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Introduction

Because of the fusion of EIR and SIN in January 1988,
this year's Newsletter differs from the previous editions.
The contributions on solid-state physics and chemistry
appear in a separate volume. The present volume con-
tains reports on nuclear and particle physics experi-
ments supported fay the Fl division of PSI. The ma-
jority of the contributions are concerned with experi-
ments using the Philips cyclotron or the 590 Me V ring
accelerator.
As before, the contributions have not been refereed and
must not be quoted without previous consultation with
the authors. The spokespersons are indicated by super-
scripts 'S' following their names in the headings of the
contributions.
The figure on the right is from an experimental search
for the neutral pion decay 7r" —. e+e~ . The histogram
contains events of the reaction ir'p —> e+e~n, with
•R- mesons stopped in liquid hydrogen. The momenta
of the positron e+ and the electron e" were measured
with the SINDRUM I spectrometer, and the momentum
of the neutron n was determined by time-of-flight mea-
surement using organic scintillators. The dots in the
figure show the neutron velocity distribution expected
if one includes the reaction x"p —• x"n and uses the
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previous experimental world average of the branching
ratio B = r(7r" — e+e-)/r(7r" — all) = 1.8 x 10"7 .
The histogram of the new PSI data does not contain a
significant peak at 0n = 0.030 and leads to an upper
limit, with 90 percent confidence, of 1.25 x 10"" for
the branching ratio B. The theoretical prediction from
quantum electrodynamics is fl a 6 x 10~B. For details,
see contribution R-85-14.



FOREWORD

The present 'PSI NUCLEAR AND PARTICLE
PHYSICS NEWSLETTER 1988' is the first report of its
kind from the division Fl (nuclear and particle physics)
of the Paul Scherrer Institute (PSI). This new institute,
formed by the fusion of the two institutes EIR (Eid-
genossisches Institut fur Reaktorforschung) and
SIN (Schweizerisches Institut fin Nuklearforschung) on
January 1, 1988, contains four research divisions;

Fl (nuclear and particle physics),
F2 (life sciences),
F3 (condensed matter, materials sciences),
F4 (energy research, engineering sciences).

These divisions are supported by the logistics divisions
B8 and B9 .

The guidelines for the organization of the Fl division
are the following:

PSI is a national research center with particular
emphasis placed on teaching and training;

collaboration with national and foreign universi-
ties and similar institutions plays an important
role;

PSI concentrates on projects which require the ex-
isting or planned large scale facilities;

PSI seeks interaction and collaboration with other
international research centers.

In the Fl division basic research in the domain
of medium energy physics is of particular importance.
Medium energy physics opens up new possibilities
within a known energy region using advanced accel-
erator technologies, secondary beams and experimen-
tal techniques for precision experiments, investigation
of rare and forbidden reactions, multiple coincidences,
polarization experiments, applications in solid state
physics and medicine, . . . .

This definition of medium energy physics may of
course change with time. It takes into account the
view expressed by F. Dyson [Physics Today, May 1988]
' . . . that roughly one-third of the discoveries were on
the energy frontier, one-third were on the accuracy and
one-third were on the rarity frontier... In some rough
sense, the three frontiers are equally promising places
to look for new laws of nature.'

The Fl division is thus committed to creating opti-
mal conditions for this field of medium energy physics,
complementary to high energy physics. As a conse-
quence in 1988 several Fl groups worked on the adap-
tation of the ring accelerator to achieve higher currents,
on the new production target station E and on new sec-
ondary beams, which will be used for nuclear and parti-
cle physics. A 590 MeV proton beam current > 1 mA

is also a prerequisite for the spallation neutron source
SINQ.

The present phase of the improvement program is
scheduled to be completed in a shut-down during the
whole year of 1990, leaving for later only some final
work on the secondary beams and the continuation of
the radio-frequency upgrading. It is planned that most
major facilities will be available again to users in 1991.
The operation of the Philips cyclotron is not affected
by the shut-down. The present improvement program
must be seen in connection with the fact that many
facilities have been operating for close to 15 years and
therefore require partial replacement.

The experimental Fl activities of 1988 were devoted
to many different fields and on the whole were very suc-
cessful. The first test experiments for the new large de-
tectors SINDRUM I and LADS are close to completion;
the hadron calorimeter of the 13 detector for CERN
was finished and tested on time in February 1988. The
present report contains detailed descriptions of about
thirty Fl-supported nuclear and particle physics experi-
ments, involving nucleons, pions and muons, at the ring
accelerator and at the Philips cyclotron. In addition,
there are a few contributions on external experiments
at CERN and Brookhaven. In 1988, some 400 users
from about 60 institutions took part in the Fl activi-
ties.

The international Fl research committee performs
the task of outlining the recommendations needed to
set priorities for the experimental proposals and beam
demands, which exceed by far the available beam time.
Prof. R. Redwine has succeeded Prof. G. zu Putlitz as
committee chairman in 1988. The members of the com-
mittee are thanked here for their helpful work.

The international participation in the Fl projects in
1988 was as strong as before, particularly from groups
from the Federal Republic of Germany. The continua-
tion of the corresponding partnership agreement beween
the FRG and SIN was strongly recommended by the
FRG users at a dedicated meeting held at Ladenburg in
February 1989. In Vienna in June 1988 an agreement
between Austria and PSI was extended.

In 1988, the Proposal for an Electron Positron Col-
lider for Heavy Flavour Physics and Synchrotron Ra-
diation (PSI-PR-88-09) was submitted to the Schweiz-
erischer Schulrat by PSI. This facility would offer unique
possibilities in particle physics and in pure and applied
synchrotron light research to universities as well as in-
dustrial groups. The proposed facility would be par-
ticularly useful for detailed investigation' of some of
the heavier elementary particles (B-mesoiii, T-leptons).
This 'fl-meson factory' proposal is based on the concept
of a user-oriented laboratory, which in the case of SIN
proved to be of strong interest to national and foreign
research groups. The new proposal also meets the needs
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of advanced research centers to undertake a renewal pro-
gram, involving major investments, every 15-20 years.
The basic design of the 5-meson factory is described
in the annual reports 1987 and 1988 of SIN and PSI.
It has received positive recommendations from the Eu-
ropean Committee for Future Accelerators, from an ad
hoc comnuttee of the Bundesminister fur Forschung und
Technologie in the FRG, from a committee of five lead-
ing specialists on electron storage rings, and from an
international committee set-up by the Schweizerischer
Schulrat.

Finally, we would like to thank all those who have
contributed to the successful research program, working
at the accelerators with their strenuous 24-hour opera-
tion, or on the activities directed towards improved up-
to-date facilities, in the electronics labs and the work-
shops, or on the ever-increasing computing needs. We
thank them for their understanding during the unavoid-
able turbulences caused by the fusion of the two insti-
tutes, and we hope that the determination to do further
excellent work has come to the foreground again for
all 'internal' and 'external' participants in Fl activities.
We also thank the editorial team of the present newslet-
ter and the authors of the scientific contributions.

Prof. R. Engfer,
Head of Fl division.



TABLE OF CONTENTS

TECHNICAL NEWS
COMPUTER CONTROL FOR SECONDARY BEAMLINES AT PSI 7

RADIATION DAMAGE OF CsI(Tl) CRYSTALS 9

EXPERIMENTS USING THE RING ACCELERATOR
PARTICLE PROPERTIES AND DECAYS

R-81-06 SEARCH FOR THE ELECTRON-POSITRON DECAY OF AN AXIONLIKE
PARTICLE FROM A 590 MeV PROTON BEAM DUMP 11

R-82-14 SEARCH FOR MASSIVE v IN ^"-CAPTURE ON 3He 12

R-85-10 PRECISION MEASUREMENT OF THE PION MASS DIFFERENCE m»- - ra,. 14

R-85-14 SEARCH FOR THE DECAY TT" — e+e" with SINDRUM I 15

R-87-01 PRECISION MEASUREMENT OF THE MUON MOMENTUM IN PION
DECAY AT REST 17

R-87-03 SEARCH FOR )i~ — e" CONVERSION WITH SINDRUM II 18

HADRON-HADRON AND HADRON-NUCLEUS REACTIONS

R-72-02 MEASUREMENT OF THE QUASIELASTIC CHARGE EXCHANGE
REACTION D(n,p)nn BETWEEN 290 AND 570 MeV 21

R-79-05 WHAT IS THE MECHANISM FOR THREE-NUCLEON ABSORPTION OF
PIONS IN 3He? 23

R-80-10 PION PRODUCTION ON NUCLEI BY INTERMEDIATE ENERGY
NEUTRONS 25

R-83-28 16O(ir+,2p) REACTION AT 165 MeV 27

R-86-02 STUDY OF THE REACTION iTp - . T+ir-n IN THE REGION OF
A-DOMINANCE 29

R-86-14.1 MEASUREMENT OF THE SPIN DEPENDENT TOTAL CROSS SECTION
AcrL IN NEUTRON-PROTON SCATTERING 31

R-87-13 STUDY OF MULTI-PARTICLE FINAL STATES IN PION NUCLEAR
REACTIONS WITH A LARGE ACCEPTANCE DETECTOR (LADS) 33

PIONIC AND MUONIC ATOMS

RA-72-04 MUON TRANSFER FROM HYDROGEN TO HELIUM AT 15 BARS 35

R-82-02 HEAVY MUONIC ATOMS AND THE DYNAMICS OF NUCLEAR FISSION 37

R-85-01 MUONIC X-RAY STUDIES OF EVEN MASS MERCURY ISOTOPES 40

R-85-02 STRONG INTERACTION EFFECTS OF DEEPLY BOUND PIONIC ORBITS 41

R-86-08 ENERGETIC NUCLEONS FROM MUON CAPTURE 43

R-87-08 DIFFUSION OF MUONIC HYDROGEN ATOMS 44



EXPERIMENTS USING THE PHILIPS CYCLOTRON
Z-81-03 STUDY OF THE 171Tm NUCLEAR STRUCTURE BY A MASSIVE TRANSFER

REACTION 46

Z-81-06.3 PRECISION MEASUREMENT OF THE ANALYZING POWER Av IN THE
ELASTIC PROTON-PROTON SCATTERING AT 50 MeV 48

Z-82-03 Av IN n-p AND n-d SCATTERING AT 68 MeV 50

Z-84-04.1 STUDY OF THE VACANCY DISTRIBUTIONS OF MEDIUM-Z ATOMS
INDUCED BY LIGHT-HEAVY IONS AS INFERRED FROM K x-RAY
MEASUREMENTS WITH A DuMond BENT CRYSTAL SPECTROMETER AT
THE Philips CYCLOTRON 52

Z-85-05.1 PRODUCTION OF POLARIZED ^-EMITTERS 54

Z-85-06 MEASUREMENT OF PARITY NONCONSERVATION IN PROTON-
DEUTERON SCATTERING AT 43 MeV 56

Z-87-02 ANALYZING POWERS IN THE n + n - p SYSTEM AT 68 MEV 58

Z-87-03 NUCLEAR BREMSSTRAHLUNG PRODUCTION IN PROTON-NUCLEUS
REACTIONS AT 72 MeV 60

Z-88-01.1 MODEL UNRESTRICTED OPTICAL POTENTIALS FOR 3He-SCATTERING
ON 2llSPb 62

Z-88-02.1 ABSOLUTE CALIBRATION OF A POLARIMETER FOR 50 MeV PROTONS 64

EXPERIMENTS USING EXTERNAL ACCELERATORS
LOW ENERGY ANTIPROTON-ATOM COLLISIONS 66

NMC NEW DEEP INELASTIC MUON SCATTERING RESULTS 68

t 71

LIST OF PUBLICATIONS
73



TECHNICAL NEWS
COMPUTER CONTROL FOR SECONDARY BEAMLINES AT PSI

U. Rohrer

Paul Scherrer Institut, CH-5232 Villigen PSI

In 1987 most secondary beamlines at PSI were still
controlled by hardwired ROAD-B command stations
with no built-in intelligence. During the year of 1988
these difficult to maintain command stations have been
sucessively replaced by Atari ST computers (MC68000
processor, 8 MHz, 1 MB RAM, ROM-TOS, 720 KB
floppy drive) interfaced via the modem port (19200
baud) to some new CAMAC hardware (see Fig. 1). As
interface between the computer and the CAMAC dat-
away serves a CES-2180 ACC (Starburst) with CATY
on ROM as driving software. The ROAD-C DACs and
ADCs of each cluster of magnet power supplies are in-
tefaced via a subgroup master (SGM) and a ROAD-B
highway cable with a special interface (CRBI) to a CA-
MAC crate. All RAOD hardware has been developed
by the Accelerator Control Group.

Whereas most of the user software for the Atari ST
has been coded in Fortran, some routines and utilities
were written in Assembler, Basic or C. All programs
fit well onto one single micro floppy disk. During the
cold start procedure, the most important programs are
copied onto a RAM disk of 500 KB size. Therefore,
there is no need for a hard-disk which makes the whole
computer control very handy and easy to transport into
the barack of the physics experimentalist.

All programs are datafile driven, so changes to the
hardware configuration are quickly tranferred to the
software by just editing files without recompilation. The
programs, which also make full usage of the user friendly
GEM software layers (WIMP human interface), may be
divided up into 3 different groups:

CAMAC Crate

RS422

ROAD-B ROAD-B

RS232

ADCs DACs ADCs DACs ADCs DACs

Atari ST

Figure 1: Block diagram of the new computer control for the 2 coupled areas ^El and TTEI. Each area has its own
Atari ST computer. For distances longer than 30 m between computer and CAMAC crate, RS232-to-RS422 boosters
are used. The ROAD bus system could be taken over almost unmodified from the former command stations.
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Figure 2: A typical screen output (monochrome, 640x400 pixels) produced by the Set Point program shows some
actual settings of the fiEl magnets. The usage of the handy mouse allows the physicist to access the programs whole
functionality in an easy way.

Setpoint program for individual control of all de-
vices including saving current settings on or restor-
ing old values from disk files, (see figure 2)

Rate optimizing program which allows the user to
bring up his experimental rate automatically to a
maximum by executing a command file containing
a list of the magnet elements the settings of which
have to be adjusted.

Transport program package (CERN/ SLAC/ FER-
MILAB version) which allows the experienced
beam physicist to study or to debug online new
optical modes or new beamlines. The DAC set-
tings are readable or settable directly from the
programs and converted via tables into physical
units.

Up to now this computer control has been tested
and installed on 4 different beamlines (»M3, irE3, fiEl
and 7rEl) and was found to be working reliably. (Be-
cause fiEl and 7rEl beamlines have 4 common magnets,
they are controlled from a single common CAMAC crate
containing 2 daisy-chained CES-2180 ACCs with 2 sep-
arate Atari ST computers, one for each area.) In case
of a rare system crash or hangup, pressing one button
boots the computer within 30 seconds. This computer
control helps to bring up a beamline in a much shorter
period of time than previously, and makes it easier to
control the magnets during a data taking run, because
among other things it alerts the user if a device becomes
faulty.



RADIATION DAMAGE OF CsI(Tl) CRYSTALS

D. Renkers, Ph. Steiner

Paul Scherrer lnstitut, CH-5232 Villigen PSI

During the last years CsI(Tl) became the favorite
material for the construction of big calorimeters with
high energy resolution (CLEO II, Crystal Barrel etc.).
The advantages of CsI(Tl) are obvious: high light yield
and relatively low cost (both comparable with Nal(Tl)),
shortest radiation length of common scintillators be-
sides BGO, weak hygroscopicity, very good mechanical
and thermal stability and an emission spectrum match-
ing photodiode readout. The drawbacks are the long
decay time of 1 /J.S and an only fair radiation resistance.
Since the latter is a major concern in the choice of ma-
terial for a B-factory detector it was studied in some
detail.

Small cubic CsI(Tl) crystals with a volume of 1 ccm
from all manufacturers worldwide were irradiated by
a 137Cs or a GUCo source. Before, during and after
the irradiation we measured the absolute light output,
the transmission of light in the range between 250 and
700 nm and the spectrum of fluorescence when we ex-
cited the crystals with UV-light of 250 nm. After this
procedure the crystals were analysed chemically.

At the beginning the investigations were done in the
usual way [1]: the crystals were irradiated at a facil-
ity in PSl(east) with a strong (74 Tera-Bequerel) 137Cs
source and the measurements were done in a laboratory
in PSI(west). This caused the problem of mounting the
crystals in a reproduceable way onto the measuring de-
vices and by this introduced large errors.

Most of the crystals (from Bicron, Harshaw and
Hilger) showed no significant effect even at doses as high
as 50'000 R. There was only one crystal (from Union
Material) which showed a linear decrease of the light
output, reaching 8% at an exposure of 500 R, whereas
at higher doses a saturation effect occured. A simi-
lar behaviour was reported earlier [1,2]. This crystal
became slightly reddish and less transparent at short
wavelengths. The radiation damage did not recover
spontaneously and a heat treatment only partly cured
it. The chemical analyses indicate higher impurities
(Rb, K, Na, Ba) than for to the other crystals.

Since obviously high doses are not necessary for
these tests and the value of dose per time is irrelevant [3]
we changed the method: we kept the crystals connected
optically to a photodiode and irradiated them with a
moveable 6llCo source. This gave an inhomogeneous ra-
diation field, but avoided the problem of reproducibility.
The spectrum of transmitted light was measured before
and after the irradiation, while during the exposure the
transmission was determined solely for one wavelength
(635 nm, about the wavelength of the scintillation light)
with a light emitting diode and a phototube giving an
absolute normalisation of the spectra.

