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FOREWORD

In my second and final year as chairman of the TRIUMF Board of Management I
have been able to appreciate many of the qualities which drive this remarkable project
forward. These are excellent friends in Ottawa and Victoria, fine leadership, much
hope and energy, and, above all, excellent science.

The science is described in this annual report. It covers a wide range of important
research fields and continues to accumulate its share of kudos. For example, we were
very pleased to note that in mid-1987 Professor Yamazaki received the Imperial Medal
from the Emperor of Japan. He is apparently only the fourth Japanese physicist so
honoured, and a major portion of his citation pertains to his muon work at TRIUMF.

The vigorous steps forward of the campaign for a KAON factory do count on
friends in Ottawa and Victoria, and on their appreciation of the opportunity which
this project provides for Canada. The strong support of the B.C. government emerged
during the year. Jointly Ottawa and Victoria explored foreign participation with
positive results. The KAON project is now ready for construction approval by Ottawa.
We should also record here the action by our federal minister, the Honourable Frank
Oberle, in adding to TRIUMF's base two million dollars during the course of 1987.

TRIUMF continues to abound in scientific leaders as is evident to anyone who
reads this report or visits the project. The leadership is manifested not only among
the experimental spokesmen from many universities who have active programs at
TRIUMF but also among those who use TRIUMF as a base for big experiments
abroad. It is these physicists who carry the momentum of TRIUMF and will lead it
on to the KAON project.

P.A. Larkin
Chairman, Board of Management



TRIUMF was established in 1968 as a laboratory operated and to be used jointly
by the University of Alberta, Simon Fraser University, the University of Victoria and
the University of British Columbia. The facility is also open to other Canadian as
well as foreign users.

The experimental programme is based on a cyclotron capable of producing three
simultaneous beams of protons, two of which are individually variable in energy, from
180-520 MeV, and the third fixed at 70 MeV. The potential for high beam currents
- 100 M at 500 MeV to 300 fiA at 400 MeV - qualified this machine as a 'meson
factory'.

Fields of research include basic science, such as medium-energy nuclear physics
and chemistry, as well as applied research, such as isotope research and production
and nuclear fuel research. There is also a biomedical research facility which uses
mesons in cancer research and treatment.

The ground for the main facility, located on the UBC campus, was broken in 1970.
Assembly of the cyclotron started in 1971. The machine produced its first full-energy
beam in 1974 and its full current in 1977.

The laboratory employs approximately 363 staff at the main site in Vancouver
and 18 based at the four universities. The number of university scientists, graduate
students and support staff associated with the present scientific programme is about
530.
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INTRODUCTION

By the best indicators 1987 was a good year for
TRIUMF and its science. Although the number of
employed staff and the funding was exactly the same
as for 1986 there was growth in the number of exper-
iments performed, the number of users participating
in experiments, the number of new proposals for ex-
periments, the delivery of beam to experiments, the
number of papers published, the length of this annual
report and, probably, the number of members of the
public who toured TRIUMF and the coverage of TRI-
UMF's program by the various media. Most of the
brief accounts of research progress in this report speak
for themselves and the reader is encouraged to browse.

The various activities of TRIUMF, as described in
this report, are intended to convey how the project
fulfills its national purpose. This purpose has evolved.
Although the purpose does not appear to be concisely
articulated anywhere it probably includes all of the
following:

• to serve as a high-profile laboratory in fundamental
subatomic science constituting Canada's contribution
to the world network of large accelerator facilities and
aiming to achieve, in this field, the highest interna-
tional standards of excellence

• to provide, in subatomic physics, a program of
national significance easily accessible to scientists from
across the nation

• to attract people and ideas of the highest quality
from abroad

• to offer substantial opportunities to graduate stu-
dent training

• to act as a catalyst for high technology enterprises
with appropriate technology transfer programs

Many experiments at TRIUMF in 1987 carry on
the tradition which has placed the project on the
world map of subatomic science over the past decade.
The new work includes a significant leap forward in
the search for transition of muonium to antimuonium.
This experiment addresses the "sense of family" among
nature's basic building blocks - the quarks and leptons
- in enquiring how readily particles change into an-
tiparticles. Next, the charge-exchange facility in TRI-
UMF's proton hall now pours out important publica-
tions on how the quarks inside a neutron or proton flip
over when a neutron or proton interacts with a nucleus.
TRIUMF's muon beams have become important tools
for probing the properties of high-temperature super-
conductors and, generally, of magnetism in condensed
matter.

