176(1) mcV and an attempt frequency
for barrier crossing ro= 2.95(13)xlO~12s. The present re-
sults provide an unambiguous demonstration of the quasi-
isotropic nature of the jump motion of the C60 molecules
in pc solid C60-

(ii) C70- Unlike quasi-spherical C60, it possesses a
unique axis making it an ideal candidate to study the elec-
tronic anisotropy by many /xSR techniques. Solid C70

adopts a fee structure at high temperature and transforms

12000
Field (G.ussl

Figure 1: Temperature dependence of the ALC resonance
in M U C 6 Q .

to a rhombohedral phase at «270-280K on cooling [3].
Severe hysteresis effects are present and the rhombohe-
dral phase persists on heating to «340 K. The structure
at even lower temperatures is monoclinic. A ZF study of
encapsulated Mu revealed the appearance of an oscillation
at t/=0.70(2) MHz below 270 K, signalling the presence
of an axially-symmetric hyperfine interaction that lifts the
Mu triplet degeneracy [4]. TF /iSR experiments showed
the formation of four (out of the possible five) [S] exohe-
dral muonatcd radicals with hyperfine parameters between
278.2 and 364.4 MHz, reflecting the varying degree of de-
localisation of the unpaired electron around the sites of Mu
addition (Fig. 2).

ALC measurements have followed the most intense res-
onance line atss1.02 T (MuC70 adducl D) [6] up to 450 K.
In contrast to C60, the line sharpens with increasing tem-
perature, persisting to 390 K when it disappears through
narrowing, as the rcorientationa] motions of the unique
molecular axes become fast enough on the critical timescale
(Fig. 3).

The temperature evolution of the anisotropic pan of the
H+-e~ hyperfine interaction was modelled using a tempera-
ture dependent order parameter, describing the orienutkmal
disorder of the unique axis. Such disorder sets in gradually
a t«160 K on the pSR timescale and a small anisotropy of
the motion persists across the transition to the foe phase.
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Two more resonances were also evident at higher fields
(ss 1.25 and % 1.30T). These were assigned to adducts C
and a superposition of A and B, respectively. The temper-
ature dependence of their principal component of the hy-
perfine tensor D|| is similar to what we have established for
adduct D. Of particular interest is adduct B whose principal
hyperfine axis makes an angle of w 54° with the rotation
axis and appears to undergo microscopic magic angle spin-
ning.

The ZF spectra of the muonatcd C 7 0 radicals were mea-
sured on heating between 12 and 225 K. Before the mea-
surements, the high-quality fee C 7 0 sample had been slowly
cooled from 350 K down to 220 K over a period of 12 hours.
At low temperatures, we observe four low-frequency oscil-
lations: one arises from Mu@C70 (»0.8 MHz) and three
from the intra-triplcl transitions of the fully anisotropic
muon-clcciron hypcrfinc interaction of MuC70 («1.3, Ä: 7.3,
and «8.6 MHz). They lie on top of a very fast relax-
ing component (A « 5 0 its'1), associated with Ihc singlct-
triplct high-frequency transitions. The temperature depen-
dence of the frequencies of the oscillating components is
shown in Pig. 4. The full hypcrfinc anisotropy is retained up
to as 175 K, implying an essentially frozen state for MuC70.
Dynamic averaging of the anisotropy is evident at 225 K
when the high-frequency components arc also clearly re-
solved. This is also reflected in the temperature dependence
of the dcpolarisation rates of Ihc hypcrfinc oscillations of
the radicals while the Mu lincwidth remains unchanged.

(iii) ťľso • 4C(;/lfi. Preliminary measurements were also
performed on solid Cr,0 intercalated with CfiH6. ALC mea-
surements show ihc presence of a resonance at ssl.2T, as-
signed to MuCfin- Quite unexpectedly, we find that the reso-
nance line sharpens with increasing temperature in contrast

Figure 2: The four MuC7n radicals presently observed.
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Figure 4: Temperature dependence of the low-frequency
oscillating components for C 7 0 in ZF.

to pristine C6o and in a similar fashion to C 7 0, revealing a
drastic change in the C 6 0 dynamics upon intercalation. This
result demonstrates the potential of the ALC technique in
providing detailed microscopic information about the rota-
tional dynamics of fullerencs and their derivatives. Finally,
we recorded ZF and TF (at 100G and 5 kG) spectra of this
intercalate. A striking result is the absence of formation of
cither endohcdral Mu@C6o or cyclohexadicnyl Mu radical.
The frequency spectrum at 300 K (5kG) is shown in Fig. 5.
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Figure 5: Fourier power spectra for Ihc C 6 n 4C6Hfi sample
at 300 K and SkG external field.
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Since the discovery of parity violation in the it - p - e
decay chain it is well known that negative muons (fi~)
implanted in graphite will preserve about 1/6 of the ini-
tial polarization when cascading down to the lowest Bohr
orbital (1 2S)/2) after capture by a C-atom [1]. The loss
of polarization during the cascade is well understood on
the basis of spin orbit coupling [2]. Since the ^C-nucleus
has zero spin no further depolarization takes place in the
ground state provided the electron shell is also in a zero to-
tal angular momentum state. Recent measurements by the
Stuttgart group at PSI have also shown that p~ implanted
in diamond display a residual polarization of about 1/6 of
its initial value [3].

Implanting polarized \i~ into the fullerene C60 (contain-
ing 10% C70) we made the very surprising observation that
practically no residual polarization was left in the ground
state. Fig. 1 shows a Fourier spectrum obtained from data
taken in pyrolytic graphite and Fig. 2 a spectrum in C60,
both for a transverse field of 100 mT and 300 K.
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Figure 1: Calibration in graphite at 100 mT. Fourier
power obtained from a /iSR histogram with negative muons
in a pyrolytic graphite sample for a transverse field of
100 mT. The fitted signal at 13.S MHz shows an ampli-
tude A = 4.3(2)% and no relaxation.

As can be seen there is a sizable /x~-precession sig-
nal in graphite (fitted asymmetry 4.3(2)%, no relaxation)
and essentially no signal in C60 (fitted asymmetry 0.9(4)%,
relaxation rate A « 0.5 us'1 - the spectrometer would
yield an asymmetry of « 24% for muons conserving (he
full polarization). Essentially the same result was obtained
at 12 K. This result seems to imply that the p~ in the
Is ground state is exposed to a strong hyperfine interaction,
since it is unlikely that the cascade is different from the one
in graphite. Two possibilities come to mind: (i) the formed
pseudo-atom with valence 3 remains in the C60 shell, but
a double bond to one of the C-neighbours is broken and a
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Figure 2: Fourier power for $i~ in a C60 sample (with 10%
C70) at 100 mT and 300 K. The 13.5 MHz signal is much
weaker than in graphite. A fit gives A = 0.9(4)% with a
relaxation A of approximately 0.S /is"1.

chemical radical is formed with the unpaired electron cou-
pling to the /i~, (ii) the formed pseudo-B atom is displaced
to the center of the remaining cage where the neutral pan-
magnetic "B" with an unpaired electron in the 2p-statc may
be rather stable. The remaining C59 shell may not be stable
but could rearrange as to form a C5 8 shell with one C-atom
expelled. Which possibility is realized is a question of en-
ergies. While the binding energy of a C-atom to Ceo is
of the order of 0.6 eV [4] the recoil energy transmitted to
muonic carbon in the 2p-Is muonk transition (75 keV) is
0.25 cV. The two energies arc so close that neither of the
two possibilities can be easily ruled out In both cases, /iSR
signals similar to those observed upon /i+ implantation arc
expected. Low transverse field (0.8 mT) measurements at
room temperature, however, did not reveal any sign of a
muonium or radical like precession pattern. This can be
seen from Fig. 3 in which again a Fourier transform of die
H~ SR signal in C60 , but this time at 0.8 mT, is shown. No
precession frequency is indicated up to 250 MHz.

In contrast Fig. 4 shows quite clearly the muonium and
muonic radical low field signal obtained from p+ in the
same sample, the combined asymmetry possessing a fined
value of 4.4(2)%.

The result implies that any long lived /i~ signal must
possess an asymmetry well below 1%. The more or less
complete loss of /t~ asymmetry is probably a result of rapid
electron spin relaxation (of the order of the hyperfme split-
ting frequency) or of the modulation of the hypcrfine in-
teraction due to the tumbling of the C60_„"B" molecule at
room temperature.
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Figure 3: Fourier power for negative muons in the C60

sample at 295 K and 0.8 mT. (Insert with the first 20 MHz
expanded.) No signal indicating the existence of a chemical
species with an unpaired electron coupling to the / i" is
visible.
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Figure 4: Calibration in Cr,n at 0.8 mT. Fourier power
for positive muons in the Cr>0 sample at 295 K and
0.8 itiT. The insert shows the first 20 MHz expanded. The
10.9 MHz signal (muonium + muonic radicals) is fitted with
A = 4.4(2)% and A = 2.0(1) / /s" 1 . A /<+ run at 10 mT
indicates A = .'!..1(l)% for uic //+ signal.