Again we did not observe any radiation damage

with most of the crystals (Bicron, Crismatec, Harshaw,
Hilger and Quarz et Silice). Two of them even showed a
slight increase (2-3%) of the light output after the irra-
diation. The exceptions are crystals from Gamma (20%
decrease after 500 R), from Horiba (3%) and a crystal
cut from the top of a boule made by BDH (Fig la). This
is interesting, since a piece from the bottom of the same
boule showed only a tiny effect (Fig lb). Csl(Tl) crys-
tals are mostly grown in the vertical Bridgman method.
By this the thallium and also the impurities are found
in higher concentrations at tht top of the boules rather
than at their bottom. In this case the Tl-concentration
at the top was 980 ppm, while the bottom part only
had 260 ppm. The light output at the top sample was
merely 5% higher than that of the bottom, reflecting
the well known fact, that it is almost independent of
the thallium concentration over a wide range [4]. This
indicates that a surplus of thallium causes the sensitiv-
ity to radiation. The conclusion unfortunately is not
stringent since the chemical analyses showed a some-
what higher concentration of impurities (Rb and Ba) in
the top sample.

100
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Figure 1: Relative light yield ao function of the exposure
to a G"Co source for two crystals made by BDH with
980 ppm thallium concentration (a) and 260 ppm (b).

The manufacturers provided us with some crystals
with various concentrations. But since they were grown
with another method (Czochralski) they showed a dif-
ferent behaviour and did not help to clear up the situ-
ation.



It should be mentioned that crystals grown by
E. Lorenz in the Max-Planck-Institute in Munich with
a very simple setup are as resistant to radiation as the
best from industry and have comparable light yield.

References
[1] M. Kobayashi, S. Sakuragi, Nucl. Instr. Meth.

A254 (1987) 275.

[2] S. Schloegl, H. Spitzer, K. Wittenburg,
Nucl. Instr. Meth. A342 (1985) 89.

[3] S. Stone, private communication.

[4] B.C. Grabmaier, IEEE Trans. Nucl. Sc,
NS-31, No 1 (1984) 372.
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EXPERIMENTS USING THE RING

ACCELERATOR

PARTICLE PROPERTIES AND DECAYS

SEARCH FOR THE ELECTRON-POSITRON DECAY OF AN
AXIONLIKE PARTICLE FROM A 590 MeV PROTON BEAM
DUMP

R-81-06, AACHEN - BERLIN - PSI

A. Badertscher", M. Daum", R. Dietlicher", H. Faissner'5, W. Heinrigs', P. Kostka', K. Lanius!, S. Nowak',
A. Preussger', J. Reitz', D. Ssmni', C. Spiering', H. Tuchscherer', M. Walter', A. Zehnder"

• Paul Scherrer Institut, CH-5232 Villigen PSI
t III. Physikalisches Institut, Technische Hochschule Aachen, D-5100 Aachen
t Institut fur Hochenergiephysik der Akademie der Wissenschaften der DDR, DDR-1615 Berlin-Zeuthen

A search was made for the decay of a light penetrat-
ing particle into an e+e~-pair behind the beam dump
of the PSI 590 MeV pronn beam. The detector con-
sisted of two counter triggered optical spark chambers
mounted two meters apart. The experimental arrange-
ment is described in detail in reference [1]. A decay
signal would have been detected within a cone of about
10" around the direction to the beam dump. For an in-
tegrated proton charge of 300 Coulomb we found no
excess of decay events over the background. Conse-
quently we can exclude the existence of a standard axion
for X-parameters between 13.6 and 300, equivalent to
masses between 2mc and 20 MeV. For the decay mode
a(, —• e+e~ the standard axion model predicts a decay
rate Ttc =r 2 • 106mo~

lAfeV"s~1 whereas our analysis
yields a limit Tec < 36 • ma'

iMeVs-x with 90 % con-
fidence. The result is displayed in Figure 1.

In the general case, e.g. for an axionlike boson
x", we can exclude values for the decay constant fx <
104 GeV with 90 % confidence for masses between 2mf

and 20 MeV. A detailed report on this analysis is in
preparation [2].

References
[1] H. Faissner et al., Z. Phys. C 37 (1988) 231.

[2] H. Faissner et al., to be published.
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SEARCH FOR MASSIVE v IN ^"-CAPTURE ON 3He

R-82-14, LOUVAIN - PSI

A.-S. Carnoy', J. Deutsch', ] . Egger", H. Kaspar", S. Lontie', C. Petitjean", R. Prieels'5, N. Rosier', B. Tasiaux '

* Paul Scherrer Institut, CH-5232 Villigen PSI
f Université catholique de Louvain, B-1348 Louvain-La-Neuve

Most searches for lepton generation mixing have ei-
ther been looking for [/-oscillations and u-decay [l] or
tried to interprète cosmological observations [21.

Complementary information in this field can be ob-
tained by studying the 2-body decay of systems produc-
ing a charged particle and a neutrino [31. In TT~ or K+

decay Î4" the energy-spectrum of the emitted charged fi
was investigated (Fig. 1).

Figure 1: Experimental limits on the coupling of mas-
sive v to vtt.

A system equivalent to TT(,2 or K,,2 is the one ob-
tained if a fi is captured by a nucleus in the single nu-
cleus and neutrino channel. Our experiment measures
the recoil energy spectrum, of the triton (t) emitted after
fjT capture on 3He.

The Q value of the reaction limits the search to the
neutrino mass range (Fig. 1)

20 MeV/c2 < m„ < 100 MeV/c2.
The presence of a peak of intensity I(m„) at a tri-

ton kinetic energy T( would indicate the coupling to a
neutrino of mass

'„ - m,)2 - : (1)

The ratio o5I(m„) to the intensity of the (m„ =0) peak
gives the strength of the coupling [5]:

I(mv) = r(0)
1(0) Tim,,)

with the phase space factor

?,.) I2) (2)

where A and Eo are about equal to the muon and 3He
masses, respectively.

Using the fi E4-channel we have performed the first
run to measure the kinetic energy spectrum of the triton
produced after /i-capture in 3He.

The apparatus is an active 3He target (triggered
TPC-like gas-scintillation proportional counter). Neg-
ative muons are stopped between a plate P and a grid
Gl (Fig. 2A) in a volume filled with 5 bar pressurized
gas; for a good event the /i~3He system decays into a
triton and a neutrino.

Five single photon photomuHipUeis (A) detect the
primary scintillation light produced first by the stop-
ping fi~ and then by the triton (Figs. 2A and 2B) and
define, together with two plastic scintillators Si and
S2, a /^-capture event. The cloud of ionisation elec-
trons produced on the fi and t tracks drift in an electric
field towards two light grids, G2, G3 (Fig. 2C). The
electric field in the gap between G2 and G3 is so high
(11 kV/cm) that the electrons excite the gas atoms and
produce in successive e~-atom scatterings many thou-
sands of scintillation photons per electron (Fig. 2D).
The scintillation light of pure He (500-
100 À) is shifted to the sensitivity region of the photo-
multipliers equipped with quartz windows (A > 1600 Â)
by mixing 10% of Xenon to the 3He target gas. The time
dependence of the secondary light, detected in 6 pho-
tomultipliers B, is recorded in 6 wave form analysers .

2 DU,

-êrV-^f . (3)

2BLL

Figure 2: Principle of the experimental technique.

This information is used to reconstruct the position,
track length, and energy of the p and triton. In addition
full differential information, typical times (decay time,
beginning and end time of the fi and t signals in the

12



B photomultipliers) and integrated values (for a fast
analysis) of the /i and t signals for the primary and
secondary light were recorded.

The results presented here are based on 26 hours
of data accumulation time, and f-e obtained from the
integral information only.

Figure 3 shows the energy spectrum reconstructed
from the integrated B photomultiplier signals after se-
lecting the events located in a (7x4x6 cm3)-region cen-
tered in the fiducial volume. We also limit the length of
the projection of the track in the drift direction to the
range of a triton of the measured energy and set a loose
correlation between the determined end of the /i-track
and the center of mass of the triton track (< 0.6 range
+ 2 cm). We succeeded to reach a - 6 % FWHM energy
resolution at the triton energy.

7.0

no

ISO

•00

A

i

Figure 3: Energy spectrum reconstructed from the sec-
ondary light signals.

The second peak at ~0.77 MeV is produced by ac-
cidental coincidences of a /u-stop with the absorption of
a neutron by a 3He nucleus.

n - 3He - . p + 3H (Q = .774 MeV) ,

and is used as a second energy calibration line. The re-
maining background is interpreted as signals from elec-
trons decaying in orbit and from protons or deuterons
from the other capture channels:

M" J- 3He — e-+i/,. + i/ -̂1
M" - 3He - i/,,+3H
M" - 3He — 1/,,+d+n
M" •*• 3He —• fM+p+n+n

( 99.47% ) I
(3.3xlO"3) II
(1.3x10-3) III
(3.7x10-4) IV

The integrated contribution of channels III and IV
in the energy window of 0-2 MeV was calculated to be
1.5% and 6% respectively of the channel II intensity,
but protons and deuterons of higher energy losing only
a part of their kinetic energy may also have contributed
to the background if we could not determine the length
of their track .

To this spectrum we now apply the standard pro-
cedure to determine limits (90% confidence level) for a
possible peak as a function of energy (Fig. 1).

In Fig. 4, we show an example of the quality of the
event reconstruction . The fitted position in the two co-
ordinates in the plane perpendicular to the drift direc-
tion of the charges in the track of fi and t, respectively,

1

is plotted as a function of the drift time in Figs. 4a
and 4b. The two Bragg peaks in the energy deposition
spectrum (Fig. 4c) allow the determination of the stop
coordinates of /i and t and to check that t starts where
fj. stops. The linearity of the projections of the tracks is
also very impressive.

-u
-JO

-10

-15

Figure 4: Fitted position[cm](a,b) and Energy deposi-
tion (c) as a function of drift time [channel].

In this analysis we expect that the accidental nJ-3He
—» t+p events are for the most part going to be rejected
by the observation of one Bragg peak at each end of the
track and that corrections on the energy will bring the
resolution down to less than 5% FWHM.

The remaining flat background (3 times the pnn+dn
physical background) is problably caused by tritons
stopped in PI, and by means of the earlier achieved 0.5
cm in the absolute position resolution this contribution
can certainly be reduced.

We are working on improving the apparatus, mount-
ing three new a sources for online calibration of the pho-
tomultipliers, correcting for too large field inhomogene-
ity, replacing the high voltage pulsing by a p-ilsed gating
grid and preparing a faster data taking system. With
the thereby obtained increase in the useful volume and
better position resolution and with the already-achieved
results (~ 5% FWHM at 2 MeV, good background re-
jection) we should reach the region where |U,,i|2 < 10"4-
10~5 in a short run period.
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In this experiment [1,2] we measure time-of-flight
distributions of neutrons produced by the charge ex-
change reaction 7r~p —> T"TI of ir~p atoms in liquid hy-
drogen. The data are used to determine the pion mass
difference mw- — nv> and, as a side result, the kinetic
energy distribution of the pionic hydrogen atoms just
before the charge exchange reaction.

In 1988, the data analysis has been completed [2]; a
detailed paper is in preparation.

The resulting pion mass difference is [2]

mT- - = 4.59366 ± 0.00048 MeV/c2

this result agrees with our previously published value
[1], 4.5930+ 0.0013 MeV/c2. The deviation from the
earlier world average [3], 4.6043 ± 0.0037 MeV/c2, is
confirmed.

As a test of our experimental methods we recorded
and analyzed time-of-flight distributions of the 8.9 MeV
neutrons from the radiative capture reaction ir~p —» yn.
The resulting neutron velocity, 4.09090±0.00075 cm/ns,
leads to a ir~ mass value of 139.587 ± 0.027 MeV/c2,
which is consistent with the world average [4], 139.56755±
0.00033 MeV/c2.

The kinetic energy distribution of the x~p atoms
derived from our data is shown in Fig. 1 below.

0.6

o.4

.i 0.2

0.0

The distribution consists of two components, the
first of which reaches from zero to 0.94 ± 0.13 eV and
contains 56 ± 3 percent of the r'p atoms, whereas the
second component, containing the remainder of the ir~p
atoms, reaches from 0.94 eV to 72 ± 6 eV. In our
model both of these two components of the kinetic en-
ergy distribution are assumed to be uniform. The data
do not exclude similar non-uniform distributions. The
mean of the total distribution as shown in Fig. 1 is
16.2 ± 1.3 eV [2].

The high-energy tail of the distribution /(TT p) may
be due to Coulomb de-excitation of the ir~p atom near
one of the protons of the surrounding liquid hydrogen.
In this process the de-excitation energy is partly trans-
formed into kinetic energy of the T'p atom; the energy
TTp of 7r~p atoms which have just undergone the 5 —• 4
(4 -> 3) Coulomb de-excitation is around 30 eV (70 eV).
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Figure 1: Distribution function f(T,F) found to fit our
neutron time-of-flight distributions; 7VP is the kinetic
energy of the 7r~p atoms just before the ir'p —• w"n
reaction.
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1 Introduction
The experimental search for the decay ir° —» e+e~was
performed during 20 weeks of beamtime in 1987. The
results have been submitted for publication [1].

The interest in this decay was raised when two inde-
pendent experiments found values for its branching ra-
tio which were about three times larger than the QED
prediction. The decay of the pseudoscalar mesons ir° ,
Tp , K{' into lepton pairs is thought to proceed via a 27
intermediate state. For two on-shell photons quantum
electrodynamics gives a value for the branching ratio of
5iHMtar«iji=!ot»'ln(r)]2, where r is the ratio between the
lepton and meson masses. The calculation of the con-
tribution of off-shell photons depends on the internal
structure of the meson and leads to an increase in the
value of the branching ratio by about 30% (for a review,
see [2]).

Only three decay modes have been observed so far
(see Table 1). A discrepancy could exist in the case of

decay branch.ratio "miitarity ref.

(l.7±0.5)xl0"5

(1.7±0,4)xlQ-5

4.8xlO"8

l . lxlO-5

1.2xlO-5

[3]
[4]

_I5L
Table 1: Branching ratios for the decay of pseudoscalar
mesons into lepton pairs relative to the 27 decay rate.

the decay irn —> e+e~ where two measurements give
values for the branching ratio which are roughly three
times larger than the theoretical predictions, but each
with large errors. This situation has led to specula-
tions that non-electromagnetic contributions might be
important. In this experiment x°s were produced in
T'p —» ir°n at rest. The ir°s are tagged by detection of
the 420 keV neutron emitted in the opposite direction.
The ir°s are relatively slow (/3,=v,/c=20%) resulting
in a minimal value for the e+e" opening angle of 157°.
The major disadvantage of this ir° production method is
the large background from ir~p —» e+e~n . By measur-
ing the neutron with a time of flight resolution of 1.3% a

ir° mass resolution of 90 keV is obtained giving a back-
ground level of 2.2xlO~7. The reaction w"p —1 e+e"n
offers at the other hand the possibility of a precise deter-
mination of the resolution functions and the acceptance
using events with neutron momenta around the 7r° res-
onance. As a consequence no Monte Carlo simulation
is required.

2 The Detection System

Figure 1: The setup.

The experimental setup is shown in Figure 1. The 7r"s
were produced at a rate of 3xlO5 s"1 by a beam of
*•" stopped in a liquid hydrogen target. The neutron
detector was an array of sixty counters around the beam
pipe in front of the last quadrupole. The trigger for data
readout required the occurence of a neutron signal in a
time interval between 80 and 170 ns after the detection
of a lepton pair with an opening angle in the transverse
plane of at least 135° . A programmable FASTBUS
track preselector was used for the track search. The
opening angle requirement was tested by a FASTBUS
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processor. Before going to tape the data were filtered
by a full analysis in the transverse projection.

3 Data analysis
In the off-line analysis the particle trajectories in the
spectrometer are reconstructed in all three dimensions.
Events with only three bodies in the final state are
clearly visible in the distribution of total kinetic en-
ergy Eu,t = Er+ •*• £V- -*- ETl - AfT, versus total mo-
mentum p,,,, = |p,,- — p,.- - p,,: (see Fig.2). The sepa-

Figure 2: pj()( vs E,,,, for events just outside the 0n peak
from TT" decays. The accidental background is constant
in p?,,,. The concentration of events at p tot=0 MeV/c
and Ei,,f = 138 MeV stems from TT~p —ieTe"n .

rate contributions from the reaction ir'p —» e+e~n and
7r~p —> x"n , followed by 7r" —• e+e" are determined
by a fit to the neutron velocity distribution. Figure 3

0 028 0 030 0 032 0 034 0 036

Figure 3: /?„ distributions for a) n" decays and b)
3-body events and accidental background.

shows the distributions of the neutron velocity 0n for
different classes of events. Figure 3a contains events
with 100 MeV< E,,,t <125 MeV, where the neutron
peak from ir~p —• 7r"n, x" —• e+e~X is pronounced. X
denotes additional undetected photons or leptons from
the various TT" decay modes. Figure 3b shows distribu-
tions for 3-body even's. The 3-body distribution has no
indication of a contribution from TT" decays. The spec-
trum expected for the previous experimental value for
the TT" —< e+e" branching ratio is plotted for compari-
son. The upper limit on the number of jr" decays is 9

events with 90% confidence. The corresponding upper
limit on the branching ratio has been determined from
the number of 7r~p —> e~e~n events:

BT. _,.T,,- <1.25xlO-7 (90% C.L.)