Spin-offs at TRIUMF now abound. The isotope pro-
duction facility is doubling its sales annually. The
treatment of deep-seated tumours with pions made
great progress in 1987 and is approaching a stage at
which national clinical trials for specific sites appear
to lie just ahead.

The TRIUMF cyclotron produced much beam in
1987 in spite of two major "hiccups" in its perfor-
mance. The main rf transformer burned out in August
necessitating a repair of more than a month; the twelve
jacks which lift the entire upper half of the cyclotron
manifested a major bearing problem which pointed to-
ward their major overhaul in 1988. The cyclotron is a
very large and sensitive machine. Both the high qual-
ity of its normal operation and the strong response to
mishaps are a credit to the operations and maintenance
personnel of Cyclotron Division.

Perhaps the greatest continuing source of excite-
ment at TRIUMF in 1987 was the progress toward
a KAON factory. The strong interest and advocacy
of the provincial government of British Columbia -
perhaps unparalleled in the recent annals of Canadian
science - have placed this project on the threshold of
construction funding. Development of the technical as-
pects of the KAON project continued throughout the
year but it was the political attention which the project
received which moved it forward.

As counterpoint to the main theme of KAON for
TRIUMF's future we developed in 1987 a Five-Year
Plan to guide the project in the absence of a KAON
facility. This plan, developed for the Advisory Board
on TRIUMF (ABOT) of the National Research Coun-
cil of Canada, would see major upgrade of TRIUMF's
present beam intensity and of the various secondary
beam lines. It would see the project's NRC contri-
bution grow by more than 60% in five years to a new
plateau which promises to keep the project competitive
with the other meson factories of the world. Of course,
the KAON project would give TRIUMF a unique fa-
cility of world-leading importance for several decades.
It now appears that this Canadian project will re-
ceive strong support from other nations. The case for
Canada has become especially compelling.

TRIUMF has recently evolved into a national fa-
cility, under the guidance of ABOT. The project was
originally funded, in 1968, as a regional centre of ex-
cellence. However, as the field achieved major break-
throughs in the 1970s and 1980s the importance of
TRIUMF's programs increased and the number of



participants from across Canada grew. The program
now includes most of Canada's subatomic physicists.
Therefore, the joint venture which operates TRIUMF
is being augmented. Several universities have been in-
vited to join in a two-stage process. The Universite
de Montreal and the University of Manitoba have be-
come associate members en route to full membership.
The University of Toronto is an observer on TRIUMF's
Board of Management. Looking at the program of
TRIUMF it clearly has, now, a national base of par-
ticipants.

The TRIliMF Board of Management has undergone
some substantial changes. Peter Larkin concludes his
service to the Board at the end of the year having
served six years concluding with two years of magnif-
icent chairmanship. Like the salmon, on which he is
a world expert, Peter Larkin has many mechanisms to

steer his way unerringly through murky waters. Alan
Astbury retired from the Board and was replaced by
a prominent engineer, Joseph CunlirTe. Karl Erdman,
who has served TRIUMF in almost every capacity, re-
tired and was replaced parly in the year by John War-
ren, TRIUMF's first director and founding father. Fi-
nally, Morris Belkin was replaced by Denzi.1 Doyle, a
well-known technology transfer expert from Ottawa.
We record, with great sadness, Morris Belkin's death in
Dec iber. He was very helpful and generous to TRI-
UM over many years and particularly instrumental
in establishing the Shrum Fund for scientific exchanges
with the Weizmann Institute. He offered a memorable
dinner cruise to TRTUMF and its foreign dignitaries on
his large yacht on the occasion of the tenth anniversary
celebration in July of 1986.