Inquiring more deeply one can ask what happens to the
sixth electron of the (Q/~)ls22s22p2 atom which may be
lost since the pscudo "boron" atom has only an effective
"nuclear" charge of +5. Since it is known that the electron
affinity of the Ceo molecule is quite strong it is conceiv-
able that this electron may remain attached to the C60_n"B"
molecule in an unpaired state and may thus interact strongly
with the other unpaired electron on the "B"-site without ac-
tually forming a spin singlet configuration.

Let us mention that it has been observed that a B atom
can substitute a carbon atom in fullcrenc cages like C59B or
C57B and produce so a substantial but localized distortion,
preserving the stability of the cage (51. Such structures
arc very interesting since their behaviour shows striking
similarities with that of deep acceptor impurities in semi-
conductors [6].
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Activated zeolites are catalysts able to promote the chem-
ical transformation of organic feedstocks to products of in-
dustrial relevance. Of particular importance is their role in
petroleum refining and in the conversion of low-molecular-
wcight organic materials, e.g. nicthanol, into hydrocarbon
mixtures in the "gasoline" range. The latter is dubbed the
"methanol-to-gasolinc" (MTG) process and is catalysed by
the zeolite H-ZSM-5. It is therefore significant that recent
work has demonstrated the inlermediacy of free radicals
by spin-trapping and it is proposed that the mechanistically
enigmatic formation of the initial C-C bond in MTG con-
version is due to the coupling of surface-generated radicals.

Almost nothing, however, is known about the proper-
ties of neutral radicals in zeolites, mainly because these
react rapidly at temperatures of catalytic relevance and are
not readily detected. As we have demonstrated [1,2], the
transversc-ficld-iiSR approach is uniquely successful in this
regard, and very high quality spectra of a number of rad-
icals in both NaX and Na-mordenitc zeolites may be ob-
tained up to 360 K. We have succeeded in observing radi-
cals from benzene, cyclopcntcne, tctramethylcthcne (TME)
and 2,3-dimcthylbuta-l,3-dicne (DMBD) in silica, NaX and
Na-mordcnitc, a representative spectrum being shown in
Fig. 1. So far we have obtained spectra over a range of tem-
peratures for cyclopentcne- and benzene-muonium adducts.
The data accord with the view that the surface mobilities of
radicals vary with the number of jr-elcctrons: the benzene
adduct (cyclohexadienyl) yielded an activation energy Ea

of 42 kJ/mol, while that from cyclopentene (cyclopentyl)
moved more freely with Ea being 23 kJ/rnoI. As the Table
shows, the yields of radicals vary between different cata-
lysts for the same sample loading of each substrate.

From our comparison of measurements made at 300 K
(Table), some general features emerge regarding the mo-
bilities of the different radicals in the three solid media.
For cyclohexadicnyl (benzene adduct), the surface motion
as judged from the linewidths was freest on silica, but was
considerably restricted in both X and mordenite. In the
cases of TME and DMBD the adducts were both freely
mobile in all three media. This may well relate to their
sterically hindered nature and low polarisability.

As far as we can decide, surface coverage has little in-
fluence on mobility in all the cases studied thus far. It is
clear also that the hyperfinc coupling constants are in gen-
eral not influenced by the nature of the medium - this is
true even for the polarisable cyclohexadienyl radical whose
broad lines show reduced mobility and imply a strong elec-
trostatic surface interaction. The spin distribution is appar-
ently not affected by this.

TME/ Na-X 300K 2000G Adwped EXPONENTIAL FIlTERWG, 1.00

70 80 90

FREQUENCY (MHZ)

Figure 1: TF/i-SR spectrum recorded at 300 K from the
TME-Mu adduct in NaX zeolite.

Table 1: Hyperfine frequencies, linewidths and relative rad-
ical yields for different substrates on different catalysts, as
measured at 300 K.

Ap X Relative
Substrate Catalyst (MHz) J/xs"1) Yield*

TME

DMBD

Benzene

Cyclo-
peniene

SiO2

Mordenite
X
SiO2

Mordenite
X
S1O2
Mordenite
X
SK>2
Mordenite
X

161.03
161.20
161.09
195.07
195.31
194.88
514.33
513.79
513.83
372.00
368.05
371.83

1.04
1.07
1.33
0.83
0.42
0.59
2.98
8.37
7.32
3.44
6.00
3.18

2.56
1.65
1.67
2.49
1.00
2.02
2.10
1.37
1.48
1.08
1.06
1.11

a) normalised to DMBD/mordeniie to show clearly differ-
ences in relative yields.
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The diffusion and desorption dynamics of adsorbed rc-
actants, intermediates and products is of key importance
Tor the functioning of processes in heterogeneous catalysis
since they determine not only the turnover frequency but of-
ten also the balance between unimolccular and bimolccular
transformations. Several excellent techniques arc available
for investigations of clean and well-defined single crystal
surfaces. While such studies arc of grcat importance for a
detailed understanding at fundamental questions it is at the
same lime true thai catalysts of practical importance arc
never clean and well-defined in the same sense, and that
catalytic activity is even often related in an essential way
to impurities and defects in the active material. Nuclear
magnetic resonance and infrared spectroscopy arc suited
to study the interaction of stable molecules with such sur-
faces. Short-lived intermediates arc much more elusive, in
particular under conditions of catalytic activity where they
arc mobile and react away on encountering other reactive
species. For large-surface area materials and in particu-
lar also at ambient or elevated temperatures, the avoided-
lcvcl-crossing muon spin resonance (ALC-//SR) technique
is a unique method to study the structure and dynamics of
adsorbed organic intermediates |1,2].

Central to our work was the investigation of the mo-
bility of cyclohcxadicny! radicals adsorbed on the surface
of silica. Translational diffusion coefficients were obtained
from the analysis of line-width effects as a consequence of
the partial averaging of the muon-clcctron hypcrfinc inter-
action when Ihc radical moves on the surface of the small
spherical silica grains. In the previous year, we studied the
mobility as a function of surface coverage with benzene
and found that diffusion coefficients increased wilh increas-
ing coverage. This year, the study was extended to sub-
stituted cyclohcxadienyl radicals derived from mcsitylcne,
CfiH3(CH3)3, in place of benzene. Figure 1 displays sam-
ple spectra which show the three characteristic resonances.
They arc seen to broaden significantly with decreasing tem-
perature. The diffusion coefficient extracted for 348 K is
1.05x 10~ ln m2 s~', which is a factor of 2.5 lower than for
the unsubstitutcd radical under comparable conditions. It is
represented well by I) = /J0cxp(-/io / /?T), an Arrhcnius
rate law, with parameters given in Table 1.

While the frequency factors arc similar for the two sys-
tems, there is a significant difference in the activation en-
ergies. Methyl substitution leads to a larger value of the
molecular polarizability and thus to higher van dcr Waals
interaction with the surface. The tighter binding to the sur-
face slows down diffusion.

The study is being extended to porous alumino-silicaics.

1.00

0.98

387 K

1.00H

1.8
B [Tesla]

Figure I: AM=0 ALC-/1SR resonances of Ihc trimcthyi-
cyclohcxadicnyl radical adsorbed on the surface of silica
(Cab-O-Sil EHS) in a monolayer of mcsitylenc at four tem-
peratures.

First, results wcic obtained with benzene in NaZSM-5. This
zeolite has a three-dimensional network of slightly ellypti-
cal channels which can just accommodate benzene molecules
(Figure 2). In its cation-exchanged form, as HZSM-5, k
is used for large-scale synthetic gasoline production from

adsorbatc
m2s~' kJmól-1

C6H3(CH3)3Mu
C6H6Mu

(l.l±\l) x 10
(S.2±°•&) x 10-9

12.6±1.4
8.6±0.2

Tablet
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Figure 2: Structure of ZSM-S zeolite. A benzene molecule
is drawn roughly on scale in one of the channels to illustrate
the available space for reorientational motion.

methanol. The major advantage of this zeolite over Fischer-
Tropsch type catalysts lies in the distribution of chain lengths
in the product. For HZSM-5 this is in the gasoline range,
whereas the others give considerable fractions of heavy oil,
waxes and oxygenates.