4 Conclusions
The result of this measurement of the 7r" —> e+e~
branching ratio is compared with values published pre-
viously in Figure 4:

' J. Fischer et.al. [6]

3.S. Frank et.al. [7]

' OM1CRON [8]

1 SINDRUM I

0.0 1.0 2.0 3.0 4.0 5.0 6.0 *1Q-7

Figure 4: Experimental values for the TT° —• e+e~
branching ratio (90% confidence intervals).

The new upper limit is considerably lower than those
measured before, but there is still a need for improved
experiments to detect an unambiguous signal of the de-
cay. The upper limit excludes, however, an unexpect-
edly large value for the branching ratio which removes
the need for non-electromagnetic contributions in the
decay amplitude as suggested by the earlier results.
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The purpose of this experiment [1,2] is to contribute
to a more precise knowledge of the rest masses of the
muon-neutrino v^ and the positive pion ir+ . The meas-
sured quantity is the momentum p,,* of the muon pro-
duced in the decay 7r+ —» M+"JI of stopped pions. As-
suming energy and momentum conservation and CPT
invariance (nv+ = m , - ) one can calculate the neutrino
mass TO,,,, from the momentum p,,+ and the rest masses
m, - and m,,+ measured by other experiments. Alter-
natively the Pp+ result can be used, together with m ^
and the assumption m,a > 0, to obtain a lower limit on
mT+ which is useful as a test of ir~ mass measurements.

Since our last series of data taking runs [2] the uncer-
tainty in the world average of m*- has been improved to
0.33 keV/c2 [3]. In order to obtain equal contributions
from ra,- and ?„+ to the uncertainty of the squared
neutrino mass m ^ , the p^+ uncertainty has to be re-
duced to 0.26 keV/c, which is smaller than that of our
previous p^* result [2] by a factor of 3.2.

In 1988, we have designed the improved p^+ spec-
trometer and performed a 10-day test run in the irEl
area. The improvements in the design concern the muon
detector located at point C of Fig. 1.

r 71

Figure 1: Sketch of the magnetic spectrometer.
;r+-stop scintillator; B,C: copper collimators.

The single silicon surface barrier detector is replaced
by a telescope consisting of a 300 fim thick silicon mi-
crostiip detector and a 1 mm thick silicon surface bar-
rier detector. Both detectors are somewhat larger than
the 18 x 15 mm2 opening of the collimator. The mi-
crostrip detector has readout strips separated by 50 /im.
In the data-taking runs, the magnetic field will be kept
constant. The muon momentum will be determined
from the edge in the distribution of events over the mi-
crostrips. This edge occurs at the focus for muons which
have left the scintillator without energy loss [2].

In the test run it was shown that the background

rate can be strongly reduced by working at a lower pion
beam momentum (120 MeV/c instead of 150 MeV/c),
and by requiring a coincidence of the 7r-stop signal with
a suitably delayed machine RF signal. This is illustrated
by the TAC (time to amplitude converter) spectrum
presented in Fig, 2.

Figure 2: Time spectrum obtained in test run showing
reduced background (see text).

To obtain this spectrum we used, at point C of Fig. 1, a
single silicon detector with a depletion depth of 1 mm.
The TAC was started by a large signal (> 3 MeV) from
the silicon detector and stopped by a delayed large sig-
nal (> 1.8 MeV) from the 0.5 mm thick ir+-stop scin-
tillator [2]. The spectrum shows the exponential decay
curve of the ir+ in the scintillator. The accidental back-
ground rate in the right half of the spectrum relative to
the good event rate is an order of magnitude lower than
in the previous experiments.

In the test run we also developed a new 7t+ beam
steering system involving a steering magnet (SSK51)
about 1 meter upstream of the ir+ stop scintillator. The
electrical current of the steering magnet oscillates con-
tinuosly with a period of two seconds so that the beam
spot at the scintillator moves left and right by a few
millimeters. The x + stop rate is measured during odd
and even half cycles of the oscillation. If the two rates
differ, a correction current is fed to the steering magnet
such that the average center of the ir+-stop distribution
is continuously kept at the center of the scintillator.
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After completion of the S I N D R U M I exper imental
p r o g r a m in March '88 the spec t romete r has been disas-
sembled . Results from the ircl —• e+e~ measurements
a n d from a muon-induced fission experiment are re-
por t ed separately below. M a n y par t s of S INDRUM I
are being used for the S I N D R U M II and LADS spec-
trometers.

The superconducting magnet for the SINDRUM II
spectrometer (Fig. 1) was tested successfully at 1.2 Tesla
over a few days. The magnet has now been moved to
the fiEl area and a liquid helium transfer line from the
SULTAN refrigerator has been installed. The work on
the magnet will be finished in February '89 after which
the new endplugs will be mounted. A first test of the
completed detector is expected in spring '89.

Figure 1:

The first experiment planned for SINDRUM II is
the search for anomalous conversion of a muon to an
electron in the field of a nucleus (Titanium). The cur-
rent upper limit on the branching ratio for this process
is 4.9.1(T12 from the TPC experiment at TR1UMF[1].
The SINDRUM collaboration is aiming to lower this

limit significantly during 1989, and eventually to reach
a few times 10"14 after the big shutdown in 1990.

Apart from the work on the magnet, two major tests
have been undertaken in the past year:

• a test of the redesigned pE\ beam.

• a beam test of the new radial drift chamber DC1,
built by the PSI detector group.

1. The ßEl beam studies:
For the \T —> e~ conversion experiment it is important
to have high muon stop rates, and low pion contami-
nation of the muon beam. We used a liquid hydrogen
target [2] to deliver a clean tag for the pions via the
reaction r~p —> 717 at rest. The emitted photons (129
MeV) were detected with a large Nal crystal. Muon in-
tensities were measured by the same detector recording
the Michel p decay electrons. A summary of the test
results is available on request [3].

The pion flux was found to be 10~4 of the muon flux
almost independent of the momentum. After degrading
the beam in front of the target to stop the muons the
remaining pion component in the stop rate was 10~7.
The incoming muon flux was 10 MHz for 100 MeV/c
beam momentum and a proton current of 200 ^A. The
muon stop probability was 70% in the hydrogen target
from which we estimate a 50% stop probability in a
Titanium target of l.bg/cm2 effective thickness.

While the muon intensity is sufficient for the first
experiment planned in '89, the pion contamination is
still two orders of magnitude too high. Investigations of
the time structure of the pions indicated that most of
the surviving pions underwent scattering on beam ele-
ments at two distinct positions along the beam line and
were accepted by the successive beam elements. Im-
provements to the beam line look impossible before the
big shut-down, so we will use a beam veto signal and/or
the RF timing of the beam to reject prompt events in-
duced by stopped pions. For this the 17 MHz mode
of beam operation looks especially attractive, because
the 17 MHz signal can be used to achieve better sep-
aration between muons and pions, without introducing
large dead times.
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2. Beam test of the driftchamber DC1:
The lOOMeV electrons from n~ —> e~ conversion will
be measured by two drift chambers in which radial drift
fields project track segments onto the outer radii of
the chambers where coordinates are measured by an-
ode wires. In DC1 z-coordinates will also be measured
using cathode strips.

For these drift chambers gas quality and stability is
important. A closed-loop gas system has been built
and tested in Aachen, and has now functioned suc-
cessfully at PSI for six months. DC1 uses a CO2-
isobutane(85:15) gas mixture, while DC2 uses a He-
CH4(90:10) mixture.

The two chambers have been constructed at PSI dur-
ing the past year. In November '88 DC1 was tested in
beam. The data taken are being used to optimise the
calibration procedures. During the experiment itself the
calibration will be made with cosmic ray tracks some of
which have a similar geometry to the beam tracks mea-
sured in the test run. Analysis is still in progress, but a
spatial resolution of 200/im has already been obtained
which is sufficient for this experiment. The chamber ef-
ficiency of 96% is expected to improve with better high-
voltage stability, and improvements to the sensitivity of
the electronics.

During January and February '89 both DC1 and
DC2 will measure cosmic ray tracks before being in-
stalled in the S1NDRUM II magnet.
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The nudeon-nucleus scattering in the medium en-
ergy range is dominated by quasielastic processes.
Among the principal questions in this context are those
about the validity of the impulse approximation and the
importance of nuclear effects like Fermi motion or the
influence of the Pauli principle. The simplest nucleus
to study is the deuteron. For the D(n,p)nn process the
momentum transfer is small if the proton goes forward
and one expects a strong Pauli blocking effect, which al-
lows only the 'So state for the final neutrons. We have
measured differential cross sections of the quasielastic
np charge exchange on deuterium in the angular range
0" < Op.ioi < 18" for neutron energies between 290 and
570 MeV. The experiment was performed at the PSI
unpolarized neutron beam nEl which has a continuous
energy spectrum [1]. At a distance of 60 m from the
production target (E) a liquid deuterium target was
placed. The recoiling protons were measured with a
drift chamber equipped magnet spectrometer [l]. The
energy of the incoming neutrons was measured for each
event by the time-of-flight from the production target
to the reaction target. The accelerator was operated in
the so-called 17 MHz mode, resulting in 60 ns time dis-
tances between the bunches which eliminated the am-
biguities above 290 MeV. For each energy and angular
data point, the number of events was determined from
the corresponding recoil proton momentum spectrum,
the shape of which has been carefully studied in order
to separate the quasielastic events from inelastic and
breakup events [2]. The influence of the material sur-
rounding the target has been subtracted using an empty
target measurement. An absolute normalization was
done by comparison with the np charge exchange reac-
tion, which was measured with the same set-up, and the
target filled with liquid hydrogen. As an example, the
resulting differential cross section at 539 MeV is shown
in Fig. 1 as a function of the four-momentum squared,
t. For comparison, the np charge exchange cross sec-
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Figure 1: Differential cross section for the D(n,p)nn re-
action at 539 MeV.

tion, calculated from Arndt's phase shift analysis [3] is
shown (dotted line). It differs strongly at small t-values,
as expected. Also shown in Fig. 1 is a PWIA calcula-
tion [2], where Fermi motion and the influence of the
Pauli principle are included. This gives a rather good
description of the data at small t, but systematic devi-
ations appear at larger t-values, where a more refined
approach is needed.

For a global comparison with the np charge exchange
cross sections our data have been parametrized with a
double exponential expression:

da/dt = ai e"1' + a2e
fi'1.

The parameters of the fit are shown in Fig. 2, to-
gether with the corresponding parameters from a fit to
the np charge exchange data. One can conclude that
for c»2, /3i and /32 there is a surprisingly good agree-
ment between free and quasifree charge exchange scat-
tering, whereas Qi again reflects the strong suppression
of the quasifree scattering at small angles. At 0" the
ratio of the quasifree to free charge exchange cross sec-
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tion is about 0.62±0.03, and almost independent of the
neutron energy.

This work has been supported by the German Bun-
desministerium fur Forschung und Technologie.
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Recent kinematically complete measurements on 3He
demonstrated unambiguously the existence of pion ab-
sorption processes involving three nudeons [1,2]. Such
measurements have also the potential to explore the
responsible reaction mechanisms. The most often dis-
cussed possibilities are a) 2NA + FSI, i.e. two-nucleon
absorption followed by final state interaction, b) ISI
-i- 2NA, i.e. initial state interaction followed by two-
nucleon absorption and c) 3NA, i.e. genuine non-
sequential three-nucleon absorption.

We made an attempt [3] to detect mechanisms a)
and b) in 3He(Tr+,pp)p data at T» = 120 MeV in kine-
matical regions where pure 2NA is excluded. Figure 1
shows a test concerning possibility a). In this case one
of the detected nucleons should have the energy distri-
bution of pure 2NA (dashed curve). The measured his-
togram, however, does not indicate such a distribution
but has the shape of the three-body phase space.
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Figure ]: Histogram: number of events as function of
the kinetic energy of one detected proton; full line: sim-
ulation of the geometry with pure phase space; dashed
line: fit to experimental data from a different counter
configuration which includes 2NA.

this case the distribution of the mass ra, of an ex-
change particle in the intermediate state should peak
at the pion mass [4]. Nucleon 2 and 3 being measured,
mx can be determined experimentally as rn^^Ti+Ts)2-
(p2 +P3)2 . Again the measured distribution does not
exhibit the expected behavior but follows three-body
phase space.

In conclusion, the results exclude major contribu-
tions in our data from the sequential mechanisms a) and
b). The observed phase space like distributions strongly
support the picture of a genuine 3NA process c).
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Figure 2: Differential cross section as a function of the
mass m, of an exchange particle in the intermediate
state. Circles: experimental data (non-2Na counter
configuration); open squares: data from a 2NA counter
configuration; solid line: fit to the non-2NA data by a
horizontal line (phase space); dashed curve: prediction
from ref. 4 for mechanism b). The experimental and
theoretical data are divided by the three-body phase
space; the experimental data are corrected for accep-
tance.

Figure 2 shows a test concerning possibility b). In
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In a systematic study of neutron induced reactions
on the nuclei C, Cu and Bi we have measured the in-
clusive production of protons, deuterons, tritons and
charged pions with emphasis on backward emission an-
gles. The results on carbon are given in [1,2]. The pion
production on the three nuclei will be presented in the
following. The extension to Cu and Bi permits infor-
mation on the mass number dependence.

The pion production, expressed as the invariant
cross section <rlnv= E d<r/d3p is displayed in Fig. 1. In
the left part, atnv of the three nuclei are compared. The
angular dependence of cr,nv for Cu at 542 MeV is given
on the right part of Fig. 1. The high energy parts of the
spectra have been fit by the expression ffin„ ac exp(-
Bp2). The resulting slope parameters B show a mono-
tonic dependence on energy and emission angle.
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Figure 2: Comparison with intranuclear cascade model calculations at 542 MeV.

The pion production ratios of the nuclei are
I c / I c = 3.02±0.22, Ifli/Ic = 5.82±0.65 and W I c u =
1.78±0.12, corresponding approximately to an A2 '3-
dependence.

Calculations based on the intranuclear cascade model
are compared with our data for 542 MeV in Fig. 2.
While there are obvious discrepancies on the absolute
scale, particularly for the heavier nuclei, the shapes of
the energy spectra are reproduced qualitatively. These
results can be applied to pion production in nucleus-
nucleus collisions which have been attracting increas-
ing interest very recently. Our results can serve as a
valuable input for these calculations. A promising ap-
proach for the interpretation of the experimental results
is based on the moving source model [3], which has been
successfully applied to nucleus-nucleus collisions.

This work has been supported by the German Bun-
desministerium fur Forschung und Technologie and the
Deutsche Forschungsgemeinschaft.
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One of the surprising developments in pion physics
after the advent of the pion factories has been the sug-
gestion that multi-nucleon absorption modes in nuclei
might have unexpectedly large importance. These spec-
ulations were stimulated by inclusive A(;r,p) and semi-
inclusive A(7r+,2p) surveys [1,2,3]. This experiment has
measured angular correlations with good energy resolu-
tion for the (?r+,2p) reaction on oxygen. It was hoped
that this should give clearer guidance as to the fraction
of the absorption reaction proceeding by a quasi-free
7r++d—>2p channel than earlier measurements which
lacked information on the excitation energy of the resid-
ual nucleus.

"0(7T*.2p) 9 165 MeV
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Figure 1: Excitation energy spectra for 16O(ir+,2p) 14N
at 165 MeV. (a) for proton angles centered at 0i =
50° and B2 — -105°, and a spectrometer momentum of
557 MeV/c (±12%), which emphasises low recoil mo-
menta, (b) for proton angles centered at 9\ = 50° and #2
= -87.5°, but out of the reaction plane between 8° and
23°; the spectrometer momentum is 496 MeV/c (±5%),
and these cuts emphasize higher recoil momenta (more
than 100 MeV/c).

The measurement was carried out at the irMl chan-
nel of SIN. Coincident protons emerging from the
16O(7T+,2p) reaction in a 4 mm thick water target were

detected with the SUSI magnetic spectrometer and a
large (600 msr) wire chamber - plastic scintillator ar-
ray. The combined system gave an excitation energy
resolution of less than 5 MeV. Absolute cross sections
were calibrated using elastic i + - p scattering and the
7r++d—»2p reaction on a deuterated target.

In Fig. 1 we show typical excitation energy spectra
for two angle and spectrometer momentum cuts which
emphasize different recoil momenta. At the quasifree
angle pair (Fig. la) the low excitation energy region
dominates. By making cuts on angle and energy which
emphasize higher recoil momenta (Fig. lb), we observe
a broad peak centered at about 35 MeV of excitation
(which we also saw at 115 MeV incident energy). Based
on excitation energy and its dependence on recoil mo-
mentum we attribute this broad peak to absorption on
(ls-lp) pairs in the 16O target.

In Fig. 2 we present angular correlations for a spec-
trometer angle of 132° and different excitation energy
cuts, averaged over proton energies from 35 to 225 MeV.
These show that the quasi-free two-nudeon absorption
yield, indicated by the peaked angular correlation, is
substantial up to at least 45 MeV excitation energy.