SCIENCE DIVISION

INTRODUCTION

The year 1987 was another excellent one for sci-
ence at TRIUMF. The number of proposals submitted
to TRIUMF continued to rise and reached the record
number of 41 for the December meeting of the EEC.
In spite of some difficulties mainly caused by rf prob-
lems during the summer, the amount of beam delivered
during the year was also a record (331 mAh). During
July we successfully ran for the first time with average
beam currents of around 200 /̂ A, double the original
design goal of the TRIUMF cyclotron, for two weeks.

In particle physics the most noteworthy achievement
was the setting of new upper limits for the conversion
of muonium into antimuonium by Expt. 304. This ex-
periment uses a radiochemical technique which, with
the data taken this year, will be sensitive to a branch-
ing ratio for this conversion, forbidden in the standard
model but allowed in some grand unified theories, of
less than 3 x 10~5. Further runs are planned in 1968
to increase the sensitivity.

Major pieces of equipment were constructed and
tested for important experiments at Brookhaven (BNL
787) and the SLAC linear collider (SLD). Construction
was completed for BNL 787, a Brookhaven-Princeton-
TRIUMF collaboration to search for the decay K+ —>
TT+ vV with two to three orders of magnitude increased
sensitivity over previous measurements. Data-taking
will commence at the Brookhaven AGS in February
1988. Most of the apparatus for SLD being made at
TRIUMF is now complete and in the process of being
shipped to SLAC.

TRIUMF's longstanding interest in the N-N inter-
action at intermediate energies continued with a major
new experiment (182) to measure Ayy in n-p scatter-
ing to further constrain NN phase shifts. Data-taking
was completed at four energies. Preliminary results
are now coming out from a measurement of the ratio
Rt/Dt (332) which finished data-taking in 1986.

The nuclear physics program in the proton hali con-
tinued at a very high level, with twelve important ex-
periments being completed on the (p,n)(n,p) CHAR-
GEX facility. These experiments covered a very wide
range of interest, from searches for GT strength in s-d
shell nuclei such as 54Fe, to looking for giant isovector
resonances in medium and heavy nuclei, to tests of
shell model lifetime calculations for double beta decay.
The CHARGEX/MRS complex continued to provide

TRIUMF with facilities for doing (p,p'),(p,n) and
(n,p) experiments at intermediate energies which are
unmatched anywhere else in the world.

In the meson hall the main emphasis continued to be
on pion scattering and break-up reactions on a polar-
ized deuteron target. Experiment 337 completed data-
taking on measurements of T20 and T21 in vd elastic
scattering, while Expt. 331 made measurements of the
polarization transfer parameters Ki, and Kss in the
nd —* pp reaction. At the end of the year measure-
ments of the vector analysing power of wd —* pp were
in progress in Expt. 375. Elastic scattering cross sec-
tions of pions on protons (Expt. 394) and on deuteron
(Expt. 399) were also measured.

Another noteworthy experiment was 327, which
studied the (?r+, W+JT-) reaction on 16O, 28Si and 40Ca
on Mil. The QQD spectrometer was used in coinci-
dence with a large stack of plastic scintillators to detect
the outgoing pions.

The f/SR program continued to find new uses for
muons as probes of matter. This year the emphasis was
using muons to probe the magnetic properties of the
new high temperature superconducting materials, the
discoverers of which received this year's Nobel prize.
Groups from Bell Labs, University of Tokyo and UBC
have all been very active throughout the year, under
the general auspices of Expt. 469. The level cross-
ing resonance technique continues to find many appli-
cations ranging from elucidating anomalous muonium
formation in semiconductors (Expt. 367) to free radical
chemistry (Expt. 398). More traditional areas of ^SR,
such as high pressure /xSR in liquids (Expt. 362) and
reactions of muonium with halogen gases (Expt. 420)
continue to prosper. The year finished on a fine note
with the first observation of the muon spin echo phe-
nomenon (Expt. 449), which promises to have impor-
tant applications in condensed matter in the future.