Figure 3 shows the ALC-pSR spectrum obtained with
a benzene-loaded NaZSM-5 zeolite at 344 K. Of particular
interest is the resonance of selection rule |AM| = 1. It
is a sensitive indicator of anisotropic conditions on a time
scale given by the inverse hyperfine anisotropy, which is
here of the order of 30 ns. It is averaged out completely by
fast isotropic reorientation for example in the liquid phase.
For the same radical on silica this line was present only
below room temperature for very low coverages. Its mere
presence in the zeolite at temperatures up to 420 K proves
anisotropic conditions. Its reduced intensity and width com-
pared with prediction for the static case demonstrates that
the hyperfine interaction is partly averaged and thus that the
radical is still mobile to a certain extent. Judging from the
shape of the zeolite channels it appears plausible that there
is no isotropic motion. Indeed, when the experiment is re-
peated with benzene in a faujasite which has near-spherical
supcrcages of ca. 13 Ä diameter the resonance disappears
suddenly when the temperature is raised above 27S K, indi-
cating a phase transition of the aggregate of 3 to 6 benzene
molecules in each of these cages. This onset of bulk be-
haviour of small clusters, and the guest-host interaction of
molecules in zeolites, are phenomena of high current inter-
est and will be investigated further.

17000 10000 19000 20000 21000 29000 30000
Field (CBUSI)

Figure 3: A L C / J S R resonances of the cyclohexadienyl rad-
ical in a ZSM-S zeolite at 344 K. For the A A/ = 0 lines, the
arrows indicate the proton which is involved in a resonance.
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The study of the radiation-induced chemistry of iodine-
containing species in the aqueous phase has been stimulated
by the recognized safety hazard of radioactive iodine release
following a nuclear reactor accident. Experimental data
which arc needed for modelling of retention and spreading
scenarios arc incomplete, and where they arc available lherc
is often a large scatter of the values in literature. For the
reaction of hydrogen atoms with iodide the values range
from 1 x 106 M - ' s - 1 to > \ x 108 M-'s" 1 , which in-
dicates that the reaction mechanism is more complex than
has been assumed, and that the different techniques do not
measure the same thing. From a recent careful rcinvesti-
gation of this reaction it was concluded that a quantitative
understanding of the process is not possible at this time [ 1 ].
Kinetic isotope effects provide additional mechanistic infor-
mation. For this reason, and since spin polarized muonium
is sensitive only to the first step of a complex chemical re-
action and the rate constant therefore unaffected by possible
back-reactions, we measured the reaction which according
to literature is 11):

Mu + r ^ MnX~ (I)

In a chemical sense, the muonium atom (Mu= (t+r.~) is
a light isotope of hydrogen with a mass of one-ninth the
mass of H. This large mass ratio often leads to kinetic iso-
tope effects of up to two orders of magnitude and more in
both directions, depending on the reaction mechanism. Mu
is normally found to be the faster isotope in rapid exother-
mic addition reactions where tunnelling through the energy
barrier favours the lower mass, whereas Mu is slower in
activated reactions where the zero-point vibrational energy
in the transition state dominates the isotope effect [2].

Figure 1 compares the results of our measurements with
those for the reaction of the heavier isotope H as determined
recently by Bands and Mczyk [1]. The rate constant k for
the forward reaction at 298 K and the corresponding Ar-
rhenius parameters A and Ea arc:

IM-'s"1]
\oR(A/M- r)

[kJ-M-'l
H:
Mu:

(2.8±0.4) x 10*
(5.4±0.2) x 107

8.7±0.8
6.7±0.2

1.8±4.6
-5.5±0.3

High level ab-initio quantum chemical calculations [3]
predict a very shallow potential for the bound slate of
Hl~ and essentially no activation for the combination re-
action of H with 1". From this one would expect a dif-
fusion controlled rate constant which is of the order of
10 ln M-'s" 1 , and an activation energy of diffusion which
is ca. 17 kJ-mo)-' in water. Instead, the rate constants
found arc two orders of magnitude lower, even though the
activation energy is compatible with zero for the reaction of

3.0 3.2 3.4
1000 K / T

3.6

Figure 1: Arrhcnius plot of the rate constants for chemical
reaction of the hydrogen isotopes H and Mu with iodide.

H and clearly negative for that of Mu. The kinetic isotope
effect favours H by a factor of five at room temperature.

The situation is unusual for an elementary process in the
condensed phase. Negative activation energies arc found
for non-activated reactions in the gas phase under condi-
tions where the high pressure limit has not been reached.
It is currently being investigated whether a similar effect
could occur in aqueous solution when the reaction energy
of the ncar-sphcrical Mul~ is difficult to dissipate. An
alternative explanation considered involves curve crossing
effects along the reaction coordinate.
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Introduction

The reactions of alkyl radicals with molecular oxygen are
important elementary steps in complex oxidation processes
such as photochemical degradation of atmospheric pollu-
tants and combustion. Although gas phase reactions have
received considerable attention over the last decade [1] [2],
the mechanisms beyond the initial steps of radical formation
under atmospheric conditions arc poorly understood. Accu-
rate kinetic parameters are necessary for an understanding
of the detailed balance of the many interrelated reactions.
The ethyl radical was chooscn as a model system for the
present study. Its reaction with oxygen can be represented
by the four elemetary steps:

CH2MuČH2 + Oi -ii* CH2MuCH2OÔ' (1)

CH2MuCH2OÓ* -^- CH2MuÔH2 (2)

CH2MuCH2OÔ* + M -^ CH2MuCH2OÔ+M (3)

CH2MuCH2O& - ^ CH2CHMu + HÔ2 (4)

The ethyl radical reacts with oxygen to give an excited per-
oxy radical (1). This is not stable and decays through the
channels (2) and (4) back to the reactants or to new prod-
ucts. Special attention should be given to equation (3). By
collisions with moderator molecules (M) the peroxy radical
can transfer its excess energy to M and reach the ground
state. The rate of this process depends on the concentra-
tion of M, therefore the rate of the reaction between ethyl
radicals and oxygen is pressure dependent In the case that
reaction (3) is much slower than the others (low pressure
limit) the rate constant is proportional to the total pressure,
when it is much faster (high pressure limit), the pressure
dependence vanishes.

Besides chemical reaction, Heiscnbcrg Spin Exchange
(HSE) occurs as a consequence of the paramagnetic nature
of the two reaction partners.

The total muon relaxation is described by the pheno-
menological equation:

(5)

with
A = Xo + kch[O2] +

1 +

Bo is the characteristic field of the muon-electron interac-
tion. For the elbyl radical it is between 10.7 and 12.1 mT in

the temperature range of our experiment. B represents the
external field, kch and k,t arc the rate constants for chemi-
cal reaction and HSE, [O2] is the concentration of oxygen.
AQ is field-dependent and represents the intrinsic relaxation
of the muon in the ethyl radical in the absence of oxygen
[3].

Experimental

The reaction was investigated in ethylcnc/oxygcn mixtures
with oxygen concentrations up to 2 0 x l 0 1 6 molcc/cm3 at a
total pressure of 1.5 bar via time-resolved longitudinal field
fiSK at magnetic fields of 0.2, 0.3, 0.S, 0.7 and 1.0 T. The
temperatures were 259, 311,3S7 and 42S K.

Results and Discussion

Figure 1 displays a typical scries of time differential spec-
tra, obtained with different oxygen concentrations but at the
same field and temperature. The relaxation rate increases
linearly with the oxygen concentration. In the presence of
oxygen the muon polarisation does not go to zero. Instead,
a diamagnetic fraction arises (product of the chemical re-
action) which retains polarisation. Both relaxation rate and
asymmetry, which arc functions of the oxygen concentra-
tion, were used to calculate the rate constants for chemical
reaction and for spin exchange (equation S).

Figure 2 illustrates the temperature dependence of kct,
and gives a comparison with other experimental data and
theoretical calculations. krh decreases with increasing tem-
perature whereas the collision rate increases. This, and
the fact that the rate constant for collisons is consider-
ably higher than kch, indicates that the reaction cannot be
diffusion-controlled.

Theoretical calculations based on an RRKM extrapola-
tion of low pressure data were done by Wagner et al. [4]
to obtain the temperature and pressure dependence of the
reaction CH3ČH2 + O2. These authors ascribe the fact
that the rate constant is far below the high pressure limit
to a very soft interaction potential between the radical cen-
tre and the oxygen molecule. The /iSR data confirm the
theoretical calculations only qualitatively. Our values arc
slightly higher but show the same trend as the data deter-
mined by Munk ct al. [5] at a pressure of 1 atm [6].