In Fig. 3 we present a similar angular correlation,
but for the full excitation energy range, and with an-
gular cuts of ±1.5 degress in the reaction plane and of
±6 degrees perpendicular to the reaction plane. These
are similar to those of Altman et al. [3], as are our
proton energy thresholds of about 40 MeV, so that the
two data sets may be directly compared; this is done
in Fig. 3 (with a 2 degrees shift in angle imposed to
account for the slightly different experimental choice).
Clearly, a large discrepancy in magnitude exists. The
dashed line in Fig. 3 represents a smooth cur\e drawn
through the data of Ref. 3 «normalized by a factor of
2.3, and agrees quite well with our data. We note that
Burger et al. [4] observed a similar discrepancy with
the data on Fe of Ref. 3.

To obtain an estimate of the total yield for two-
nudeon absorption we divided the data into two ex-
citation energy regions. Below 20 MeV excitation we
extrapolated the angular correlation data to the unmea-
sured regions by means of DWIA calculations [5j which
provided excellent fits; the extrapolations contain 10-
25% of the cross sections. The angular distribution of
this integrated cross section is essentially identical to
that of the 7r++d—>2p reaction, and integrating this in
turn gives a total cross section of 26.6 mb. This is ap-
proximately 14% of the total pion absorption cross sec-
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Figure 2; Angular correlation data for l cO(7r+ ,2p)uN
at 165 MeV with 6i = 132°. These data have been in-
tegrated over proton energies from 35 to 225 MeV and
averaged over an acceptance of ±20° perpendicular to
the reaction plane. Each panel corresponds to a differ-
ent range of excitation energy as indicated. Due to the
large solid angle average, the vertical cross section scale
should be used only with great caution.
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tributions from other processes such as initial and final
state interactions should be small.

To evaluate the two-nucleon absorption component
at higher excitation energies is much more difficult.
Here one can no longer cleanly separate direct two-
nucleon absorption on more tightly bound nucleons
from an underlying background resulting from absorp-
tion preceded or followed by rescattering, or for that
matter from multinucleon absorption. At present we
can only say that significant two-nucleon yield lies in
the 20-45 MeV region and estimate this to be between
30% and 60% of the yield to the 0-20 MeV excitation
energy region. This would increase the fraction of the
total absorption cross section arising from two-nucleon
absorption to between 40% and 50%.
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Figure 3: Angular correlation data for 1GO(7r' ,2p)1'1N
at 165 MeV. These data are as in Fig. 2, but with an
acceptance of ±6° perpendicular to the reaction plane.
The squares are data from the present experiment for 9j
= 132° and the full excitation energy range 0-140 MeV.
The X's are from Ref. 3 for fli = 130°, but shifted by
2°. The dashed line is a smooth curve through the data
of Ref. 3 but renormalized by a factor of 2.3.

tion on oxygen [6]. Correcting for final state interactions
using DW1A calculations we conclude that 59.2 mb or
31% of the total absorption cross section leads to the
first 20 MeV of excitation in the (TT+,2P) reaction. In
this 0-20 MeV excitation energy range, background con-
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In our actual picture of pion nucléon coupling there
are two different types of contributions to the reaction
•K~p —» 7T+7T~ n. One of them is built up by a cascade of
baryonic states coupled in a classical way to the pion,
the other is due to nonlinear coupling of the nucléon to
the pion field [1,2,3]. To determine the importance of
the various contributing diagrams and to learn about
the higher order pion nucléon coupling very detailed
experimental data have to be taken. The aim of our
experiment is to produce kinematically complete data
for distinct angles of this most fundamental pion pro-
duction process. For this reason the experiment will
deliver data with two observed pions in the final state.
The polar and azimuthal distributions of the negative
pion with respect to the direction of the positive pion
are of special interest.

The principle of measurement starts from the fact
that the reaction ir'p —> v^ir~n is the only one which
delivers a positive pion with a beam of negative pions
in hydrogen. To detect this positive pion a little spec-
trometer has been built up from a standard ASL-type
beamline magnet. To have an undoubtful identification
of positive pions this magnet has been equipped with a
stack of scintillators in addition to the wire chambers for
track reconstruction. These scintillators stop the pions
after having passed the magnet and allow the observa-
tion of their decay cascade. This tool serves to produce
an excellent tagging of the reaction. It works together
with an arrangement of wire chambers and scintillators
covering 4 steradians around the target where the direc-
tion of the outgoing negative pion is measured. Figure 1
shows a schematic horizontal profile of the apparatus
together with a r ~ p —» 7r+ir~n event taken in Decem-
ber 1987. The quality of our data is demonstrated in
Fig. 2, where spectra of particle masses obtained by the
spectrometer are shown. The mass of the particle is de-
duced from its momentum, measured by its deflection in
the magnetic field and time-of-flight through the mag-
net. In the upper part of the figure all the particles
which yield a single track in the chambers are included.
The lower part shows the measured mass of particles
which were identified as pions by the use of the scin-
tillator stack. In this way the background from other
reactions in the target is kept below 10~3.

Until now we have taken a sample of about 100000
events distributed over three different incident energies.
Most of these events are still under evaluation. As a first
result we show an angular correlation function W of the
outgoing pions. This is the azimuthal distribution of
the negative pion around the beam; the corresponding
positive pion defines the x-z plane together with the
beam (beam=z-axis) in the CM-system (Fig. 3). The
horizontal error bars indicate the width of the binning.
There may be an overall error of 20% for the vertical
scale which is still in discussion. The phase space of the
reaction is indicated by the solid line.

The enhancement of the data at 180° means that
a coplanar type of event with both pions going to op-
posite sides of the beam ($„-=180°) is favoured. This
enhancement indicates a strong interference of the types
of conventional diagrams with baryonic degrees of free-
dom with those of pointlike character with a higher or-
der coupling of the pion to the nucléon. It is obvious
that this interference will allow a rich discussion of the
pion nucléon coupling. A more detailed interpretation
of the measured distributions is in progress [4].
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Figure 1: Horizontal view through the experiment R-86-02. The MWPC's are indicated with c4, c5, c6 and the
scintillators with s2, s3 etc. The sketch of the apparatus contains only the parts of the i\~ arm which intersect the
horizontal plane containing the beam. To remonstrate the working principle of the apparatus a 7r~ —> ir+7r"n event
is plotted into the drawing.

Figure 2: Distribution of the measured mass of particles
passing the magnet. Upper part: all particles connected
with a single track in the chambers (a lot of e+e~-pairs
are already excluded). Lower part: only the part of
particles which could be identified as pions by the use of
the additional scintillator stack. The lack of background
of wrong pion masses demonstrates the purity of our
tagging of the reaction.
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Figure 3: Angular correlation function
W(6,+ ,TT+,8T-,4>r-) of the ir~p — TT+T-TI reaction.
It is plotted as a function of the azimuthal angle of
the jr~ around the beam with respect to the x-z plane
defined by the beam and the outgoing TT+ . In this case
the polar angle respectively the momentum of the ir+

has been fixed to be 90°±10° resp. 110±14 MeV/c;
thatone of the ?r" to 120°±30°. The solid line indicates
the phase space of the reaction.
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The total neutron-proton cross section can be writ-
ten as 1

"2.t,APB • k){PT • k)

where Pg and Pj are the polarization vectors of beam
and target, respectively. The three cross sections are re-
lated to the forward scattering amplitudes via the opti-
cal theorem. The observables are the unpolarized cross
section, IT,,.,„,, which has been measured with high pre-
cision [2], and the two quantities

and

2 • ( » I M - i *>)-<

which can be measured with appropriately polarized
beam and target. Until recently no direct measure-
ments of Aoy and AaL were available. In the last SIN
NEWSLETTER [3] we have reported on the measure-
ment of ACTT' Here we present data from a measurement
of A<7£ with nearly the same setup, except that for this
experiment a longitudinally polarized beam and target
were needed.

Saclay—Geneva

300 tOO 500

Tkin (MeV)
too

Figure 1: Preliminary results on Acrj,.The curves are
PSA predictions.

Longitudinally polarized neutrons have been pro-
duced by polarization transfer on carbon by longitu-
dinally polarized protons. For the polarized target the

same cryostat as for the ACT measurement has been
used, together with a superconducting solenoid with
the required homogeneous magnetic field. This mag-
net, which was borrowed from another group at PSI,
allowed to use the full length of 15 cm of the cryostat.
A polarization of about 0.56 was achieved. Preliminary
results for Acrx, are displayed in Fig. 1, together with
recent data from Saclay. Also shown are the predictions
from phase shift analysis.

Using these data together with our earlier results for
Aor [3] and ffo.toi [2], and using the corresponding pp
data from PSA predictions of Arndt, the isospin 1=0
component of the unpolarized total cross section has
been separated in its singlet and triplet parts. The re-
sults are shown together with PSA predictions in Fig 2.

Tkin (MeV)

Figure 2: Singlet (a) and triplet (b) part, of o",,,,(/ - 0).

This was the last experiment performed with polaT-
ized neutrons at the nEl beamline, which was disman-
tled in June 88. The new polarized neutron beamline
NA1 is scheduled to be ready by the end of 1990.
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LADS is a large solid angle (a 4T) detector de-
signed to study pion-nucleus reactions, iri particular ab-
sorption, in as complete a way as possible. There re-
mains speculation that exotic, possibly non-nudeonic,
processes are important in pion absorption in nuclei,
despite many years of both experimental and theoreti-
cal investigation. A substantial cause of the uncertainty
of our understanding is the frequency of multi-nucleon
final states, so that most experiments until now have
only examined limited aspects of the reaction; the lack
of completeness has been sufficient to allow wide vari-
ation in interpretation of the results. It is this uncer-
tainty which LADS is principally intended to resolve.
The experimental programme should start in 1989, with
the helium isotopes as targets.

The main elements of LADS are:

- 2 concentric cylinders of plastic scintillator blocks
1.6 meters long, each of 28 sectors, the inner cylin-
der having a radius of 30 cm and a thickness of 20
cm; the outer cylinder is 15 cm thick. All sectors
are read out by 5 inch photomultipliers at each
end.

- 28 5 mm thick dE scintillators just inside the inner
block cylinder, also read out by photomultipliers
at each end.

- 2 cylindrical multi-wire proportional chambers of
the "SINDRUM" design with cathode strip read-
out, of radius 28 and 6.4 cm, and active length 1.6
and 0.9 meters respectively.

- End-cap scintillator assemblies close the cylinders
between the two wire chambers. These comprise
dE-counters and two E-counters for each of the 14
sectors of each end-cap; the E-counters are 40 cm
long for the forward end-cap and 30 cm long for
the backward one.

For the helium isotopes, a 100 atmosphere gas target

has been built; its cell is a cylinder of 2 cm radius and
20 cm length, made out of 400 ßm thick carbon fibre.

In November 1988 the first of the large 1.6 m long
dE and E block cylinders were tested in the xMl area.
Fig. 1 shows the energy spectrum obtained when two
mono-energetic proton beams were incident on the cen-
tre of the E-block, of energy 95.3 and 102.0 MeV re-
spectively. The observed energy resolution is 2.5 MeV
FWHM. Subtracting the contribution to this from the
width of the proton beam and straggling in the coun-
ters in front of the beam leaves a contribution from the
detector itself of 2.2 MeV FWHM. Of the three types
of large E-block used in the two main cylinders, the one
used for this test should have the poorest light collec-
tion. The measured resolution is a factor 2 better than
assumed in the proposal for the overall resolution in
data taking mode.

A check of the particle identification using the dE/dx-
and E-counters together looking at reaction products
from a target showed that pions, protons and deuterons
were well resolved for particles stopping either in the
dE/dx- or E-counter.
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In the muon catalyzed fusion reaction of heavy hy-
drogen isotopes, helium nuclei are produced. Muon cap-
ture by helium and muon transfer from a hydrogen iso-
tope to helium take muons out of the fusion process.
It is therefore important to test models and theoretical
predictions relative to these reactions. The aim of the
present experiment was the measurement of the trans-
fer of negative muons from the ground state of muonic
hydrogen to helium using a triple mixture of H2-He-Ar.

The transfer to helium is a special case, because the
cross section is suppressed by several orders of magni-
tude compared to the heavier atoms. Assuming that
the muon transfer proceeds via an intermediate stage,
where a muonic molecule is produced in an excited state,

(W>)i He

pHe+

Aristov et al. [1] and Kravtsov et al. [2] calculate trans-
fer rates APHC, reduced to the atomic density of liquid
hydrogen at room temperature, which are given in Ta-
ble 1.

Author
Aristov et al.
Bystritskii et al.
Kravtsov et al.
Ivanov et al.
Von Arb et al.
This work

Ref.

Ill
[51
121
171
[61

Experiment

0.36(10)

0.032(13)
0.85(10)
0.92(14)

Theory
0.44

0.43-0.52
0.32-0.35

Table 1: Comparative table of measured and pre-
dicted transfer rates to 4He at room temperature Avnt
( lOV 1 ) .

In our experiment, we measured the time distribu-
tion of the muonic argon x-rays resulting from the muon

transfer. This time distribution is a measure of the
lifetime of the fip atom in the H2-He-Ar gas mixture.
Three processes contribute to the disappearance of the
fip system: a) the free decay of the muon An , b) the
formation of pup molecules with a rate A,,,, . and c) the
transfer of the muon to argon (A,,.4r), to helium (Ap//,).
to deuterium (Aj) or to impurities (A,). Hence, the to-
tal disappearance rate A of the bound up system in our
H"-He-Ar mixtures can be written as

A = A,, KA - A ,

The pd atoms formed can also transfer their rmion
to heavier atoms, which is taken into account by the
rate

A ' = A , , - ! + Arf

The time distribution of the muonic argon x-rays is
then given by

IF 1 «-" + Ä

where the A are reduced transfer rates. From the mea-
sured time distribution of the muonic argon x-rays, one
extracts, by using the above formula, the reduced trans-
fer rate ApHe, the other rates being known. In par-
ticular, the transfer rate to argon has been measured
previously by our group with a high pressure target
(100-150 bars) [ref. 3] as well as with a low pressure
target (10-15 bars) [ref. 4] used in the present exper-
iment. The results are in good agreement with each
other. The mean value of Ap^r = 1.44-10us" ' was used
for the evaluation of the tranfer rate.

Two different gas mixtures at 15 bars were used for
our measurements: a) H2+34.4% He+6-5r ppm Ar and
b) H2+50.7% He+943 ppm Ar. Net time spectra have
been obtained by setting energy windows on the pliulo-
peaks of the muonic argon x-rays and on the background
on both sides of these peaks. For the gas mixture b).
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Figure 1: Time distribution of the muonic 2p-ls events
(o) before subtraction of the background spectrum (+).

the time distribution of the muonic 2p-ls argon x-rays
are given before (o) subtraction of the background spec-
trum (+) in Fig. 1, and after subtraction of the back-
ground in Fig. 2. The reduced transfer late to helium
ApHc deduced from these measurements are given in
Table ] together with other experimental [5,6] and the-
oretical [1,2] results. Our mean value is a factor of two
higher than the experimental result by Bystritskii et al.
as well as the different theoretical calculations. Since
our evaluation depends on the reduced transfer rate to
argon, its determination is crucial. Our transfer rates
to argon, measured at different pressures and concen-
trations [3,4] agree well with each other and the values
obtained by the decay electron method. They are, how-
ever, in disagreement with the transfer rates where the
x-ray method was used. Taking for Kpne the value of
Bystritskii et al. and calculating KVAT from our exper-
imental disappearance rates A , one obtains a value of
Ap,tr which is in disagreement with all other experimen-
tal results. Measurements with other triple gas mixtures
are planned to elucidate these discrepancies.
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Figure 2: Time distribution after background subtrac-
tion for the mixture H2+50.7% He+943 ppm Ar.

A detailed description including the reduced argon
transfer rate and the muonic x-ray intensities of the
Lyman series of argon from muon transfer has just been
published [4].
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1 The fission probabilities of non-
radiative transitions in 238U

A combined (p~,yf) and (M",77) coincidence experi-
ment has been performed to investigate the nonradia-
tive transitions and their fission probabilities in 238U.
The experimental setup consisted of a two scintillator
beam telescope, a multi-parallel-plate avalanche counter
(PPAC) as fission detector, two large volume germa-
nium detectors with BGO anti-Compton-system and
a CsF-crystal. The fission detector contained 26 tar-
get foils of depleted uranium rolled to a thickness of
about 6 mg/cm2. The size of the foils was 3.5-6 cm2.
Each target was situated between thin alumir.ized my-
lar foils (~0.4 mg/cm2) which formed the electrodes
of the 1.5 mm thick PPACs. The whole PPAC had
a length of 4 cm. more than 85% of the mass in the
active volume consisted of the target material 238U.
The overall time resolution of the fission counter was
1.5 ns FWHM. Up to 210 s y,~ /s were detected in
coincidence in both scintillation counters leading to
3600 fission events/s. From the values for the ratios
of prompt and delayed 7-fission coincidences for differ-
ent transitions and the probabilities for non-radiative
transitions (Table 3) the corresponding fission proba-
bilities were deduced. The fission probability of the
2p—>ls transition is strongly dependent on the energy
(Table 1). Detailed calculations of Pj in the frame
of the double humped barrier were performed for this
nuclide [1]. With the computer code FISALL the
following fission barrier parameters were determined
from hadronic fission probabilities measured by Back
et al. [2] (Fig. 1): £„=5.55 MeV, hua=l.6 MeV,
£/7=2.3 MeV, hi>,,=0.52 MeV,
Eb=6.35 MeV and hvb=0.74 MeV. The dependence of
the fission probability on the barrier augmentation is
shown in Fig. 1, too, assuming the following changes of
the barrier parameters: AEa=0.1 MeV, A£j ,=0 .3 MeV,
AE6=0.5-1.0 MeV, Afci>„=Ato///=Aki/6=0 MeV. The
measured fission probabilities of the 2p-*ls transitions
indicate a barrier augmentation of A£|,=(0.6±0.1) MeV.