The Theory group continued to play a vital and
stimulating role in the work of the Science Division.
As well as carrying out a wide-ranging research pro-
gram, the group is responsible for organizing our pro-
gram of short- and long-term visitors. Interactions be-
tween theory and experiment, which are so successfully
fostered by the Theory group, are essential to the long-
term vitality of the experimental program.



The contributions on individual experiments in this report are outlines intended to
demonstrate the extent of scientific activity at TRIUMF during the past year. The
outlines are not publications and often contain preliminary results not intended, or
not yet ready, for publication. Material from these reports should not be reproduced
or quoted without permission of the authors.



PARTICLE PHYSICS

Experiment 182
Spin correlation parameter Ayy in n-p elastic
scattering
(W.T.H. van Oers, W.D. Ramsay, Manitoba)

The purpose of this experiment was to measure the
spin correlation parameter Ayy in n-p elastic scattering
to an accuracy of ±0.03 at 220, 325 and 425 MeV over
the angular range 50° to 150° in the centre-of-mass
system. The measurement was carried out by scat-
tering polarized neutrons from polarized protons in a
frozen spin target (FST) and determining the asym-
metry with different n-p spin correlations.

Polarized neutrons, produced at the LD2 target in
beam line 4A by transverse polarization transfer from
polarized protons, were collimated through the 9° port;
the spin direction was rotated to the vertical plane by
two spin precession dipoles (Bonnie and Clyde). The
recoil protons were detected in proton range counters
consisting of time-of-flight start and stop counters and
four delay-line chambers. The scattered neutrons in
coincidence were detected in 105 cm x 105 cm scintil-
lator arrays. The details of the experimental set-up can
be found in the University of Manitoba Intermediate
Energy Progress Report, 1986, 1987. The frozen spin
target consisted of butanol beads contained in a 5 cm
high, 3.5 cm wide and 2 cm. thick rectangular box. In
order to reduce the multiple scattering of the forward
and backward scattered protons we had two orienta-
tions of the target. Initially for the angular range of
90°-150° (cm.) the target was set with its 3.5 cm side
perpendicular to the neutron beam. For the the rest
of the angular range (50°-90° cm.) the target was ro-
tated by 90" so that 3.5 cm side was along the beam
direction.

In order to select n-p elastic events from n-np back-
ground we have formed four kinematic constraints, viz.:
(1) Energy sum: Tp+Tn

(2) Transverse momentum sum:

where

Pp sin0p , sin0n cos^n

(3) Opening angle: 9P + 9n

(4) Coplanarity: <j>p •+ <j>n

In calculating the opening angle the deflection of
protons in the FST magnetic holding field is taken into
account. By knowing the flux normalized left (L) and
right (R) counts one can then extract the spin correla-
tion parameter Ayy as follows:

a
(L+++ZL- )

(2)

(1)

PB and PT are the beam and target polarizations, re-
spectively. The subscripts, +-(-, H—, —)-, — , are four
different combinations of beam (first index) and target
(second index) spin orientations.

The maximum target polarization obtained during
the run was 82% with a maximum decay time of 765 h.
The target polarization as measured by an NMR sys-
tem is known to no better than 4%, however, the
present experiment required that it should be known to
an absolute accuracy of 2%. With this in mind we have
performed an independent calibration of the NMR sys-
tem using unpolarized protons at the beginning and
end of each data taking run. An unpolarized beam of
500 MeV protons impinged on a stack of graphite and
produced protons by elastic scattering. The protons
scattered at 9° passed through the neutron collimator
and a superconducting solenoid (Superman), which ro-
tated the unwanted polarization of the secondary beam
by 90°. The protons scattered from the FST were de-
tected in proton range counters set at 24°. The recoil
protons were detected in the Central region of the big
scintillator arrays set at 61°. Note that at this an-
gle and energy the p-p analysing power is very accu-
rately known [Greeniaus et al., Nucl. Instrum. Methods
A322, 308 (1979)]. Thus by measuring the asymme-
try and knowing the analysing power we measured the
target polarization to the required accuracy.

The preliminary data for Ayy at 325 and 220 MeV
are plotted in Fig. 1. The predicted values from differ-
ent phase-shift analyses and nucleon-nucleon potentials
are also shown. We also extracted the analysing pow-
ers over the same angular range at all three energies.