The influence of spin exchange on the muon h quenched
at high fields. At lower fields, where the effect is stranger,
the error bars arc too large [6]. To get an accurate rate
constant for spin exchange, it is necessary to choose a sys-
tem where the intrinsic relaxation Ao is lower than for the
present one. This is the case for the ethyl radical at much
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Figure 1: Time differential spectra measured with different
oxygen concentrations at a total pressure of 1.5 bar, a mag-
netic field of 0.7 T and a temperature of 425 K. The values
of the oxygen concentration arc in units of 1016molec/cm3.

higher pressures than the 1.5 bar used, or for radicals with
higher moments of inertia, for example the teri-buly] radical
or the cyclohexadienyl radical.
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Figure 2: Arrhcnius plot of the rate constant for chemical
reaction of the ethyl radical with oxygen:
— collision limit, Wagner ct al. [4]
— theory (high pressure limit)
---theory (1 atm) [4]
Q present ftSH. data (1.5 bar, the error bars arc smaller

than the symbols)
o experimental data by Munk el al. (1 aim) [5]
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We report here on the first measurements of the positive-
muon (/i+) spin depolarization in liquid 3He. The relax-
ation of ft+ and muonium (Mu=/i+e") precession has been
studied in transverse, longitudinal, and zero magnetic fields
in the temperature range 0.S-2.SK. The results are dis-
cussed in terms of two different depolarization mechanisms:
"recombinationaľ depolarization (i.e. slow muonium for-
mation) and magnetic relaxation due to the 3He nuclear
magnetic moments.

pSR studies of liquid 4He [1,2,3,4] have shown that
the muon relaxation is due to slow muonium formation:
ft+ +e~ —»Mu. Observation of free Mu precession at tem-
peratures below 1 K [3] confirmed this hypothesis, proposed
in [1]. As to liquid 3He, its kinetic properties (viscosity,
self-diffusion coefficient, charge mobility) in the viscous
state are similar to those of normal 4He. Moreover, 3He
has a nuclear magnetic moment which can cause additional
magnetic relaxation.

The experiments were carried out using the GPS surface-
muon facility instrument [5] equipped with a 3He evapora-
tion refrigerator, allowing us to use temperatures down to
0.5 K. The liquid targets were held in a 20 mm dia., 9 mm
long Cu cell with a 0.1 mm thick, gold-plated Kapton en-
trance window [3,4].

Figure 1 shows the /i+-spin relaxation rate A in pure
3He, normal 4He, and a mixture of 4He+0.2% 3He as a
function of an external electric field E, measured in a trans-
verse magnetic field #=100Oc. The direction of E co-
incides with the direction of the initial muon momentum
P,.-

The distribution of recombining muon-electron pairs is
known to be anisotropic [6]: the maximum muon density is
shifted in the direction of p,, with respect to the e". Hence
an electric field of the given direction reduces the attrac-
tion between /i+ and e~, leading to complete suppression
of recombination when E exceeds the Coulomb field e/r2

(r is the distance between fi+ and e~). In pure 4He and
in the diluted mixture, where A is determined entirely by
recombination (4He nuclear spin 5=0) , the relaxation be-
comes negligible for E > 200 V/cm. In contrast, A in pure
3He approaches an asymptotic value and remains constant
up to 1 kV/cm.

The origin of this residual relaxation may be identified
in longitudinal-field experiments. A magnetic field has ob-
viously no effect on recombination but strongly influences
the dipolar relaxation. The longitudinal relaxation rate A||

is shown as a function of magnetic field in Fig. 2. For
E=l kV/cm A|| goes to zero at H> 20Oe but levels off
at A|| =0.021(2) /is"1 for E=0. This behaviour is typical
of relaxation due to magnetic interaction, i.e. local mag-
netic fields at the muon site. Hence, two different mecha-
nisms contribute to the p + depolarization: recombination,
which is suppressed by electric fields, and spin-spin mag-
netic relaxation, which is important in transverse and low
longitudinal magnetic fields.

Clearly, the magnetic relaxation is associated with the
nuclear magnetic moment of 3Hc. In a liquid we expect
motional averaging of the dipóle fields. For rapid motion,
the longitudinal relaxation rate A|| is given by [7]

which holds in the dynamic limit 7 M / / I O C T C < 1 . Fitting
Eq. (1) to the measured \\\{H) gives rc = 1.5(2)/is and
ffioc= 1.14(6)Oe. y„ = 8.516 108 r a d s " 1 ^ 1 is the gy-
romagnetic ratio of the- muon.

The value of H^ is in satisfactory agreement with the
expected value of the 3He nuclear dipóle field at á distance
of ~ 3 Á. Also, rc is consistent with typical diffusion times
in solid 3Hc [8]. Hence, direct exchange of 3He atoms

• - 3He. 2.5 K

a - 4He. 2.24 K

o - 4He+0.2!S3He, 2.45 K

Electric fidi [V/cm]

Figure 1: Electric-field dependence of die trans-
verse /x+-spin relaxation rate Ax in 3Hc, 4He, and
4He+0.2%3He, measured in a magnetic field // = 100Oc
at the temperatures indicated.
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Figure 2: Magnetic-field dependence of the longitudinal
/i+-spin relaxation rate AJJ in 3Hc, measured at T=2.5K
in zero electric field (open circles) and with E = 1 kV/cm
(full circles). The solid lines arc fits to Eq. (1) (with an
additive constant for K= 1 kV/cm).

inside the solid 'snowball' around the muon seems to be
responsible for the observed rc.

As to the rccombinational depolarization, the transverse
relaxation data in Fig. 1 show that recombination results in
a relaxation rate Ax = 0.042(3)(is~] corresponding to the
difference \E=O - ^K=ikv/cm- fr°r purely rccombinational
depolarization the /i+-spin relaxation function R(l) is given
by

rt
(2)«(<)= \-C f n(l')dľ,

Ja
where n(t)dt denotes the number of muons rccombining in
(he time interval dt, C=l for high transverse fields, and
C = 1/2 in longitudinal fields (during Mu formation the //+
conserve 1/2 of their longitudinal polarization).

For low relaxation rates we have /ř(í) = exp(—Aí) ~
1 - A/, so that A ~ -(dll(i)/dt). By Eq. (2), dR(t)Jdi =
-?)(/) in transverse field and dlt(l)/dt. = -0.5 n(l) in lon-
gitudinal field. Ttius, Ax = (»(<)) a n d A||=0.5{n(ť)). The
ratio of these is exactly 2, corroborating the presence of
slow Mu formation, and one has for the average recombi-
nation rate {«(<))=0.042(3)//s~'. Eq. (2) is valid for arbi-
trary low fields only if the Mu fraction docs not depolarize.
We have found that the Mu relaxation rale docs not exceed
0.01 fis~', independent of the He isotope composition.

According to timc-of-flight measurements [9], the total
charged-particlc mobility />+ + 6_, governing the recombi-
nation rate of /i+ and e~, increases by a factor of 1.35 on
going from 0.5 to 2.S K, and this should affect the temper-
ature dependence of the transverse muon relaxation rate.
Figure 3 shows Ax(V') for E=0 and /;=IkV/cm. The
electric field suppresses the depolarization significantly in
the entire temperature range. In zero electric field Ax in-
creases with increasing T. Although also the magnetic part
of the relaxation varies slightly with T, the main contribu-
tion to the temperature dependence is clearly due to the vari-
ation of the charge mobility. The expected 7'-dcpendcnce
of Ax (dashed line in Fig. 3) calculated from mobility data
after subtraction of the magnetic contribution (i.e. A values
at E = 1 kV/cm) is in excellent agreement with the experi-
ment.

In conclusion, our experiments show that two different
mechanisms arc responsible for the //+ depolarization in

'•S 0.04-

expectation from
charge mobility

E-0
e=1kV/cm

2.0 2.5
Temperature [K]

Figure 3: Temperature dependence of the transverse
//+-spin relaxation rale Ax in 3Hc, measured at // = 1000c
in zero electric field (open circles) and with E=\kV/cm
(full circles).

liquid 3Hc: slow Mu formation and magnetic relaxation.
The suppression of Mu formation in electric fields made
it possible to reveal and directly investigate the magnetic
contribution to the depolarization. The process of Mu for-
mation is well described in terms of viscous motion of /i+

and rr. The understanding of the mechanism of magnetic
interaction requires further experiments and a more com-
plex theoretical treatment
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One of the basic questions in nuclear physics deals with
the nature of the two-nuclcon (2N) interaction. While QCD
can not yet be solved in the nonpcrturbaiivc regime required
for an answer, meson theory has achieved some maturity
and provides realistic 2N-forccs, which arc able to describe
very well the great amount of 2N data. It is now of interest
to sec whether these forces provide a correct description of
the systems, where more than two nucIcons interact The
simplest one, the thrcc-nuclcon system (3N) has always
been considered as an ideal testing ground for our under-
standing of the 2N-inicractions in the presence of other
nuclcons. Assuming 2N forces only, the Hamiltonian for
the 3N system is fixed. Docs it describe the experimental
3N obscrvablcs? Is it necessary to introduce additionally
genuine 3N forces in the dynamics of the 3N system? With
the most recent supercomputers the 3N Faddccv equations
can be solved in a numerically rigorous way for any lo-
cal or nonlocal 2N interaction |1,2|. Therefore, the meson-
exchange dynamics in nuclcon-nuclcon forces can be tested
reliably in the 3N system by comparing the calculations
with precise experimental data. The aim of the reported
experiment is to provide accurate 3N obscrvablcs in those
kincmatical regions in the continuum where, according to
model calculations, the 3N force effects arc enhanced and,
simultaneously, the sensitivity to details of the 2N potential
is wcak[3J.