6,5 ExlMé/1 7,0

Figure 1: Fission probabilities for different values of
the barrier augmentation (0.5-1.0 MeV). L=L9esnm ,
denotes a simulation of experimental data given by
Back et al. [2]. The fission probabilities per radia-
tionless transition P/(2p—>ls) are shown with absolute
errors (£) and with errors of the values relative to each
other (g).
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Figure 2; (/u , e )-time spectrum of the decay muons attached to the heavy (a) and light (b) fission fragments.

Transition
2pi/2 -
2p3/2 -
2P3/2 "
3d—Is

"* 1*1/2
"•lSl/2
- lS l / 2

E[keV]
6130
6435
6533
9400

JJSJJ

P,\%\
2.35±0.66(±0
0.59±0.18(±0
1.45±0.42(±0
5.74±1.68(±0

.21)

.09)

.17)

.70)

Table 1: Fission probabilities per radiationless transi-
tion; E denotes the mean excitation energy. For Pj the
absolute errors and the errors of the values relative to
each other (in brackets) are given.

The fission probability after the excitation by the ra-
diationless 3d-> Is transition is P /(3d->ls)=(5.7±1.7)%.
The corresponding value as measured at the same ex-
citation energy in hadronic reactions is 18% [3]. A cal-
culation applying the model of Kuprianov et al. [4]
results in a fission probability for hadronic reactions of
P/ = 16%. From the measured value for P/(3d—.Is) the
increase of the outer barrier can be calculated to be

0.Qtuil) MeV.

2 The probability of non-radiative
decay in muonic 238U

The role of the radiationless (r.l.) transitions in nuclear
excitation leading to prompt processes Iike7-decay, neu-
tron emission or fission has been discussed in several
papers [5-7] (see Table 2). In the same experiment as
described above the non-radiative transition probabil-
ity in muonic 238U was determined. From a comparison
of the muonic X-ray single spectra with the measured
coincidences with the 2p—>ls transition detected in the
CsF-crystal the fraction of missing 3d-»2p muonic X-
rays is obtained, giving the total decay probability of
the 3d-level not populating the 2p-level. Correcting this
value for the radiative 3d—>ls transition one obtains the
probability for the nonradiative decay of the 3d-level:
Pr.i.(3d-.ls)=(12.8±1.4)%.

With the energy spectrum of the CsF-detector it was
possible to evaluate the differences in population and
depopulation of the 2p-level by using the relative de-

tection efficiencies of the CsF-detector calculated with
the computer code GEANT. The result Pr.,. (2p-ls) =
(26.2±2.6)% is in agreement with ref. 8. In addition,
we got r7(3d-ls)/r7(3d-2p)=(6±l)%.

Theorv
Zaretski et al. [5]
Teller et al. [7]
Karpeshin et al. [6]

2p—ls
40
24

11-15

3p->ls
78
50

48-60

3d—Is

15
25-33

Table 2: Theoretical results for Pr.,.[%] of 238U.

By comparing the single to coincidence ratio of the
subcomplexes (S) of the 3d—>2p transitions with the
ratio of the whole complex (C) it is possible to deter-
mine the non-radiative transition probabilities of the
fine structure lines 2p3/2 —*lsi/2 and 2pj/2 —.lsj^-
The error of Pr.i.(2p—»ls) is treated as a systematic er-
ror, which does not influence the difference of the non-
radiative transition probabilities of the fine structure
components. The deviation R=(P^ 1 ( s )" P r id 1 (C))
/ P ^ ' ( C ) of the relative radiative transition probabil-
ities is independent of Pr,i (2p—>ls) of the whole com-
plex.

The results displayed in Table 3 exhibit a large dif-
ference between the non-radiative transition probabili-
ties of the subcomplexes in 23SU, which exceeds the ex-
pected value according to the giant resonance model of
Teller and Weiss [7]. This can be explained by the open-
ing of the neutron channel (Sn=6150 keV). By regarding
some hyperfine parts within the 2p3/2 —•ls1/2 transition
leading to different mean excitation energies of 6435 keV
and 6533 keV this explanation is confirmed because they
show no difference in the nonradiative transition prob-
abilities.

3 Muon attachment to fission frag-
ments

Theoretical work on the possibility to get information
on dynamics in prompt muon induced fission from the
value of the probability with which the muon is attached
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2P3/2 —l»l /a

E kf.V
6130

6-160

P, t (2p-»ls)l%l
21.6±1.6

31,1±1.3

+G.2±2.2

-6.7±1.8

S l̂kfV
6150

Table 3: Experimental nonradiative transition probabil-
ities of the fine structure components (E=mean transi-
tion energy of the fine structure component, R=relative
radiative transition probability, see text).

In the data analysis electron tracks are accepted if
they intersect only one detector area, allowing lo assign
the electrons to the fission fragments unambiguously.
By applying windows on light and heavy fragments and
requiring prompt fission, the attachment probabilities
are obtained from the corresponding time spectra. The
time spectra t(n~ ,e~) of light and heavy fragments are
shown in Figs. 2a and b, respectively. Lifetimes were
fitted to the data of Fig. 2. Preliminary results are
listed in Table 4.

to the light fission fragment gives controversial results.
The necessity to measure this probability has become
obvious. In particular the measurement of the depen-
dence of this quantity on mass number and TKE(A)
would give a much more solid basis for further discus-
sions. Belovitskij et al. [9] have performed very illus-
trative work with photo emulsion and have obtained a
value for Pi, and results on muon conversion also. Here
we give preliminary results on a first electronical mea-
surement of PL.

In the prompt muon induced fission the muon only
interacts via the electroweak force. After the fission
process it is attached to either fission fragment with a
probability of more than 0.98 [9]. The ratio PL/PH,
of the attachment probability of the light and heavy
fragment, respectively, is depending on the fission time.
Because of the higher binding energy of the muon Pu
is bigger than Pi and it increases with the fission time.

The muon bound to a fission fragment decays into an
electron with a probability of 0.05. Because the lifetime
of the bound muon is large compared to the time of
flight for the fragment to be spatially separated, the
corresponding fission fragment can be determined by
detecting the fission fragment and the track of the decay
electron. The fission fragments are registered in large
area semiconductor detectors. The decay electron is
detected with the magnetic spectrometer SINDRUM.
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Mass
light
111.5-118.5
104.5-111.5
97.5-104.5
90.5- 97.5
83.5- 90.5

all

window
heavy

118.5-125.5
125.5-132.5
132.5-139.5
139.5-146.5
146.5-153.5

masses

PL

0.186±0.064
O.O76±O.O21
0.053±0.011
0.039±0.0O9
O.OlliO.OlO
0.048±0.OO7

Table 4: Preliminary results of the muon attachment
probability to light fission fragments of 237Np depending
on mass number. The mean lifetimes of the muon were
Ti=(182±27)ns and rw=(116±4)ns.
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The muonic X-rays of 198Hg, 190Hg, 2tlflHg, 201Hg,
2(l2Hg and 2"4Hg have been investigated using two BGO
Compton suppressed Ge detectors. Four of the six tar-
gets consisted of HgO powder (about 2 g each) enriched
in the isotopes 198Hg, 2MIHg, 2CIIHg, 2O2Hg, respectively.
A fifth target consisting of HgO in a natural isotopic
composition, was used to obtain data for 199Hg; the nat-
ural abundance of this isotope is 16.8%. These targets
were contained in small plastic holders, with a result-
ing target thickness of approximately 200 mg/cm2. The
2"4Hg target consisted of Li amalgam with a thickness
of only 20 mg/cm2 sandwiched between two Be foils.
The six targets were measured simultaneously with an
enriched 2"6Pb target to allow an in-beam energy cal-
ibration. Compared to the earlier studies of Hahn et
al. [1] and Günther et al. [2], the present data set is of
an equal statistical quality. Also the resolution in the
spectra is roughly the same as in those studies. The
suppression of background obtained in the present ex-
periment, however, is at least ten times better than in
the previous ones thanks to the Compton suppressed
spectrometers. This has enabled for the first time the
observation of a number of weak members of the 2p—»Is
and 3d-.2p hyperfine complexes in i98.2ou.2ei2Hg A n a ,_
ysis of the data is presented in a forthcoming thesis by
A.J.C. Burghardt [3].

The main conclusions from this analysis on the even-
even Hg isotopes are that the discrepancy observed by
Hahn et al. [1] in the value of the fine structure splitting
of the muonic 2p state deduced from different transi-
tions is not observed in the present work, neither is the
resonance of the 2pj/2 —»lsj^ transition with a nuclear
1" state in 2<"'Hg reported by Günther et al. [2J. In-
dications of such a resonance are present, however, in
2tl2Hg, which corroborates the findings of Hahn et al..
The analysis of the transition energies has yielded

ground state charge distribution parameters and val-
ues for the quadrupole moment and the reduced transi-
tion probability of the first 2+ state. Both the obtained
quadrupole moments and the B(E2) values are in good
agreement with Coulomb excitation results, except for
the anomalously high value for the quadrupole moment
in 2<ltlHg. Moreover, the quadrupole moments have been
determined more accurately in the present work than in
previous muonic X-ray studies. A strong model depen-
dence is observed for the reduced transition probability.
The limited accuracy of the muonic transition energies
does not allow an optimization of the nuclear polariza-
tion correction, such as performed by Bergem et al. [4]
for a number of muonic states in 208Pb. Consequently,
the uncertainty in this correction still contributes ap-
preciably to the systematic error.

Accurate values for the Barrett moments and equiv-
alent radii have been extracted from the muonic transi-
tion energies. The deduced muonic isotope shifts do not
reveal any abrupt shape transition in the series of even-
even Hg isotopes or a discontinuity at 2nllHg. Finally,
the combined analysis with electron scattering data has
yielded model-independent values for the rms radii of
the even-even Hg isotopes.
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In last year's annual report [1] we reported on deeply
bound pionic 3d orbits in heavy elements, such as 181Ta,
na 'Re, "°'Pt, 107Au, 2l l8Pb and 209Bi. The experimen-
tal values reported for the strong interaction level shifts
and widths were found to deviate significantly from val-
ues calculated with standard optical potentials. The
result of this analysis has been presented in the the-
sis by C.T.A.M. de Laat [2]. In order to search for
a structural deviation for deeply-bound pionic orbits,
other deeply-bound pionic levels, namely the pionic Is
states in "Mg, 27A1 and 2SSi and the 2p states in 93Nb
and ™°'Ru, were measured. The pion in a repulsive
Is orbit was thought to experience a stronger repulsion
than resulting from optical potential calculations. The
2p data from !|jNb and '4'°'Ru were expected to be of
great interest, since Krell and Ericson [3] predicted the
strong attractive p-wave interaction to be dominated by
the repulsive s-wave in the region of Z=36. In our mea-
surements the 2p strong interaction level shifts in these
nuclei were indeed found to be negative, the first neg-
ative pionic 2p level shift ever observed. The 3d data
were extended to lower Z by measuring the shifts and
widths of the 3d orbit in pionic 93Nb, ""'Ru, n<" Ag and
""'Cd. Analysis of the data is presented in a forthcom-
ing thesis by A. Taal [4].

For the pionic 2p—»Is X-ray transition in the nuclei
24Mg, 2TA1 and 2BSi the yield is rather low. Only a few
percent of the captured pions manage to reach the Is
orbit due to the large absorption probability in higher
orbits. Therefore, these transitions occur as broad low
intensity peaks in the recorded spectra. Moreover, the
pionic 2p—»Is X-ray transition is obscured by strong
nuclerar 7-ray and muonic X-ray transitions. Our ex-
perimental method to use Compton suppression BGO-
crystals and time-of-flight discrimination to reduce neu-
tron induced background was found to be insufficient to
measure these low-intensity transitions accurately. To
reduce the effect of this cumbersome nuclear 7-ray inter-
ference, additional coincidence requirements had to be
applied. The result was an order of magnitude improve-
ment of the peak-to-background ratio in these spectra.
By measuring the pionic 24Mg and 2TA1 X-ray spectra
in coincidence with an array of eight (5"x5") Nal(Tl)
crystals the quality of the recorded spectra improved
substantially. In the case of pionic 2sSi a coincidence
was required with charged particles through the use of a

cylindrical multiwire proportional chamber of low mass
(part of the SINDRUM spectrometer) surrounding the
200 mg/cm2 thick Si target. The wire chamber as such
was a part of the pion telescope.

The pionic X-ray spectra of 93Nb, ""'Ru. ""'Ag and
'""Cd with thicknesses of the natural targets being 5.5,
3.25, 2.75 and 2.53 g/cm2, respectively, were measured
without any extra coincidence constraints. The sup-
pression of neutron induced background is of impor-
tance in these measurements. To discriminate against
neutrons emitted after pion absorption in the target the
Ge-detectors were placed at a distance of about 40 cm
from the target and the neutron time-of-flight could well
be distinguished with respect to that of the shorter flight
time of the y- and X-rays. Only for pionic 93Nb and
n"'Ru did the measured spectra permit an analysis of
the 3d—>2p transitions and hence for a determination of
the strong interaction shifts and widths of the pionic 2p
state.

From intensity balances the strong interaction 2p
level widths of pionic 24Mg, 2TA1 and 2sSi and that of
the 3d levels in pionic 93Nb and n l"Ru were found to be
in good agreement with earlier experimental results.

Standard optical potentials yield a reasonable de-
scription of the present data, but they consistently fail
to describe simultaneously the strong interaction shifts
and widths of the more deeply-bound levels in the heavy
elements mer'ioned above. The experimental values for
the 3d-shius and widths in these cases are significantly
smaller than those predicted by standard optical poten-
tials [5-7], a trend which is not observed in the pionic Is
and 2p-data. Therefore, we performed a least squares
fit to 140 carefully selected pionic atom data points (28
Is, 58 2p, 34 3d and 20 4f). In order to obtain a better
matching with the experimental data, especially for the
pionic 3d levels, we extended the optical potential with
s-wave and p-wave TTNN isovector terms Bi and Cj. In
[1,2] we showed that an improved fit of the deviating
3d level shifts and widths could be achieved by such
isovector terms in addition to taking the neutron den-
sity different from the proton density. For each isotope
the proton density parameters cr and t r of the Fermi
distribution were taken from muonic atom and electron
scattering data. Hartree-Fock calculations by Angeli et
al. [8] and from 1 GeV proton scattering experiments
by Hofmann et al. [9] provided us with neutron den-
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Figure 1: The values of the strong interaction shifts (eu)
and widths (P,,) of the pionic 3d-level in pionic atoms
(data points with error bars) are plotted as a function of
A, the atomic mass number. The curves are the result
of various fits of the strong interaction parameters in
the pion-nucleus optical potential to pionic atom data.
Curve I represents the new fit to 140 pionic atom data
points (see text). The new fit includes, contrary to ear-
lier fits [5-7], isovector irNN scattering terms in the
strong interaction and is able to describe the 3d-level
shifts and widths simultaneously in a consistent way.
For comparison the curves representing the values cal-
culated from the parameter sets obtained by Batty et
al. [6] (curve II) and Seki and Masutani [7] (curve III)
are shown.

introduction of an extra hard core repulsion as proposed
by Olivier et al. [10]. The negative value for imBi
implies an increasing s-wave repulsion experienced by
pions absorbed from these deeply-bound 3d orbits. In
these nuclei which already have a large neutron excess
these particular states also show a relatively large over-
lap between the pion wave function and the nucleus.

In comparing the pionic atom parameters with low-
energy scattering data Masutami and Seki [l]] recently
showed that they could reproduce nicely the new cross
section data of low-energy elastic scattering of IT* on
12C and 16O at 20 and 30 MeV performed by Wright
et al. [12]. When anomalous pionic atom data, such as
T~-206Pb data, were included an impressive improve-
ment with the v~-scattering data on 4"Ca and 5BNi (20,
30 MeV) could be achieved. This illustrates that elastic
scattering data on 4l'Ca and 5BNi also require a stronger
repulsion in the local interaction.
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sity parameters cn and tn . For nuclei with spin I>1
the nuclear deformation parameter 0 was taken into ac-
count. The fit yielded a x2 Pe* data point of 2.6, a
result that is almost a factor of three better than what
the best earlier parameter set [6] yielded. The convic-
tion that the standard optical potential needs the exten-
sion discussed, is supported by the over-all improvement
achieved in comparison with other standard optical po-
tentials, and by the successful simultaneous description
of shifts and widths of the "anomalous" pionic 3d level
in elements such as 181Ta, n a t Re, n a l Pt , 197Au, 2O6Pb
and 2"DBi. A large negative TriVJV isovector term ImBi
gave a more satisfactory improvement than the ad hoc
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Proton spectra from muon capture for carbon, cal-
cium, and yttrium targets have been measured with a
plastic scintillator telescope spectrometer. The calcium
data has been studied in most detail because of the ex-
istence of high quality neutron data [1] for this target
as well.

Intranuclear cascade calculations with the Liver-
more code ALICE have been made, which show con-
clusively that the proton spectrum we measure in Ca
does not result from the cascade initiated by primary
neutrons. The shapes and relative magnitudes of the
neutron and proton spectra cannot be accounted for
without some proton primaries in the cascade (roughly
20%). These would result from muon capture on cor-
related pp pairs, in addition to the capture on np pairs
which is generally believed [l] to give the energetic neu-
trons.