In the first phase of the experiment kincmatically com-
plete cross sections and analyzing powers Ay were mea-
sured in four collincar configurations |4,51. The second
phase was devoted to a measurement of three star configura-
tions: symmetric space star SSS (0u0?,<t>rl) = (M°,M",
120°), symmetric forward plane star FPS (:!.r>°, :550,180")
and symmetric backward plane star BPS (75°, 75°, 180°).

The experiment was carried out in the NE-C arcal us-
ing the polarized proton beam from the Philips injector cy-
clotron. The beam with an energy of 65 McV, a polarization
of | / ' j , | w 0.8 and an intensity of about 250 nA was focused
on a deuterium gas target cooled down to 77 K. The beam
polarization was continuously monitored in a transmission
polarimctcr by observing the asymmetry in ;7+1 2C clas-
tic scattering at 45.8° with a pair of Nal(Tl) scintillation
detectors. The polarization was reversed every second by
switching the radio frequency transitions at the ion source.
Eight plastic scintillalor (NE102) AH - K telescopes were
used to detect charged reaction products from the D(p, pp)n
reaction. To reduce systematic errors they were arranged
symmetrically on both sides of the beam axis. The thickness
of AE detectors varied from 0.2 mm to 2 mm. Standard
electronics and an on-line data aquisilion system acquired

the coincidences between each two telescopes and, simul-
taneously, single events with a rate reduced by a factor of
1000. The break-up cross sections were determined from
the spectra of coincidences and normalized to the p+D clas-
tic scattering cross section extracted from single spectra.
The amount of accidentals was extracted from the timc-of-
flight information measured with respect to the RF-signal
of the cyclotron. The coincidence width was chosen such
that events from two subsequent beam burst were accepted.

Data taking is now completed and about 1/3 of the
events have been evaluated. A comparison of the exper-
imental cross sections and the analyzing powers Ay with
calculated obscrvablcs is presented in Fig. 1-3. The calcu-
lations including four realistic potentials (BONN-B, PARIS,
AV14 and NUMEGEN) were performed using the SX3
computer in the CSCS at Manno f6J. It can be noticed
that the overall qualitative agreement is very good. The
existing discrepancies arc of the order of few percent and
arc comparable with the variations of theoretical calcula-
tions due to different 2N potentials used in the Faddccv
equations.
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Figure 1: Cross section and analyzing power for the sym-
metric space star (SSS) configuration (54°, 54°, 120°) plot-
ted as a function of the arc-length of the kinematical curve.
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Figure 3: Same as Fig. 1 but for the symmetric backward
plane star (BPS) configuration (75°, 75°, 180°).
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Figure 2: Same as Fig. 1 but for the symmetric forward
plane star (FPS) configuration (35°, 35°, 180°).
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1 Introduction
Recent detailed analyses of Hie charged weak current hclic-
ity structure indicate that the hypothesis of maximal parity
violation of clcctrowcak interactions is not fully supported
at present by precise measurements of pscudoscalar quanti-
ties in nuclear /?-dccay U). This conclusion is at variance
with those drawn from pure leptonic or hadronic processes.

We proposed to measure the ratio R. = Pjj/ľp between
Ihc polarizations of positrons emitted antiparallcl and par-
allel to the spin of decaying polarized 12/V. In our experi-
mental conditions any deviation of ft from /in = 0.998-1(6)
would indicate a failure of maximal parity violation in /?-
decay. The precision aim on ft in the first phase of this
experiment is All = 0.01 corresponding to the size of the
observed deviations. Our relative measurement is expected
to avoid some of the problems inherent to the absolute mea-
surements which reported Ihc anomalies.

In our last production run we effectively succcdcd to
achieve a statistical precision of less than 1% on It The
impact of systematic effects is still under evaluation.

2 Experimental Procedure
The polarization of the positrons emitted in the {2N decay
[r = 15.9(1) ms, EmaT = 16.3 McV] is analyzed with
Ihc technique of lime resolved spectroscopy of hypcrfinc
nositronium IPs'* drcav

1 —

positronium (Ps) decay.

The experimental setup is sketched in Figure 1. The
1 2 N activity is produced through the l 2 C ( p » 1 2 / V polar-
ization transfer reaction initiated by 50 McV transversely
polarized protons. The production target consists of a stack
of 82 layers of aluminium backed carbon foils (97 tig f cm2

C + 500 (ig/cm2Al). It is located in the centre of a
Hclmhollz pair which provides a magnetic field of 0.49 T
parallel to the proton spin direction for the alignment of
the nuclear spin. This coil pair is also the first element
of the ^-spectrometer mounted perpendicular to the pro-
ion beam line. The i2N decay positrons arc focused into
the polarimclcr by two additional lenses. The acceptance
of the spcctromcter/polarimctcr system is about 6 x 10~3.
The mean selected momentum is 8.0 MeV/c with a mo-
mentum resolution Ap/p « 0.17. The focused positrons
arc first slowed down in a 5 mm C degrader -which also
absorbs remaining low energy electrons- before crossing
the 0.5 mm thick plastic AE scintiliator detector provid-
ing the start signal for the time interval measurement. They
arc then brought to rest in a MgO powder with a density of
1.2 g/cm3 where they form positronium with an efficiency
greater than 18%. The annihilation photons arc detected
with an efficiency of about 40% by six 037 x 60 mm2

hexagonal BaF2 scintillaton detectors surrounding the pow-
der and providing the stop signal. The powder housing and
the photon detectors arc located inside the warm bore of a
superconducting solenoid. The magnetic field on axis and
at the center of the powder is 0.90T.

Figure 1: Experimental Setup.
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The measurement sequence consists of a 24 ms target
activation followed by a 20 ms measuring interval during
which the proton beam is deflected at the ion-source. This
sequence is repeated 10 times before reversing the sign of
the proton beam polarization. During the measuring period,
the time interval between the plastic A E and the first pho-
ton signal appearing in the coincidence window is recorded
in three separate time slices after the beam deflection, al-
lowing the control of rate dependent time shifts.

With a continuous beam current of 2.5 p A the average
/?7 coincidences rate during the measuring interval was ~
15*://;.

3 Results

The events accepted in the construction of the Ps decay
spectrum are fly coincidences in a time window between
4 and 20 ms after the end of the activation period. No
new conversion was allowed when a second photon signal
followed a first one within less than 1 /<«. After correction
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Figure 2: Asymmetry of coincidence events within the mea-
suring interval.

for dead-time, the asymmetry of the accepted events was
0.1531(3) for a (75.4 ± 0.3)% polarized proton beam. Fig-
ure 2 shows the improvement achieved at a beam energy
of 50 MeV compared to 72 MeV. According to previous
studies [2] this improvement is due to a reduction of the
unpolarized background produced by the contaminant re-
action 12C(p,an)8/? which gives an activity which cannot
be separtated by momentum selection. The proportion of
Ihc *B activity relative to nN increases as a function of
time reducing the asymmetry.

The effective analyzing power e was estimated to be
about 0.06. Figure 3 shows the ratio of two Ps decay
spectra taken for two opposite directions of the magnetic
field and normalized to the triplet population. The same de-
tection efficiency of triplet events was assumed for the two
field directions. The maximum deviation from unity around
8.5 ns leads to a lower limit on cPp « Í > 0.035. Fits to
the data, including the response function of the polarimctcr,
give values between 0.055 and 0.060.

The ratio R may be deduced from the normalized pscu-
dotriplet populations of Ps decay spectra measured fot two
opposite directions of the proton beam polarization. Dur-
ing the last production run we collected more than 3 x 107

pseudotriplct events for each spin direction which give a
statistical precision better than 1% on R, Figure 4 shows a

0.92 •

-20 0 20 40 60 80 100 120
TIME (ns)

Figure 3: Ratio between Ps decay spectra taken for two
opposite directions of the magnetic field.

time spectrum taken with Ihc MgO powder after subtrac-
tion of the main accidentals contribution and of the triplet
component The spectrum obtained with a Be block, where
no Px is formed, allows to determine the shape of the re-
sponse function.

le+00

le-01

-10 10 20 30
TIME (ns)

Figure 4: Positron annihilation spectra obtained with MgO
powder and with a Be block.

Systematic time shifts related to the 35% variation of
the coincidence rate following the nuclear spin flip are well
under control. Their effect on R is reduced by combining
data taken for two opposite directions of the magnetic fields.

The data are being analyzed by a fitting procedure, as-
suming Ihc time spectra result from a sum of exponentials
convoluted with (he response function of the polarimctcr.
The impact of other systematic effects is still under evalu-
ation, in particular that of possible shape differences in the
response functions for the two spin directions.
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Direct measurements of L- and M-shcll ionization prob-
abilities resulting from the bombardment at nearly zero im-
pact paramclcr of mid-Z atoms by energetic light ions arc
very difficult to carry out. We have proposed recently a
new method in which these probabilities were deduced in-
directly from the measured relative yields of the KL and
KM x-ray satellites |1,2|. That novel technique was then
used to determine the L- and M-shcll ionization probabili-
ties of Zirconium (Z=40), Molybdenum (Z=42), Palladium
(Z=46) and Praseodymium (Z=59) targets bombarded by
28 MeV, 40 McV, 65 McV and 100 McV 4Hc ions. The
measurements were performed at the Paul Schcrrcr Institute
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Figure I: High-resolution crystal spectrometer
trum of Zr induced by 6.5 McV/amu 1Hc ions.
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Figure 3: Experimental and calculated ionizalkm proba-
bilities for M-shcll (J>M) in near-central collisions of He
ions with Zr target atoms. The dotted line represents re-
sults of SCA-HYD calculations, the solid line those of the
SCA-DHF ones.

variable-energy cyclotron in Villigcn, Switzerland. The K
x-rays were measured with an in-bcam bent transmission
crystal spectrometer [3]. Only the results obtained for Zr
arc presented here. The 28 McV 4Hc-induccd A*̂ 13 and
Kg2 x-ray spectra arc shown in fig I and fig 2. The ob-
served A/1 and A1 satellite structures of the Ka and K p
spectra were simultaneously analyzed by means of theoreti-
cal line profiles based on MCDF calculations [4]. From the
fitted intensities one can easily deduce the hole distribution
at the moment of the x-ray emission. Competitive pro-
cesses, like Auger, Costcr-Kronig and radiative transitions
were taken into account by a statistical scaling procedure
15] to calculate the primary vacancy distribution. The latter
can be approximated by the binomial law with a single pa-
rameter pi resp PM, the average ionization probability per
L- resp M-shcll electron. The obtained results are:

Energy
28 McV
40 McV
65 McV

100 MeV

PL
0.0089(11)
0.0060(15)
O.OO42( 8)
0.0037( 4)

PM
0.0124(21)
0.0087(20)
0.0089(15)
0.0067(10)

Figure 2: High-resolution crystal spectrometer K^ spec-
trum of Zr induced by 6.5 McV/amu 4Hc ions.
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Figuře 4: Experimental and calculated ionization proba-
bilities for L-shell (pt) in near-central collisions of He
ions with Zr target atoms. The dotted line represents re-
sults of SCA-HYD calculations, the solid line those of the
SCA-DHF ones.

A comparison of the experimental ionization probabili-
ties with predictions given by the SCA model using screened
rclativistic hydrogenic wave functions for the bound elec-
tron states [6] (SCA- HYD) was not satisfactory. The calcu-
lations were therefore performed using Dirac-Hartree-Fock
wave functions [7] (SCA-DHF), which resulted in a bet-
ter agreement with the experimental values for both L- and
M-shells (fig 3 and fig 4).
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The response of Superheated Superconducting Granules
(SSG) devices to nuclear recoils has been explored irradi-
ating SSG detectors with a 70McV neutron beam. The
neutron beam was generated by irradiating a Be target with
72McV protons from the Injector I at PSI. The experiment
is pan of a feasibility study of SSG devices for weakly
interacting massive particle (WIMP) detection via clastic
neutral scattering with nuclei. The detection principle is
based on the phase transition from the mctastablc to (he
normal conducting state of a single granule due to a rise in
temperature induced by the deposited energy of the recoil-
ing nucleus 111. Typical nuclear recoil energies of WIMPS
with a mass of lflOGcV arc about lOkcV, depending on the
detector material, and can be simulated by clastic scattering
of nonthcrmal neutrons.

We tested the response of Sn, Al and Zn SSG detectors to
recoil energies down to lkcV. The SSG detectors consisted
of a hollow teflon cylinder (4mm inner diameter and 8mm
inner length) filled with superconducting granules. The Sn
detectors consisted of ~ 5 - 10s granules of 15-20/im di-

ameter, the Al detectors of ~ 1 • 106 granules of 20-25/fm
diameter and the Zn detectors of ~ 1 • 106 granules of 28-
30/im diameter. The experimental setup is described in de-
tail in references [2] and [3] and sketched in Figure 1. The
scattered neutrons have been detected by a hodoscopc con-
sisting of 18 scintillator elements 2m behind the SSG. The
position of the impact point was determined by measuring
the time difference between the signals of two photomulti-
plicrs located at the ends of each element. In order to se-
lect a neutron induced event, coincidences in time between
the injector radio frequency, the SSG and the hodoscopc
signals had to be established. A typical time distribution
between the Sn SSG and hodoscopc signals is shown in
Figure 2. The coincident SSG signals were above the ac-
cidental background and arc indicated as a hatched region.
For each coincident trigger, the scattering angle and there-
fore the recoil energy deposited within the granules could
be measured with about 10% resolution. Typical recoil en-
ergy distributions of a Al and Sn SSG detector is shown in
Figure 3 and Figure 4, respectively

collimator & 3,2 mm

bending magnet

Kelmholtz coil

\

JL
cryoslal with 3HE - 'HE dilution

refrigerator

thin windows

velo counters

SSG - detector ,;—f-tfíÔV*

beam monitor

pickup coil

180 windings

granules inbedded in AL,O,

Figure 1: Experimental setup
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and hodoscope signals for the Sn SSG detector. The se-
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10 20 30
recoil energy [keV]

Figure 4: Nuclear recoil energy distribution of the coin-
cidences between the Sn SSG detector and the scintillator
hodoscope. Dots: experimental results, line: Monte Carlo
prediction.

in
c
<D
>
CD

1
,,, I

,
,

, 1
,,

I.... i
.

.
. i•

• H

t I I I , i , , i . i , . . , i

100 200 300 400
recoil energy [keV]

Figure 3: Nuclear recoil energy distribution of the coin-
cidences between the Al SSG detector and the scintillator
hodoscope. Dots: experimental results, line: Monte Carlo
prediction.

hodoscope, smaller recoil energies could not be observed.
The proved sensitivity encourages to use SSG detectors for
WIMP search.
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The response of the Al detector to the neutron irradia-
tion could well be described by the global heating model,
which assumes a uniform heating of the entire granule. The
Sn detector however showed a somewhat higher sensitivity
to small nuclear recoils than predicrted by the global heat-
ing model. The experimental results are in agreement with
experiments performed by us using charged particle beams
at the *M1 area at PSI [4].
For the first time the sensitivity of SSG detectors to nu-
clear recoil energies of a few keV has been proven. Due
to the limited resolution and geometrical acceptance of the
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Several groups were recently interested in the struc-
ture of U 0 Cd and have performed a number of different
experiments (sec e.g. refs [1-4]). This interest is mainly
stirred by the importance of a detailed investigation of a
nucleus which was proposed by Arima and Iachcllo |5) as
a parangon of SU(S) nucleus. One open problem was the
very weak population of the low spin levels at higher exci-
tation energies by (particlc,xn) reactions, since these levels
arc far from the yrasl line. The decay of 1 1 O mIn (P =
2+;T,/2 = 69 min) offers a good means to feed these levels
since the Q-valuc is 3.94 McV.

]jomffI w a s obtained by bombarding liJCd targets by
18.9 McV protons from the PSI Philips cyclotron. Three
targets were alternately and repeatedly irradiated for S to 10
minutes. In between the singles spectra were observed with
Compton-suppresscd Gc detectors in mullispectra mode in
4 bins of IS minutes each. The same targets were also
irradiated 20 times for 10 minutes. Between the activation
periods y-y coincidences were measured for one hour using
4 Gc detectors, 3 of them being Compton suppressed.

The study showed that a controversial level at 1809 kcV
is not populated in the 1 H l mIn decay. A critical review of
all existing data leads to the conclusion that such a level
docs not exist. The level scheme was furthermore improved
in several respects.