A theoretical connection has been found between
muon capture at large energy transfers, and quasi-
elastic electron scattering. In the approximation that
the muon-capture matrix element is a momentum-independent
one-body operator and that final state interactions can
be ignored, the muon capture transition rate can be
expressed in terms of an integral over kinematic fac-
tors multiplying n(p), the momentum space distribution
function for bound nucleons determined from electron
scattering:

.y-tcaling curv* :

-+- Mtivon data
A proton data

dT r
— oc J n(pi)p,El/(puTn)dpi

Using n(p) for calcium extracted from (e,e') data at
q=510 MeV/c [2], and the above integral formula, one
fits the neutron spectrum from muon capture in calcium
beautifully with only the overall normalization as a free
parameter (see Fig. 1). This means that the two reac-
tions (e,e') and (/i~,n) on Ca give agreement for the
high-momentum components of the Ca wave function,
when both reactions are interpreted as one-body tran-
sitions. In this picture, the proton spectrum can be
generated directly from a model of the nucleon-nucleon
correlations in terms of momentum space densities. In-
deed, this is a powerful incentive to pursue these mea-
surements further.

The connection to electron scattering now permits
more confident estimates to be made for muon capture
rates in 3He, based on published 3He(e,e'p) results [3].
This analysis predicts the branching ratio for protons

2 0 3 0 4 0 9 0 6 0 7 0 8 0 9 0
Energy (MeV)

Figure 1: Data from present work (protons) and
ref.[l]. Dash-dotted curve: arbitrarily normalized spec-
tral shape obtained from y-scaling n Ca(e,e') of ref.[2].

above 30 MeV to be .002 per capture, slightly larger
than the value used in rate estimates in our January
1988 proposal addendum (.0013 per capture). There-
fore our conclusions as to the feasibility of measuring
3He remain unchanged. We are proceeding with the
design and construction of an appropriate 3He target
to measure protons and deuterons following muon cap-
ture in this nuclide.
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This experiment is designed to measure the time dis-
tributions of muonic hydrogen (MP and pd) atoms which
are formed when negative muons are stopped in H2 or
D2 gas, with the muonic atoms subsequently reaching
the surfaces of an array of planar foils immersed in the
gas. The purpose of the experiment is to obtain infor-
mation on the diffusion of the muonic atoms through
the gas, the diffusion being determined by both the ini-
tial velocity distribution of the atoms and also by the
cross sections for the scattering processes which affect
the progress of the atoms.

The entrance of a muon into the gas is signaled by
scintillation counters in the incident beam, and the ar-
rival of a muonic atom at a foil surface is indicated by
the detection by one of several Ge photon detectors of
a delayed 196Pt nuclear gamma-ray emitted when the
negative muon in the pp (pd) atom undergoes absorp-
tion by the nucleus of an 197Au atom in the thin (100Â)
coating of Au on the surfaces of the plastic foils.

HYDROGEN VS. DEUTERIUM

EVENTS« «ONS

; \

! • HYDROGEN. M MBAR 4 BUM GAP
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Figure 1: Comparison of time distribution from hydrogen and deuterium at "low" pressures. Note that the foil
spacing (gap) for H2 is twice that for Di.
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The experiment has received two four-week data
tuns in area jiE4. In the 1987 run data was taken in
D2 under seven different conditions of gas pressure and
foil spacing. The D2 data is in an advanced stage of
analysis, with results described below. In 1988 data
was taken from H? at pressures 750, 375, 188, 94 and
47 mbar at 4.6 mm foil spacing. The lowest pressures
are two orders of magnitude below those used in previ-
ous experiments of this type [1].

The D2 data analysis indicates that for the fid
atoms the "initial" velocity distribution (presumably
that when the atoms have first attained the IS state)
has a mean energy of 1.8 eV and an approximately
Maxwellian shape. The scattering cross sections are
consistent with the theoretical calculations of Bubak
and Faifman [2] if the D2 molecules scatter slightly more
than twice as much as their individual nuclei, as is pre-
dicted in this energy region by Adamczak and Melzhik
[3j. These preliminary results emerge from a simulta-
neous fitting of all the data from the seven different
pressure-foil spacing conditions used with D2. The fit
had 171 degrees of freedom but only two free physi-
cal parameters, the mean initial energy and the (D2

molecule)/(D nucleus) cross section ratio, and yielded a
value of reduced x2 of 1.4.

The data from H2] while not yet analyzed in detail,
shows the striking character (at low pressures) seen in
Fig. 1, where it appears that the \ip time distribution
with 4.6 mm gap is similar to the fid time distribution
with 2.3 mm gap. This suggests that the initial up
atoms have a Maxwell-like velocity distribution as do
the fid atoms, but with the \xp having approximately
twice the velocity, and thus twice the kinetic energy, of
the fid.
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There are two main reasons for the investigation of
the 7Li~17"Er reaction. The first one relates to the lack
of information on high spin states of neutron rich Tm
isotopes. In contrast, in the neutron deficient species
ranging from A=158 to A=167 levels up to spin 24 h
were observed. The second motivation is the prospect
to develop (7Li,axn7) speclroscopy as an efficient too!
for nuclear spectroscopy studies. Indeed this reaction
has a large cross section and is similar to the (t,xn7)
reaction. In these two cases, it is possible to investigate
nuclei even on the neutron rich side of the stability line,
what is not possible with (HI,xn7) reactions.

Three experiments were performed using 7Li beams
produced by the Philips variable energy cyclotron, namely
the observation of excitation functions at 27, 29, 31 and
34 MeV, 77-coincidence measurements at 29.7 MeV and
Q7-coincidence experiments. Standard in-beam 7-ray
spectroscopy techniques using semi-conductor detectors
were used. The first two experiments enable us to de-
velop the nuclear level scheme while the last one was
performed to observe the a-spectrum and to filter the
reaction channel. A portion of the 7-ray spectrum in co-
incidence with the Q-particles is shown for illustration
in Fig. 1. The energy gate on the a-channel extended
from 13 to 20 MeV. For comparison the corresponding
portion of the singles spectrum is also shown in Fig. 1.
The filtering effect of the coincidence method is clearly
visible. The a-particle energy spectrum obtained in co-
incidence with several lines identifying the Ce2n7 chan-
nel is shown in Fig. 2. The energy spectrum peaks at
17 MeV suggesting a break-up process as mentioned
by experiments performed at higher bombarding ener-
gies [1] since the non-absorbed fragments carry away
the same energy/nudeon as the incident beam.

The 171Tm level scheme was extended by 12 new
levels. Seven rotational bands were observed, includ-

t"Er Singtts

J

E tlktVI
200

Figure 1: Part of the 7-spectrum observed in coinci-
dence with a-particles (13 < E,, < 20 MeV) during the
bombardment of the Er target by a 30.8 MeV 7Li beam,
(b) corresponding singles 7-ray spectrum.
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Figure 2: Q-particle energy spectrum obtained in coin-
cidence with several 7-transitions identifying the a2n7
channel.

ing those built on the l/2+[411] and 7/2" [523] in-
trinsic states up to spin 19/2 h. A study of the g-factors
was performed and confirms the configuration assign-
ments. Several specific properties of the reactions have
been extracted, for instance the magnitude of the maxi-
mum transferred angular momentum and the level pop-
ulation characteristics [2].
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The still incomplete understanding of the nucleon-
nucleon (NN) interaction at low energies leads to contin-
ued interest in this most basic force of nuclear physics.
The experimental data are described either by calcula-
tions using an effective NN potential [1,2] or by energy
dependent phase shifts [3,4].

Scattering of polarized protons by protons at low
energies is sensitive to the 2PLS (spin-orbit) and 3PT

(tensor) combinations of the phase shifts [5]. Despite
long and intense investigations, the knowledge of the
phase parameters at approximately 50 MeV was still
insufficient to distinguish between different calculations.
Previous measurements in this energy range achieved a
precision of 10"3 [6], using a beam current of few tens
of nA.

The high intensity of the polarized proton beam at
PSI (=t 2/M) facilitated our new measurement of the
pp analyzing power, Ay, in which the accuracy of the
data was improved by an order of magnitude. Polar-
ized protons were produced by an atomic beam type
ion source. They were accelerated to 50.04 MeV by the
PSI "Philips" cyclotron. The polarization ({py\ ^ 0.89)
was reversed every 0.1 s by switching RF transitions at
the ion source. The protons were scattered in a hydro-
gen gas target, which could be cooled to liquid nitrogen
temperature in order to increase the density of the gas.
This allowed maintaining high counting rates, while us-
ing thin target windows (7 ^m Kapton or 2 fim Mylar).
To reduce background mainly from impurities in the gas
target and from scattering by the windows, the protons
emerging in the forward direction were detected in coin-
cidence with the associated lower energy protons emit-
ted at larger angles. Plastic scintillation detectors were
used for the detection of higher energy protons, while
at the small scattering angles Si semiconductor coun-
ters detected the low energy recoil particles. Detectors
were always arranged in two pairs placed symmetrically
with respect to the beam axis in order to suppress some
systematic errors. Pile-up's, dead time losses in the de-
tectors and associated electronics, background of acci-
dental coincidences, position and intensity modulations
of the beam were considered as potential sources of sys-
tematic errors. Safe limits of at most a few times 10~5

in Ay could be obtained for each of these disturbing ef-
fects. The errors of the final data, A-4y, lie between
(1.5-r 3.3)-10~4. The overall normalization error of the
data is ~ 2%. This error results from the (absolute)
uncertainty of the analyzing power in proton-12C scat-

tering, which was used to measure the polarization of
the beam. A double scattering experiment which aims
to reduce this error to below :rO.5% is at present in
progress at PSI.

0.03

0.02

-0.01 -

Figure 1: Analyzing power in proton-proton scattering
at 50.04 MeV, compared with predictions of the Paris
potential [1] (solid line) and of the Bonn potential [2]
(dashed and dotted line, see text).

The results of the analyzing power measurements
are compared in Fig. 1 with the predictions of differ-
ent potential models of the NN interaction. Our new-
data are selective enough to serve as a test for differ-
ent theoretical assumptions, e.g. the treatment of the
Coulomb interaction (the two curves for the Bonn po-
tential [2]). The present work shows that significant im-
provements in the experimental information on nucleon-
nucleon scattering can be achieved as a result of devel-
opments in the quality and intensity of polarized proton
beams.
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Accurate data from n-p and n-d scattering are needed
for a precise determination of the isoscalar NN phase
shift parameters and for a reliable test of modern three
body calculations.

The n-p analyzing power measurement is part of a
program which aims at an accurate determination of
the NN tensor force. The tensor force, which is di-
rectly related to the 3Si - 3 Dj mixing parameter ea

governs the binding energies and the D-state probabil-
ities of light nuclei and the binding of nuclear matter.
The D-states are of great importance for a quantitative
understanding of both the nucleonic wave functions and
of non-nucleonic degrees of freedom.

In order to reduce the uncertainties arising from pa-
rameter correlations in a phase shift analysis, many ob-
servables with specific sensitivities have to be measured.
Ay for n-p scattering has been shown to be sensitive to
the D and F NN phase shifts and hence will serve to
pin down these parameters. Knowledge of Av together
with new data on the relative differential cross section,
the spin correlation parameter Azl [1] and the spin-
dependent total cross section difference A07, [2] will
eventually lead to a much more precise extraction of

Figure 1: kv for n-p scattering at 68 MeV.

The experiment makes use of the injector cyclotron
polarized neutron facility [3]. Two different techniques
are employed:
(a) observation of the recoil protons from a 3 mm thick
polyethylene target at backward angles
(b) observation of the neutrons scattered from an active
scintillator target at forward angles.

Figure 1 shows preliminary results for Ay at 68 MeV,
together with a prediction from the Paris potential. The
data have been corrected for the contributions due to
the carbon content of the targets. Multiple scattering
and finite geometry corrections are on the order of 5%.
The absolute normalization uncertainty is about 3%.

Elastic n-d scattering provides information on the
off-shell components of the NN interaction and can be
described - at least in principle - exactly by the Fad-
deev equations. In practice approximations to the NN
interaction are introduced and the results depend crit-
ically on the approximation used. This is particularly
true at higher energy where the complexity of the cal-
culation increases with the inclusion of higher partial
waves. Hence n-d elastic scattering observables provide
an important testing ground for the reliability of Fad-
deev calculations.

80 100 120 140 160 180

6 cm

Figure 2: As for elastic n-d at 68 MeV.

Recently, 'rigorous' three body calculations using
the Paris and Bonn potentials revealed large discrepan-
cies with new Ay data at 12 MeV [4]. A similar calcula-
tion by the same group [5], based on the Paris potential,
has been performed at 68 MeV. The results are shown
in Fig. 2 together with our preliminary data, which were
obtained by observing the recoil deuterons from a thin,
deuterated polyethylene target.

Contrary to the situation at 12 MeV, calculation
and experiment at 68 MeV are in good agreement. A
careful comparison of our backangle data with recent
p-d data [6] might provide information on the charge
symmetry of the nuclear forces once the Coulomb force
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can be exactly dealt with in Faddeev calculations.
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The impact of fast ions on a target produces
multiply ionized target atoms. Due to this process,
the K x-ray spectra of the bombarded atoms exhibit
a composite structure of principal lines and so-called
satellites. The latter are transitions occurring when ad-
ditional "spectator" vacancies are present in the inner
shells. The energy shifts of the K x-ray lines due to each
additional L-shell vacancy are larger than the natural
line widths so that the K x-ray spectra can be resolved
into individual L-satellite lines. For KQ radiation, on
the contrary, energy shifts due to additional M-shell va-
cancies are smaller than the natural line widths. The
M-satellite lines cannot thus be resolved. Their con-
tribution has to be extracted from the broadening and
from the shift of the principal and L-satellite lines. For
KB radiation, we found the shifts produced by the ad-
ditional M-vacancies to be larger than for KQ radiation,
since in that case M-holes are partly or completely in-
side the orbitals of the transition elertroni.

Using our in-beam bent crystal spectrometer in Du-
Mond slit-geometry [l], we have started a program
to observe such complex K x-ray spectra induced in
medium-Z atoms by light-heavy ions. By now, KQ and
K0 spectra of good quality have been observed for 42M0,
4CPd and 57La targets bombarded by 6.5 MeV/amu
4He+-ions and also for .12M0 and 46Pd targets bom-
barded by 5.5 MeV/amu 16O4+-ions. Figure 1 shows
the observed Pd KQ spectra. The instrumental reso-
lution was better than the natural line widths of the
transitions. The He-induced K/3 Mo spectra (Fig. 2a)
shows that it was possible, for the first time, to even
resolve a M-satellite line: The KftM1 satellite is well
separated from the Kft principal one. The O-induced
spectra, on the other hand, shows clearly the effect of
multiple additional L-srHl vacancies (Fig. lb and 2b).
The KQ data obtained on Mo and Pd with both He- and
O-beams have been analyzed and some of the results are
already published [2,3,4]. The La measurements and the
K@ spectra analysis are still in progress.
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Figure la: He-induced Pd KQ spectra.
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Figure lb: O-induced Pd Kct spectra.



KaL
KaL1

KaL2

KaL!

KaL4

Experimental satellite
yields XK(X

Mo

373* 7
440*34
160* 19
27* 7
<6

(KL")

Pd

448* 9
413*27
121*18
18* 2
(3

Recalculated vacancy
distributior

Mo

272 ±27
495*50
195* 26
37* 10
<8

l KKL")

Pd

365* 19
466*38
145*22
J4± 4
c 4

Fitted binomial dis-
tribution: f

Mo

340
392
198
57
10

)™ = 0.126

Pd

422
384
152

34
4

Fitted model distribution
p°'=0.03

Mo

287
455
221
34
3

P'c=o.io

Pd

372
439
166
22

2

Table 1: Relative population distribution of L-shell vacancies for O induced Mo and Pd spectra.
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Figure 2a: He-induced Mo K/3 spectra.
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Figure 2b: O-induced K0 spectra.
The aim of our work is to study the ionization mech-

anism in the collision of an ion with an atom. The
measured spectra present three characteristic features.
The intensity ratios of the different L-satellites give an
indication of the ionization probability pi per one L-
shell electron. The energy shifts of diagram and satellite
lines supply us with information about M-shell ioniza-
tion probabilities. (Furthermore, they provide a good
test for relativistic Hartree-Fock calculations. A com-
parison of our results with computed values [5] shows
very good agreement for He-induced spectra. From the
width and shape of the measured transitions we get like-
wise characteristics for the ionization of the M-shell and
even for the N-shell.

In our energy region, the most probable process
for ionization is direct ionization by Coulomb interac-
tion, which can be described by semiclassical approxi-
mation. Accordingly, the intensity ratios of the satel-

lites should exhibit a binomial distribution. This be-
haviour was found in a large number of high-resolution
x-ray measurements with Z<30 induced by light ions,
while heavy-ion induced spectra showed discrepancies.
For the Kct spectra of Mo and Pd bombarded by the
O-beam, we get the distributions given in Table 1. The
measured x-ray intensity yields must be corrected for
events occurring prior to the x-ray emission, to reflect
the number of L-holes originally produced. A Chi-
square test indicates that the obtained distributions are
not binomial. Other effects should therefore influence
the direct ionization process. One possibility would be
to consider electron correlations. As a simpler alterna-
tive the L-shell ionization may be due to two indepen-
dent processes: direct ionization by impact and capture
of a target L-shell electron to the K-shell of the pro-
jectile. With this assumption our data can be well re-
produced within a simple statistical model. As a result
we get the direct ionization probability per one L-shell
electron p£7 and the capture probability per one K-shell
vacancy in Table 1.