Two interesting physical results derive from the present
investigation. One regards the log ft values of the /?-
transitions feeding the known positive parity levels up to
2.3 McV. It is observed that the allowed transitions have
unusually high values ranging between 6.1 and 8.0, whereas
the twice forbidden transitions have log ft values only little
larger, ranging between 8.3 and 8.6. This behaviour can be
also observed in some other vibrational nuclei and is unex-
plained. The second result regards the analysis performed
in the framework of IBM-1. Since the coupling of the nor-
mal configuration with the intruder states is relatively weak
(about SO kcV), the level energies arc only little shifted by
that coupling (the probabilities of transition, in contrast, can
be strongly affected) and level assignments to the different
mulliplcts can be performed on the basis of their excitation
energies. It was thus possible to identify all members of the
thrcc-phonon multiplct and many levels of highcr-phonon
multiplcts. A comparison of experimental and theoretical
spectra is shown in Figure 1. The validity of the model up
to higher phonon excitations is remarkable. More details
on the method can be found in rcf. [6].
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Figure 1: Comparison between the experimental levels be-
longing to the ground-state configuration and a theoretical
level scheme calculated in the IBM-1 framework using 3
free parameters and neglecting mixing.
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Ka HYPERSATELLITES INDUCED IN MEDIUM-HEAVY ATOMS BY
4 HE + + IONS
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During the last two decades a special interest has emerged
in the study of doubly ionized atoms [1,2,3]. Such sys-
tems can give a valuable and rich information about the
use of intermediate coupling in atoms and shells, or the
electron correlation during particle collisions. If ihe ini-
tial state of an atom is doubly ionized in the K-shell, the
radiative A""2 —> A'"1 / ,"1 decay is characterized by the
emission of so-called hypersalellitc x-rays A'£, 3 which are
strongly shifted towards higher energies with respect to the
diagram lines. Since the A'*, transition is strictly forbidden
in pure LS coupling scheme, the relative yields of the Ko

hypersatellites - which are therefore strongly different from
the ones of the diagram lines - reflect directly the degree of
intermediate coupling in the atom. Indeed, in pure LS cou-
pling the K*JK*2 ratios should be zero, whereas in a pure
jj-coupling these ratios should be close to 2. Experimental
data arc very scarce although these ratios are expected to
vary rapidly for medium-heavy atoms.

The measurements of hypersatellites can also be a pow-
erful tool to understand the electron correlation in ionization
processes. Comparison between theoretical and experimen-
tal ratios of double to single ionization cross sections of the
K-shell might reveal such correlations between two ejected
K-electrons. Furthermore the knowledge of the natural line
width and energy of the hypersatel/ites is also useful to
check the reliability of MCDF calculations.

The measurements were canted out at the PSI variable-
energy cyclotron in Villigen, Switzerland, using 100 MeV
4 H e + + ions. Since at this energy the double K-shell ion-
ization cross sections for medium-heavy atoms are close to

Element

40Zr

42Mo
46Pd

Element

III

Energy

Experiment
437.0(5)
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520.1(1.3)

shifts of A',

*5 , - *« ,
Chen [5]

438.9
466.0
520.8

„ [cV]

Polasik [6]
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shifts or A"

Chen [5]
439.1
466.0
520.4

Q,[cV]

Polasik [6]
438.4
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Figure 1: A'„, ̂  x-ray spectrum of Molybdenum.

their maximum values, while the L shell cross sections arc
quite small, very clean spectra result The x-rays were
measured with a high resolution crystal spectrometer in
modified Du Mond slit geometry. Self-supporting metal-
lic targets of natural 40Zr, 42Mo and 46?d were used. All
spectra were measured in first order of reflection. The en-
ergy calibration was performed by measuring the KOl di-
agram lines on both sides of reflection. The low intensity
of the hypersatellitcs (about 10+4 weaker than the diagram
lines) required long collection times. In order to survey
the instrumental reproducibility, the hypersatellite spectra
were therefore collected in several successive step-by-step
scannings.

The spectra arc analyzed by means of a least-square fit
program using \foigt functions. The \foigt profile results
from the convolution of a Lorcntzian and a Gaussian. The
Lorentzian represents the natural x-ray line shape, whereas
the Gaussian takes into account the instrumental response
of the spectrometer. The Gaussian width is extracted by an-
alyzing the Ko spectra using fixed lorcntzian widths taken

Table 1: Theoretical and experimental energy shifts. Figure 2: Kat3 hypersatcllitcs of Molybdenum.
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from Rcf. [4]. The obtained values arc then used to fit the
hypcrsatcllilcs with free Lorcnuian width. The A'n, , spec-
trum of Molybdenum is shown for illustration in fig.l, the
total spectrum of the hypcrsatcllitcs in fig.2.

The experimental h'ni and A'„2 hypersatellilc energies
and relative yields arc given in Table 1 and Table 2, respec-
tively. The values arc compared with calculations from
Chen (5| using Dirac-Hartrcc-Slaicr wave functions and
from Poiasik |6 | using Dirac-Fock wave functions both tak-
ing into account the Brcit interaction. A very good agree-
ment is obtained for the energies, whereas the experimental
A'£,/A'*2 intensity ratios arc systematically larger than the
theoretical predictions.

Element

-in Pd

Relative yield A „
Experiment Chen [5|

1.34(17)
1.38(20)
1.74(26)

1.04
1.10
1.31

Poiasik |61
1.04
1.14
1.31

Table 2: Theoretical and experimental hypcrsatcllitc inten-
sity ratios.

Element

<oZr
r 2 Mo
^Pd

FWHM A
Exp.

11.2(1.4)
19.5(2.1)
24.1(4.4)

*, lcV|
Thco.
13.1
15.3
21.0

FWHM A
Exp.

12.6(2.1)
16.6(2.4)
19.6(5.9)

Thco.
13.3
15.5
21.2

Table 3: Theoretical and experimental natural line widths
of hypcrsalcllitcs.

The natural line width of x-rays is theoretically equal to
the sum of the widths of the initial and final atomic state.
Mossč [71 proposed to apply this simple empirical rule to
calculate the natural line widths of hypcrsatcllitcs. Since
K-hypcrsalcllitcs arc emitted in A'"2 — K~lL~' decays,
their widths should be equal to 31\ + ľ/. • Table 3 evinces a
fair agreement between the line widths calculated by means
of this simple model ( I \ and ľ/, taken from [8]) and the
measured ones.

The interpretation of our data is still in progress. De-
spite the large uncertainties in the yields we might extract
double K-shell ionization cross sections from the data and
compare them with results calculated in the frame of the in-
dependent single ionization two-step model. An observed
discrepancy could then be an experimental signature for the
existence of correlation cffecls between the two ejected K
electrons.
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STUDIES OF CP VIOLATION IN NEUTRAL KAON DECAYS USING
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The simplest way to demonstrate CP violation is to com-
pare the decay or an initially pure K° into a final state "f"
with its CP conjugate process, i.e. an initially pure Kn

decaying into "f" where f is the CP conjugate state of f.
CPLEAR is an experiment exactly doing this.

The K" and K" arc produced by pj> annihilation at rest"

ratio : ~0.2% <vwli) .

Antiprotons with a flux of ~ lO'Vs and a momentum of
200 McV/r extracted from the Low Energy Antiproton Ring
(LEAR) ai CERN arc slopped in a gaseous hydrogen target
al 16 bar pressure, placed in (he center of Ihc CPLEAR
detector. The target is surrounded by layers of cylindri-
cal tracking chambers followed by a panicle identification
system consisting of a threshold Chcrcnkov counter sand-
wiched by two scintillation counters. The last component
of the detector is a gas sampling electromagnetic calorime-
ter with lead converters. All sub-dctcctors arc contained in
a solcnoidal magnet providing a 0.44 T field.

The primary particles, K*** provide the initial fla-
vour of the neutral kaon and its momentum. The neutral
kaon decays into various final stales such as T + T ~ , T T V ,
7r+7r~7T° and o é i Ť ľ .

The experiment is now taking data with its full capa-
bility and the results presented here arc based on the data
taken up to ihc end of 1992. Dala taking is planned to
continue until the end of 1995.

Early results for K —« T+T~ have already been pub-
lished (I]. Figure 1 shows the time dependent CP asym-
metry obtained from recent data. The asymmetry is defined
as _

) = ff+-(M-/£>-(/)
lt+ _(/) + /*+_(/)

where K(lt)+ __(/) is the time dependent rale for the ini-
tially pure K"(Kn) decaying into ir+v~. A clear signal of
the K|,-K*s interference is visible. By fitting the data with
the expected distribution

2 |f/+ _ | r A 'I- cos(&i» t - <f,+_)

which is valid for / < 20 rs where r$ is the Ks lifetime,
Ihc ratio of Ihc CP violating K|, — 3r+7r~ decay amplitude
to the CP conserved K s decay amplitude, ;;+_ is obtained
tobe|21

|t;+_| = (2.2r,±0.07sl i>l)xIO-'!