It would be very interesting to study the effect of
ion collisions with even higher Z atoms where some of
the observed effects should be enhanced. A better ion
source is badly needed.
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A strong source of polarized /3-emitters is a very
helpful or even necessary tool for many physical ap-
plications, such as determination of the 0-decay cou-
pling constants, tests of basic principles of the standard
model (CVC, V-A law), searches for second class cur-
rents, time reversal violation and right handed currents,
and NMR investigations in solids.

In our experiment the polarized /3-emitting nuclei
are produced through a polarization transfer in the pro-
duction reaction with a beam of polarized protons or
deuterons.

Magnet

Bum

AE-Detector

E-Oetecior

Figure 1: Production chamber with holding field mag-
net and /3-telescopes.

The production apparatus consists mainly of a scat-
tering chamber, Helmholtz coils to provide a spin par-
allel magnetic holding field, two plastic scintillator AE-
E-telescopes positioned along the spin axis to detect
the induced /9-asymmetry, polarimeters for the vector
and tensor polarizations of the beam particles, a tar-
get cooling system and several target stations for solid
and gaseous targets. Cooling is based on liquid nitro-
gen (~90 K). The maximum holding field strength at
the target location is 0.53 T.

For the determination of the activations, the polar-
ization transfers and the relaxation times of the polar-
ization, a measurement cycle as shown in Fig. 2 was
used:

An activation period (beam on target) is followed
by a counting period consisting of 32 time windows and
a wait-time until most of the produced ^-emitters have
decayed. The beam is turned on and off by a mag-
netic beam chopper at the ion source. The polarization
direction is reversed every cycle to cancel systematic
asymmetries.

The /3-events are stored in 2-dimensional (time x
energy) spectra, separately for every telescope and po-

©

Figure 2: The measurement cycle.

larization direction. The combined information of time
and energy structure allows an unambiguous identifica-
tion of the wanted /3-decay and offers a possibility to
eliminate disturbing /3-events in most cases when addi-
tional /(3-transitions have been activated.

The nuclear polarization of the produced /3-emitter
and its relaxation time have been measured in 16 reac-
tions. The measured asymmetry

, , l - r ( t ) fNtNZ

yields the nuclear polarization if the /3-asymmetry pa-
rameter A is known from experiment or theory [1]:

where i5 is the angle between the 0 momentum and the
nuclear spin and the brackets indicate averaging over
the acceptance of the /3-telescopes.

A significant polarization transfer has been found in
9 reactions. It ranges from 3% in 3 1S to 25% in BLi (see
Table 1). Polarization can easily be lost by relaxation
mechanisms which must be fought by an appropriate
choice of the target material, a strong magnetic holding
field and cooling or heating of the target.

Motivated by these results and by the availability
of the well working production apparatus 3 new PSI
experiments are proposed and in preparation:

• Measurement of the time reversal violating pa-
rameter R in the decay of 8Li (Z-89-03.1).

• Measurement of the 0 asymmetry parameter in
the decay of 35Ar (Z-89-09.1).
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Nucleus
'"Li
6Li
I2B
12N
2 0 F

" ' "Na
20p
3 l g

35Ar

Reaction
'Li(d.p)

9Be(p,2n)
nB(d,p)
I2C(p,n)
19F(d,p)

33Na(d,p)
28Si(d,n)
3 l P (P,n)
35Cl(p,n)

Target
nat. Li
Be met.
B on Pd

pyr.Graph.
CaFj

Na met
Si cryst.

redP
RbCl

optimized conditions
"' in units of ti/2/ln2

P-(0)
24.9%
8.7%
7.5%

-7.2%
7.8%
9.8%
7.3%

-3.0%
4.6%

T . .
2.2
3.9
4.0
9.8
2.1
0.6
3.4
1.5
0.7

• Test of the polarizability of 12N at higher energies
for a later search for right handed currents in the
/9 decay of 12N [2] (Z-85-05.3).
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Table 1: Nuclear polarizations and relaxation times.
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The study of patity-nonconserving processes is the
only means to obtain information on the weak strangeness-
conserving force between hadrons. In order to supple-
ment our earlier measurements in p-p [l] and p-ct [2]
scattering we decided to measure the longitudinal ana-
lyzing power At in the pa-interaction.

The experiment made use of the Philips injector cy-
clotron, which provides a 2 fiA polarized proton beam
whose polarization is switched between ±0.85 every
30 ms at the polarized ion source. The 48.5 MeV pro-
ton beam passes through a spin-precession solenoid and
a deflection magnet which, together, precess the verti-
cal polarization (±pB) into a longitudinal polarization
±p, or =Fp2, depending on the sign of the solenoid field.
The protons are scattered in a 100 bar deuterium tar-
get the walls of which are sufficiently thick (2.39 mm Al
alloy) to stop the deuterons and at least one of the two
protons from a break-up event. The elastically scat-
tered and part of the break-up protons are detected in
a cylindrical ionization chamber of 19 cm radius and
2 cm active thickness, coaxial with beam and target.
The transmitted beam is monitored in a Faraday cup.
The longitudinal analyzing power is obtained from the
ratio

A, =
' T<7

" J_ (N,/NT)+-(N,/NP)-

where N, is the integrated ionization chamber current
(proportional to the number of scattered protons) and
Np the integrated beam current in the Faraday cup (pro-
portional to the number of incident protons) with pos-
itive (+) or negative ( - ) helicity.

The experimental technique and the treatment of
systematic errors was essentially the same as in our ear-
lier investigations of pp [1,3] and pa-scattering [2]. Re-
sults, corrections and systematic uncertainties are sum-
marized in Table 1.

By far the most difficult task in the pM-experiments
was the correction for residual transverse polariza-
tion components in the otherwise longitudinally polar-
ized beam. Especially the first moments of the trans-
verse beam polarization with respect to the beam center
of gravity gave rise to large corrections (for a detailed
discussion of these effects cf. réf. [4]). The sensitivities
of the apparatus to such modulations in the pd mea-
surement were approximately a factor of 10 larger than
in the pp-case due to a higher regular analyzing power
Ay. These sensitivities depend (among other factors,
e.g. the pressure in the target vessel) on the energy

of the primary beam. For the special configuration of
our scattering chamber we found a rather pronounced
minimum between 48 and 49 MeV, and therefore the fi-
nal experiment was done at an incident beam energy of
48.5 MeV. Measurement of the beam polarization pro-
files with the requisite accuracy was more difficult than
in our earlier experiments, because the intense flux of
neutrons caused background pile-up in the digital beam
scanners [5] which were located 10 and 95 cm before
the target entrance. To obtain a better energy resolu-
tion of the protons elastically scattered by the rotating
carbon strips, conical scintillators of small volume had
to be used (see ref. [6] for details). Several hundred
test measurements with deliberately misaligned beams
gave upper limits for the influence of higher polarization
moments (see Table I).

The quantity actually measured in our experiment,
,4j, is a weighted average over a range of scattering
angles. In addition Az receives contributions both from
elastic scattering and break-up reactions (see ref. [71).

The final result for the longitudinal analyzing power

m
A, = (+0.39 ± 0.74) • 10~7

at a mean energy of 43 MeV in the target is obtained
by dividing the corrected asymmetry (see Table I) by
the mean polarization of the beam (p2=0.85±0.02) and
adding the (uncorrelated) systematic errors quadrati-
cally. Similar as in an earlier measurement at 15 MeY.
which yielded J4I=(-0.35±0.85)10"7 [8], the result is
compatible with zero.
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1.

2.

3.

4.

5.

6.

7.

a)
b)

c)

Measured asymmetry"'

Corrections due to coherent modulations
- transverse polarization components
- intensity modulations
- position modulation

Corrected asymmetry

Systematic errors in the asymmetry connected with
modulations
- sensitivity of 0. and 1. polarization moments
- 2. polarization moments
- higher polarization moments
- emittance modulations
- energy modulations

Longitudinal analyzing power A, fc)

Systematic errors in A2 due to
- background
- double scattering in target and apparatus
- /S-decay of activated nuclei
- various effects c '

Final result for long, analyzing power
at a mean proton energy of 43 MeV

Obtained from 62 runs with a duration of 20 minutes,
The longitudinal analyzing power A, is obtained from
divided by the beam polarization p,=0.85±0.02.

-2.92±0.37

-3.25±0.30
-0.01±0.00
0.01±0.06

+0.33±0.48

±0.08
±0.14
±0.32
±0.08
±0.02

+0.39±0.72

±0.04
±0.02
±0.10
±0.05

A s= +0.39±0.74

each.
the asymmetry

Include, among others, electronic cross talk and spurious periodic
signals such as electronic pick up of the 50 Hz line frequency
or microphonics of the ionization chamber.

Table 1: Summary of asymmetries, corrections and errors (all numbers are given in units of 10 7)

The significance of the present result can not be as-
sessed until realistic calculations of the angular depen-
dence of the parity violating effects for pd elastic scat-
tering and for pd break-up are available. We hope that
our experimental result will stimulate such efforts.
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In this experiment we measure the analyzing powers
of the nd elastic scattering and the 2H(n, n)np inclusive
breakup in two configurations(FSI, QFS).

The experimental setup is shown in Fig. 1. The
beam of polarized neutrons is produced as described in
ref. [1].

Figure 1: Experimental setup of the experiment with
four pairs of neutron detectors (Dl, D2, D3, D4) and
the scatterer(TS).

About 2.1 m behind the collimator exit the n-beam
hits the target scintillator(TS), size 49 mm 0times6O mm,
positioned upright. The neutrons originating from the
scattering and the breakup leave the target and are
detected in eight neutron detectors (NE213, six detec-
tors 14 cm 0 x 6 cm, two detectors 10 cm 0x7.5 cm),
grouped in pairs on both sides of the beam at various
angles 0|ab between 20° and 150°. All detectors includ-
ing the target (NE213, deuterated) are stabilized and
equipped with circuits for pulse-shape analysis.

For 16 angles the angular distribution of the nd elas-
tic scattering was measured (Fig. 2). Only statistical
uncertainties are given. Within these, the measurement
results (preliminary) and the calculations agree well - in
contrast to the results at lower energies (10 - 15 MeV),
ref. [5].

The data are still under evaluation. Absolute cross
sections were measured at eight angles. These data will
be normalized to the well known cross sections of np
elastic scattering (uncertainties < 5 %).

The experimental setup (active target) allows us to
identify uniquely some special kinematical regions of the
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Figure 2: Analyzing power of the elastic scattering in
comparison with calculations and a pd-measurement at
65 MeV. Full points: experimental results of our mea-
surement; open points: pd-measuremet of Shimizu et
al., ref. [2]; solid line: calculations of Witara et al.,
refs. [3],[4].

breakup reaction. The results for the np QFS breakup
analyzing power are shown in Fig. 3. Events corre-
sponding to the QFS region were obtained as a sum
of all counts in the 5 MeV wide area round the QFS
point (5 MeV being the energy width of the neutron
beam).

The discrepancy between our results and those for
the pd system can possibly be explained by the fact
(predicted by theory) that the analyzing power values
decrease when the size of the integration window is in-
creased, ref. [7j.

In the other special region of the breakup kinemat-
ics, the FSI region, extracting reliable data IE much
more difficult due to background originating mainly
from the l2C(n,np)nB reaction. Special runs per-
formed with a non-deuterated target will allow us to
make corrections for this effect. The data are still under
evaluation; first, uncorrected results show agreement
with the preliminary theoretical calculations, ref. [7].
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Recently, several works [l] have shown that high-
energy photons are produced in nucleus-nucleus colli-
sions at intermediate bombarding energies. These hard
photons have attracted attention since they are not se-
riously affected by absorbtion phenomena as in the case
of pions. They can serve as an unambiguous probe to
study the reaction dynamics in the early stage of the
collision. The characteristics of the photon emission
deduced from the heavy-ion reactions suggest that the
first chance incoherent nucleon-nucleon collisions are
the main source of photons.

It seems interesting to complement the nucleus-nu-
cleus measurement by a study of the proton-nucleus
bremsstrahlung which, from the standpoint of the phase-
space theory, is a much easier problem than that of a
heavy-ion collision. The only available data on this
topic are those of Edgington and Rose [2] performed
long ago at 140 MeV bombarding energy. In an effort
to clarify the experimental situation on the pn-y elemen-
tary process, we have performed new proton-nucleus re-
action measurements with high-resolution detectors.

Targets of C, AI, Cu, Ag, Tb and Au of 18 to
21 mg/cm2 were bombarded by a 72 MeV proton beam
of ~2xlO u particles/s produced by the PSI variable en-
ergy cyclotron. Doubly-differential cross sections for the
high-energy 7-rays (Ey >20 MeV) were obtained by
the use of two identical detectors. Each detector con-
sisted of one active converter (6x4x1 cm3) BaFî and
two plastic scintillators (2 mm NE102) used to iden-
tify the electrons and positrons of the shower and a
large volume absorber (15x20 cm) Nal(Tl) scintillator.
The detection system is complemented by a veto plastic
scintillator to eliminate charged particles entering the
detector and a time-of-flight measurement between the
BaFî detector and the radiofrequency of the cyclotron
to eliminate the neutrons. For the Au target an angu-
lar distribution measurement was performed at seven
angles ranging from 30° to 150° while spectra for the
lighter targets were measured at 90° and 150° only.

The energy spectra for the p+Au reaction, measured
at three different angles, are reported in Fig. la. The
same spectra transformed to the nucleon-nucleon CM
system are also shown in Fig. lb. It is apparent in
Fig. la that the energy spectra are "harder" for forward
than for backward production. This difference is an in-
dication of a photon emission from a moving source.
The source velocity deduced from the contour plot of
the invariant photon cross section versus the transverse

photon energy and the rapidity is close to the nucleon-
nucleon CM velocity. In this mid-rapidity frame the
shapes of the energy spectra measured at different an-
gles are almost identical as observed in Fig. lb. This
result suggests that the hard photons are mainly pro-
duced by p-n collisions. This mechanism has already
been proposed to explain the hard photon production
at 140 MeV bombarding energy [2].

In Fig. 2, we have compared our data with those
of ref. 2. Using a reduced variable £7/£be»m, we see
that the results of ref. 2 are underestimated by a factor
3.31(33). This could explain the difference between the
cross sections obtained in ref. 2 and ref. 3 for the ra-
diative capture process d(p,7)3He, i.e. a=0.5(2)fib and
cr=1.35 fib, respectively.

In order to compare the experimental results with
the theory, we have computed the energy spectra as-
suming that the photons are produced in the first chance
n-p collisions. For this purpose we have used two dif-
ferent approaches to the elementary n-p-7 process. In
the first one, the calculations were performed using a
non-relativistic model, as described in ref. 4, where ra-
diation from charged meson exchange was neglected. In
the second approach we have used the formulation given
recently by Nakayama [5] and the approximation men-
tioned in ref. 6. Here the contribution of the internal
pionic current is explicitly accounted for and is shown
to be several times larger than the pure external contri-
butions. For the p+Au reaction at 72 MeV, the two cal-
culations are reported together with experimental data
in Fig. 3. It can be seen that the calculation including
the internal pionic contributions gives a much better
agreement with experiment.

60



o 1000fe-

* , 0 0

c

10 r

U
01

*m £
f «

• »

: a 30*

f • 90"
; • ISO*

4 .

172

la)

• •

, * .
t

f

Lab

• .
4

t t

•

4

t

4

t

*

i

j
a 1000 i-

HI

100 r

10 r

a)
30 40 30 SO

E , ( M e V )

P+Au

o 50*

r • 90"

• . 150*

r

(72 M"1"

I b i

CM.

1

> f :

30 40 50 SO
E,

Figure 1: (a) Energy spectra of high-energy i for the p+Au reaction at 72 MeV measured at ®Lab=30°, 90° and
150°. (b) The same spectra transformed to the nucleon-nucleon CM system.
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Our motivation for the study of elastic 3He scatter-
ing off 2"8Pb is twofold. Firstly, we need unambigu-
ous optical potentials for our analysis of transfer reac-
tions which we perform with aim to determine abso-
lute occupation numbers of protons in the shell model
orbits of 2(l8Pb [l]; existing cross sections for elastic
3He scattering [2,3] do as a consequence of the limited
angular range covered not even discriminate between
deep and shallow real potentials with volume integrals
J =s 320 and 420 MeV fm3, respectively. Secondly, we
want to test the validity for 3He-potentials of our ef-
fective nucleon-nucleon interaction in connection with
a double-folding ansatz which has been successful for p,
d, and 4 He-scattering [4].

So far, we have measured angular distribution at 49
and 130 MeV. The data were taken in the low-energy
area C with the 'Basler Kammer' using five cooled solid-
state detector telescopes. On-line AE — E particle iden-
tification was employed. The thickness of the self-sup-
porting targets ranged from 0.8 to 5 mg/cm2.

The angular distribution at 49 MeV exhibits a smooth
and structureless fall-off from about 105 mb/sr at 10°
to 10~4 mb/sr at 155° . In contrast, the 130 MeV data
show an interesting transition from a Fraunhofer pat-
tern at forward angles to rainbow scattering beyond
a: 65° (see Fig. 1). Differential cross sections covering as
many as 11 decades could be extended up to 0 = 116°.