_ =-1-1.7° ± l . : i ° a t

where the final systematic uncertainties are not yet given'.
The parameter eT describes CP and T violation in the Kn-
K° oscillations and ECPT CP and CPT violation. In the fit,
the value of Am given by the Particle Data Group (PDG)
131 was assumed.

Figure 1: Time dependent CP asymmetry for K—» T+T~
decays measured by CPLEAR. The solid (dotted) line is the
result of a fit with (without) taking the residual three-body
background into account

For the 7r+ir-?rn final state, from the time dependent
asymmetry

7r+_„(<)-/?+_„(<)
A _i_ _ \\ (f I = — j - ' —

the ratio of the CP violating Ks —• T + X ~ » ° decay am-
plitude to the CP conserved Ku decay amplitude, IJ + _ 0 is
obtained to be [2]

= 0.002 ± 0.016stat

= 0.044 ±0.026,,at

where again the systematic uncertainties arc under study and
found to be much smaller than the statistical ones. Figure 2
shows T)+ _ o measured by (wo previous experiments [4,5]
together with the results from CPLEAR and E621 [6]. The
two new results improve the sensitivity by a factor of ten.

1 Prcliminaiy systematic uncertainties excluding the effect due to Ihc
uncertainty in Am arc given 12] to he ±0.02 X 10~ 3 for i j + _ and
±0.4° for <r+_.
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Figuře 2: Measured CP violation parameters for
K—• 7r+7T-jr° decays.

CPLEAR has measured the CP allowed K s —» T + TT~ TT°
decay amplitude through the interference between the CP
allowed KL and Ks decay amplitudes. This was done by
studying CP asymmetries for events with m + 0 > m_ 0 and
m + o < m _ o separately where m + ( _ ) 0 denotes the invari-
ant mass of 7r+(7r~) and ir°. The signs of the interference
arc opposite for the two regions.

Figure 3 shows [2] the measured time dependent CP
asymmetry for the two different regions. By fitting the
expected asymmetry

A ( i ) =

-2c-Ai/2 { | » ( ! j + _ o ) + ( - ) p ] COB A m i
—9 (TJ+ _ o) sin Ami}

a value [2] of p

p = 0.037 ± O.Oll s t a t

was obtained, where p represents the interference between
the CP allowed K t and Ks decay amplitudes into the w+ x~ v
final state. This is the first time that the CP allowed K s —>
7r+;r"ir0 decay amplitude has been seen.

The scmilcptonic decays provide different information.
Using the time dependent decay rates for the initially pure
K°(K°) decaying into c***!/, /i(7i)±(í)> ihc following
time dependent asymmetries are studied:

_ [7t(i)
1 [Ä_(0

where Am and 3? (x) are extracted and

_ [7Ľ(Q+7ž+(<)]-
2 [R^)

which allows us to obtain 3? ( - Í C P T + £ T ) a m l $ (x)- ^ c

parameter x indicates the violation of the AQ = A 5 rule
in the scmileptonic decays. Preliminary results [2] arc

Am(]01 0f is- ' ) = 0.524 ± 0.006stat ± 0.002sys

9t(x) = -0.024 ± 0.020stat ± 0.005sys

9(1) = 0.007 ± 0.008stat ± O.OOUys
= (-0.5±1.4 s t a t±2.3 s y s)xl0-3

The current world average of x given by PDG is [3]

x = (0.006 ± 0.018) + i (-0.003 ± 0.026).

The uncertainty on 9 (x) is unproved by a factor of three.
The asymmetry AT, a direct signal for CP and T violation,
was also studied and gives

- R-U)
= 0 0 0 ° ± 0 0 0 4Bt a t ± 0.008sy5

assuming a flat distribution of the decay time. If the ob-
served CP violation is accompanied by T violation, we ex-
pect AT to be ~ 6.4xlO-3.

10 15 20

-0.11

Figure 3: Time dependent CP asymnic»ries for
K—> 7r+7r~7r° decays for events with m + 0 > m_o and
m+0 < m_o where m + ( _ ) 0 is the 7r+(ir")x° invariant
mass of the corresponding decay pkms.
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1 Introduction

The L3 experiment is one of the four experiments at CERN 's
Large Electron Positron collider (LEP). This detector was
especially designed to measure muons.clcctrons and pho-
tons with high precision. Indeed the energy resolution for
electrons and photons is A/v/A1 ~ 1 A% and the momentum
resolution for muons is 2,5% at 45 GcV (11. The detec-
tor has now successfully been running since 1989. Main
physics topics over the past period of time were the accu-
rate measurement of Ihc line shape of the Z° Boson, the
search for the Higgs particle and the determination of the
number of the neutrino species (2).

A forward backward muon detector as an extension of
the L3 barrel muon spectrometer is needed to meet the de-
tection requirements of LEP200. The accelerator upgrade
will allow one in observe the pair production of W-Bosons.
The important items of interest will be the accurate mea-
surement of the W-mass and to prove whether gauge can-
cclation exists |3]. At Erm,=190GcV the /(* arc both very
energetic and strongly constrained to the forward direction.
The region covered by the forward backward muon cham-
bers is extremely important for the measurement of asym-
metries in the angular distributions.

The detector consists of 96 large size (2 x 3m2), planar
drift chambers of trapezoidal shape, which fit together as
rings. 3 rings arc mounted upstream (forward) and 3 rings
downstream (backward) of the L3 experiment. One ring
is installed on the inner side of the L3 magnet door (FI-
chambcrs), and the other two arc installed on the outer side.
The chambers arc composed of 64 cells (100 mm wide,
60 mm high) arranged in 3 layers. Each cell contains four
measuring anode wires and five field shaping wires. The
cells arc separated by aluminum profiles which arc also
used as cathodes. The expected single wire resolution is
about 200/f?r>. In addition to Ihc L3-soIcnoid the magnet
doors arc magnetized with new coils producing a toroidal
field of 1.5 T in the iron.

2 Alignment System

The basis for the excellent muon resolution is the accurate
alignment system. The alignment of the L3 muon barrel
(Fig.l) is based on two optomechanical systems. A straight-
ness monitor called RASNIK (41 consisting of a LED, a lens
and a quadrant diode makes sure that the points A\, Ai,A3

and Hi, R2, Rs arc brought into a straight line. These RAS-
NIK systems arc calibrated on an optical bench so that the

image of the LED is focusscd by the lens onto the centre
of the quadrant diode. This situation is reproduced in the
octants of the muon chamber barrel by adjusting the mid-
dle chamber layer (MM). With the help of a Laser beam
(The Laser Beacon) sweeping across a plane the angle be-
tween the two lines A and B is measured to an accuracy
of 25/irad [5]. These systems allow an alignment of the
muon barrel wires to a number as small as 30//m, so that
the systematic error of the momentum measurement due to
the wire alignment can be neglected.

The alignment system of the inner forward backward
chambers will use the Laser Beacon to position two optical
distance sensors with respect to Ihc barrel wires. These
proximity sensors will monitor the position of the chambers.
Two gauge blocks precisely related wilh the wires of the FI
chamber will be used as reflectors for the proximity sensors.
The gauge blocks arc positioned to an accuracy of 15jnn by
means of Laser inicrfcrrometcry. The optical sensors allow
contactlcss distance measurements to a reflecting surface
ranging from 15 to 35 mm, wilh a precision of 30 to 100
inn. The total alignment accuracy is estimated to be of the
order of lOO/mi.

The optical sensor contains a LED which shines onto a
reflecting surface. The defused light is detected by a pho-
lodiodc. The intensity I of the measured light depends on
the distance D and the reflecting power R of the surface
(/ ~ R/D-). Fig. 2 shows a calibration curve of one of
the sensors. Since the accuracy and stability of the distance
measurement strongly depends on the reflectivity special
care was taken to find a reflector with homogeneous reflec-
tivity across the surface. The best results were obtained
with a special 3 mm thick volume diffuscr screen made of
glass. The calibration of one sensor is made with the glass
disk which is used later on in the experiment.

Finally the alignment of the outermost two rings relative
to the inner ring will be made by a RASNIK system similar
to the one described above. The alignment uncertainty will
be of the order of 150 /un, again negligible compared to
the multiple scattering in the 1 m iron of the magnet door.
This allows a momentum resolution of 20%.
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the inner, middle and outer layers of the forward backward muon chambers, MI, MM, MO arc the barrel chambers. M is a
mirror.
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