From the ongoing analysis the following picture has
emerged. Best fits within the conventional Woods-
Saxon ansatz show a clear superiority of the shallow
over the deep potential family (see xV^-values of Ta-
ble 1).

WS-shallow
FB-shallow
WS-Deep
FB-Deep
Folding

2.9
2.1

12.0
9.6
4.5

J
[MeV fm3]

299
299
420
415
311

RMS
[fm]
6.11
6.09
6.14
6.10
6.26

Table 1: Best-fit values of the real parts of the optical
potentials.

Essentially, deep potentials produce too much struc-
ture of the angular distribution in the rainbow region.

This remains true if (up to 11) Fourier-Bessel terms are
added to the Woods-Saxon type potentials for the real,
imaginary and LS parts. Starting with the shallow po-
tential an acceptable fit is achieved, while the problem
with the deep potential persists (see Fig. 1). Interest-
ingly, our double-folding procedure [4] while not produc-
ing a good fit if we adopt the 3He-density from ref. [5]
clearly favours the shallow solution (J = 311 MeV fm3).
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Figure 1: Experimental angular distributions at
130 MeV together with various best fits.
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Figure 2: Comparison of various central potentials for
3He-scattering at 130 MeV. Fourier-Bessel results are
indicated by their error bands.
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In Fig. 2 potentials for 130 MeV 3He-scattering
emerging from the various procedures are compared.
The imaginary part shows a dominance of surface ab-
sorption. As far as the real part is concerned, the error
band of the Fourier-Bessel potential encompasses the
Woods-Saxon potential. The diffuseness of the folded
potential is too large. We are currently investigating
the origin of this problem which may result from the
3He-density chosen, the energy dependence of the effec-
tive nucleon-nucleon interaction (our previous studies
were made at about 30 MeV/N) or from a more general
deficiency of the folding concept.

References
[1] H. Clement, P. Grabmayr, H. Rohm, and

G.J. W'agner, Phys. Lett. 183B (1987) 127.

[2] A. Djaloeis, J.-P. Didelez, A. Galonsky, and
W. Oelert, Nucl. Phys. A306 (1978) 221.

(31 W.C. Parkinson et al., Phys. Rev. 178 (1969) 1976.

;4] M. Ermer, submitted for publ. in Phys. Lett. B.

iol H. de Vries, C.W. de Jager, C. de Vries, Atomic
Data and Nuclear Data Tables 36 (1987) 495.

63



ABSOLUTE CALIBRATION OF A POLARIMETER FOR 50 MeV
PROTONS

Z - 8 8 - 0 2 . 1 , ETHZ - WISCONSIN

A. Conver se ' , W . Haeber l i ' , W . Hajdas", St. Kistryn", J. Lang" , J. Liechti", H. Luscher", R. Muller", J. Sromick i - S

• Ins t i tu t fiir Mittelenergiephysik der ETH Zurich, CH-8093 Zurich
j University of Wisconsin, Madison, WI 53706, USA

We are measuring the analyzing power, A y , in the
elastic scat ter ing of protons from natural carbon at
£ , , = 5 0 . 0 MeV and 8iah= 50° for use as a calibration
for polar imeters . In par t icular , we want to provide an
accura te normalization for the measurement of A y in
p p sca t te r ing completed recently at PSI [1]. The best
previous measurement of the carbon analyzing power
yielded Ay(Er= 49.7 MeV, e,ab = 50") = 0.919 ± 0.018
[2]. We aim for an uncertainty of 6AS < 0.004.

T ' o o -

S1JW POLARIZED PROTONS

Figure 1: Arrangement of ta rge ts and detectors for dou-
ble-scattering.

To measure the analyzing power we use double scat-
tering from natural carbon (Fig. 1). The high polariza-
tion of the primary beam from the PSI Philips cyclotron
and the high analyzing power of the first scattering re-
sult in a secondary beam of very high and very well-
known polarization: p=0.998±0.001. We measure the
analyzing power in pC elastic scattering by observing
the asymmetry of the second scattering. Our statistical
error will be 0.003, and to achieve an overall uncertainty
of <0.004 we have to keep each of the various system-
atic errors to <0.001. For example, to control carefully
the background under the elastic peak in the energy
spectrum of the detected protons, we have to pay spe-
cial attention to the energy resolution of the detecting
system.

Xm AE

Figure 2: Top view showing the arrangement of scin-
tillators and light guides in the triple-coincidence tele-
scopes.

ADO • **> ' ABO aao
CHANNEL

CHANNEL
ASO

Figure 3: E and AE spectra from double scattering in
a test run (January 1989). Faster protons from elastic
scattering (black) lose less energy in the AE detector.
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We use triple-coincidence scintillator telescopes,
shown in Fig. 2, with a thin first AE, which defines
the solid angle, and a thick second AE detector. Elasti-
cally scattered protons lose 21 MeV in the second AE,
while the energy loss of the slower inelastic protons is
25 MeV. In this way the separation between elastic and
inelastic protons in the stopping detector is increased
(Fig. 3). We intend to take our final data in March
1989.
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A powerful method for disclosing the various mech-
anisms that are responsible for atomic processes in ion-
atom collisions is to investigate the dependence of the
relevant cross sections on the projectile charge. Re-
cently at the LEAR facility at CERN, antiproton beams
of energies below 5 MeV have become available thus of-
fering the unique opportunity to study atomic collisions
with heavy, negatively charged projectiles.

The first experiments on antiproton-atom collisions
(at projectile energies between 0.5 and 4 MeV) in thin
gaseous targets revealed a surprisingly large enhance-
ment in the double ionization cross section for antipro-
ton compared to proton impact [1]. This result has
revived the theoretical interest in the field and various
mechanisms have been proposed to explain the effect in
the most simple atom, Helium [2,3]. Although any con-
clusion is now premature the calculations suggest that
the correlation between the electrons and interference
effects between different excitation mechanisms play an
important role in the enhanced double ionization in He.
In 1988 these measurements have been extended down
to 50 keV and up to 20 MeV in various noble gases.
These data are being analysed and it is expected that
a comparison with forthcoming calculations will give a
new insight into the fundamental problem of electron-
electron correlation in atoms.

In the 1988 run we also measured the stopping power
of silicon for 0.5-3 MeV protons and antiprotons [4j.
The measurements with the proton beam could also be
performed at the same beam line thus eliminating pos-
sible sources of systematical errors. The stopping power
for antiprotons has been found to be 3-20% lower than
for protons over the energy range covered (Fig. 1). By
comparing the stopping power for protons and antipro-
tons the deviation from the Bethe formula could be de-

duced accurately. This correction is related to a Z2

dependence on the projectile charge (Barkas effect), an
effect whose underlying physics is still under discussion.
Our data constitute the first clear evidence of a signifi-
cant contribution to the Barkas effect arising from close
collisions between projectile and target atoms.

i 2

E. KINETIC ENERGY (MeV)

Figure 1: Measured stopping power of Si for protons
and antiprotons. The solid curve is the recommended
stopping power curve for protons from [5].

We also performed preliminary tests to study the
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feasibility of a measurement of the inner shell ioniza-
tion in Cu by antiprotons. In the X-ray spectrum the
Cu K-line arising from the radiative filling of the va-
cancy could be observed at 3.6 MeV projectile energy.
These results indicate that, with a further suppression
of the background it should be possible to extend the
measurement to energies below 2 MeV where large dif-
ferences between proton and antiproton impact are pre-
dicted by various theories.
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The New Muon Collaboration (NMC) has taken
deep inelastic muon scattering data using the CERN
SPS muon beam line during 1986, 1987, and 1988 (ex-
periment NA37). The experiment has an extensive pro-
gram which comprises essentially two broad objectives.
The first involves precise measurements of both the pro-
ton and neutron structure functions and the related
fundamental quantities F£/F$ and FJ'-F'- The sec-
ond may be summarised as a detailed investigation of
the EMC effect [1], i.e. the modification of the quark
and gluon distributions in the nuclear environment.
This investigation involves detailed measurements of
the nuclear dependence of the structure function Ff,
of R—OL/OT and of the J/i/i cross section.

The NMC uses an upgraded version of the EMC
spectrometer [2]. Major improvements and additions to
the existing apparatus include a "complementary" tar-
get system which greatly reduces the systematic errors
for target materials measured simultaneously, a 'small
angle' trigger system increasing the kinematic range

of the spectrometer, and a second beam normalisation
trigger.

In the last three years we have obtained data for the
target combinations H2 /D2 , He/D2, Ca/C/D2 , Ca/C/Li,
and Sn/C, the last using target calorimetry in the trig-
ger. In general, the data were taken at incident muon
energies of 90, 120, 200, and 280 GeV, permitting a
wide coverage in Q2 (1-200 GeV2) and xb, (0.005-0.75).
Table 1 summarises the accumulated statistics for the
various targets and energies. At the present time about
one-third of the raw data has been processed.

Much of the early physics analysis has been devoted
to target ratio measurements in which, due to the com-
plementarity nature of the target setup, such consider-
ations as beam normalisation and spectrometer accep-
tance can be to first order ignored.

Figure 1 shows preliminary results for the ratio
F%IFl based on our 1986 280 GeV H2/D2 data which
represents 40% of the total 280 GeV data taken so far
for these targets. The data have been radiatively cor-
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Targets

H2 /D2

He/D2

Li/C/Ca

Ca/C/D 2

Sn/C
(calorimeter)

Reconstructed Triggers
(x 106)

2.6
2.9

2.6

3.6
3.7

1.5

24
16
12
10

Energy
(GeV)

280
90

200

200
90

200

280
200
120
90

Table 1: Accumulated Statistics.
Reconstructed triggers refer to events which having
passed through the analysis chain reconstruct a scat-
tered muon event. A further reduction is later made to
select events in the useful kinematic region.

rected using the prescription of Mo and Tsai [3]. Cuts
were applied to remove events for which the errors on
the reconstructed kinematics, radiative corrections, and
background from ix-e scattering and pion and kaon de-
cays are large. The data are shown with previous results
reported by the EMC [4] and BCDMS [5] collaborations.
In comparing the different data sets, we wish to empha-
size the magnitude of the systematic errors quoted by
EMC and BCDMS. The NMC expects to significantly
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Figure 1: F£/F% ratio results. The error bars are sta-
tistical only. Systematic errors for EMC and BCDMS
(preliminary) are shown at bottom of plot.

ratio Ca/Li

Praliminary

ratio C/Li

......i.j.iii.i...

Preliminary

Figure 2: Structure function ratios for Ca/Li and C/Li.
Inner error bars represent statistical errors only; com-
plete error bars are statistical and systematic errors
combined in qadrature.

reduce the systematic uncertainty; for example our mea-
surement technique eliminates the sizeable contribution
arising from uncertainties in the beam normalisation.
With our full data set, we should be able to provide the
most accurate measurement of the F^/Fl ratio.

A second set of data in which preliminary results
have been obtained is the triplet target measurement
of Ca/C/Li. The structure function ratios for Ca/Li
and C/Li are presented in Fig. 2. The remarks con-
cerning radiative corrections and cuts made above ap-
ply here as well. The error bars on the data points
indicate the statistical error (inner error bar) and the
statistical and systematic errors folded in quadrature
(full error bar). The tentative systematic errors have
been derived from uncertainties estimated for the ra-
diative corrections, target thicknesses, and the relative
energy determination of the incident/outgoing muons
(the error on f=E-E').

For the kinematic range covered, the two ratios fol-
low the general behaviour observed for structure func-
tion ratios from nuclear targets [5]. However, a system-
atic study of the nuclear target data awaits analysis of
the other measured target combinations and in partic-
ular a normalisation to our deuterium data.

The NMC will complete its experimental program
during the 1989 CERN SPS running with 125 days of
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data-taking. The bulk of this time will be devoted to the
H2/D2 targets and the C/Sn calorimeter measurement.
The latter represents a high statistics measurement in-
cluding such aspects as the determination of R and a
search for a possible Q2 dependence in the structure
function ratio.
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Introduction
In the present framework of the Standard Model lepton-
family number (LFN) is strictly conserved. An additive
law for the separately conserved LFN: Lt, £M, LT has
been hypothesized in the 1950's [1] and so far it is sup-
ported by strong experimental evidence. More recently,
however, various theoretical models have suggested that
LFN may be violated at levels observable with present
technology [2,3], It is important to search for LFN non-
conservation in as many systems as possible since some
models predict different inhibition factors for several de-
cays. With the E-777 collaboration we are searching for
the decay K+ -> 7r+/j+e".

Experimental set-up
The experiment, performed at the Brookhaven National
Laboratory's AGS employed a two magnet spectrometer
system situated in a 5.8 GeV/c unseparated beam of
approximately 5-10° K+ and a mixture of 1106 ir+ and
p+ per machine pulse of about 1 sec duration.

The detector, described in ref. 4, is shown in Fig. 1.
Also shown are the trajectories from a simulated K+ —»
7T+/i+e~ decay originating in the 5 m long evacuated
decay volume upstream of the magnet Ml.

& •

f. fF
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•/» IDENTIFIER

LEAD-SCINTILIATOR •
COLORIMETER

RIGHT SIDE

Figure 1: Plan view of the apparatus. Ml and M2
are spectrometer magnets, P1-P4 are proportional wire
chambers, and C1L-C2R are Cerenkov counters.

Correct particle identification of electrons on the left
side of the apparatus and pions and muons on the right
side was critical in reducing backgrounds. On the left,
threshold Cerenkov counters C1L and C2L, as well as a

Pb-scintillator shower-counter served this purpose. An
identical arrangement on the right differs only in the
gas filling of C1R and C2R (carbon dioxide vs. hydro-
gen). In order to assure excellent muon detection the
PSI-part of the collaboration had designed, constructed
and installed a muon-identifier consisting of eight pack-
ages of proportional tubes interspersed between 9 cm
thick steel plates. Each package contained one horizon-
tally and one vertically oriented plane of tubes with an
effective wire spacing of .65 cm. Muons of momentum
0.6 GeV/c, the minimum momentum expected for the
ir1"/i+e~ events, penetrated the first four plates before
reaching the end of their range, while muons of momen-
tum above 1.1 GeV/c passed through the entire array.

The detector was triggered in thiee modes. In ad-
dition to the K+ —• ?r+/i+e~ trigger we had also im-
plemented a prescaled tau trigger (K+ —» ir+7r+?r") for
calibration, as well as a 7r+e+e~ trigger for normalisa-
tion and calibration purposes. This last one, sensitive
to Dalitz decays, was also prescaled. With all triggers
enabled simultaneously, the apparatus was triggered ap-
proximately 120 times per machine pulse, with a total
of 8-107 triggers recorded by the end of the 1986/1987
run.

Preliminary results
Data analysis and reduction proceeded in different steps,
beginning with the selection of tracks: one on the left
and at least two on the right side of the apparatus in
an acceptable fiducial volume. These tracks had to em-
anate from a common vertex, where the square root of
the sums of the squares nf the distances of the tracks,
S, to a common point was less than 10 cm.

The next step required the particle-identification
system to agree on the species of the daugther parti-
cles. Finally, with tau-events used as a template, distri-
butions of reconstructed Ä+-momentum, position and
angles at the production target could be formed. These
distributions were then used to construct probability
distributions for the subsequent likelihood analysis. We
also applied cuts on kinematical variables to further
clean the data sample and checked for consistency with
our Monte-Carlo events.

Our results as presented at the 1988 Conference on
High Energy Physics in Munich [5] are displayed as a
scatter plot of S versus the invariant mass of the recon-
structed three-charged-particle final state M. Figure 2
shows such a plot for taus with designation of a sig-
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nal region for both parameters. The corresponding plot
for the K+ -» 7r+/i+e~ candidates is shown in Fig. 3.
The signal region has been expanded, as prescribed by
the Monte Carlo calculation, by 60% to account for
the degradation of the resolution due to the increased
kinetic-energy liberation of this mode compared to taus.
There are no events in the signal region.
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Figure 2: S vs mass plot for taus. The signal region
is designated by the rectangle for 483 < Mr^ < 505
MeV/c2 and S <3 cm, where 5 is the square root of
the sum of the squares of the distances of the tracks to
a common vertex. There are 873 events in the plot.

IU

9

B

7

6

is
4

3

2

1

n

• • . . . . •

• • • • . ' •

• • • • ' . ' •

- / - . . - • ' . •

400 440 480 520 560

Figure 3: 5 vs mass plot for Ttpe. candidates. There are
133 events in the plot. The signal region is designated
by the rectangle for 476 < MTIU <512 MeV/c2 and
S <3 cm.

To compute the limit fot the branching ratio of
K+ —> ff+n+e" we normalize to Dalitz-decays and ar-
rive at B{K+ -> Tr+//+e-) <1.1- 10"9 at the 90% con-
fidence level. The systematic error in the determina-
tion of the ratio of acceptances (Daiitz)/(tf"l>+e~) is
the principal source of uncertainty and is estimated by
Monte Carlo simulations to be less than 10%.

Our 1988 run yielded about 85% of our total data
sample due to improvements which we made to beam,
detector and data acquisition system. The improve-
ments increased our sensitivity per machine pulse by
about a factor of six over that of the 1987 run and we
achieved an overall sensitivity of about 1.51O"10 at the
90% confidence level. The analysis of data is well under
way and so far we have no reason to assume that we are
background limited.
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