Experiment 248
A study of the decay r —>• ev
(T. Numao, TRIUMF)

The main goal of the present experiment is to im-
prove the measurement accuracy of the branching ratio
R = (JT - • ev)/{v -* fiv) by a factor of three in order
to provide a more stringent test of universality of weak
interactions for different generations.

The data-taking was completed in 1986 and about
3 x 10s?r —• tv decay and 2 x 108 v-u-t chain decay
events were recorded. Extensive analyses have been
done in the areas of systematic data calibration, scan-
ning full data sets and Monte Carlo simulations.
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Fig. 1. (a) Ayy at 325 MeV, (b) Ayv at 220 MeV.

A background-suppressed IT —+ ev spectrum has
been examined for evidence of massive neutrinos
[Azuelos et al, Phys. Rev. Lett. 56, 2241 (1986)] and
other exotic particles [Picciotto et al., Phys. Rev. D,
in press]. A signal of the decay ir —• evM, where M is
a majoron or other neutral boson escaping the detec-
tor system without any interactions, was sought in the
n —* tv spectrum. Upper limits of the branching ra-
tio (90% C.L.) were obtained for hypothetical bosons
in the mass region 0-130 MeV/c2 and are shown in
Fig. 2. The decay ir —> evvv was also sought in the
same spectrum and an upper limit 3.5 x 10~6 was ob-
tained.

Experiment 249
Radiative muon capture with the TPC
(G. Azuelos, TRIUMF)

Radiative muon capture (RMC) is a weak semilep-
tonic process which is particularly sensitive to the in-
duced pseudoscalar form factor gp of the hadronic cur-
rent. This experiment is to measure RMC on light nu-
clei to investigate its possible renormalization in the
nucleus, and is a precursor to a measurement of RMC
on hydrogen (Expt. 452). The experiment has been
described previously (1986 annual report, p. 8); data-

0 20 40 60 80 100 120 140

m M (MeV)

Fig. 2. Branching ratio limits for rr —» evM process vs.
mass of the M particle.

taking was completed in May. Measurements have
been made of RMC on calcium, oxygen and carbon; the
photon energy spectra obtained with a 1.0 mm thick
Pb converter are shown in Fig. 3. Only the region
of the spectrum above about 57 MeV is usable, due
to the unavoidable background for bremsstrahlung of
Michel electrons. Data have also been obtained on the
various backgrounds (pion-induced, cosmic-ray, muon-
decay bremsstrahlung) and contributions to the final
systematic error. Data analysis is well under way, in-
cluding a full Monte Carlo of the experiment based on
the CERN program GEANT. The statistical error on
the RMC rate for each nucleus is less than 5%; the
final systematic error is expected to be less than 10%.

Experiment 287
Measurement of parity violation in p-p scattering
(J. Birchall, W.T.H. van Oers, Manitoba; G. Roy, Alberta)

The parity-violating longitudinal analysing power
Az arises from the interference of opposite parity am-
plitudes in p-p scattering. In general, Ai(0) is ex-
pressed as a linear combination of parity-mixed partial
wave amplitudes: [(1So-3Po),(3P2-lD2),(iD2-

3F2)...]
in order of increasing angular momentum, where the
angular distribution of each term is governed by the
strong interaction. The relative strengths of each term
are determined by matrix elements of the weak me-
son exchange interaction and must be calculated using
appropriate wave functions. The weak meson-nucleon
couplings kp

p
p and h™ contribute to the lowest-order

(1PO-3PQ) term with approximately equal weight. In
contrast, the (3/V2 D2) which contributes significantly
to Az above 100 MeV is almost entirely due to weak p
exchange [Simonius, AIP Conf. Proc. 150 (AIP, New
York, 1986), p. 185 and private communication].

Measurements of Az at 15 and 45 MeV [Kistryn et
al., Phys. Rev. Lett. 58, 1616 (1987) and references
therein] have established the lowest partial wave con-
tribution as (1.5±0.2)x 10~7. To date no intermediate-
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Fig. 3. Photon energy spectra from RMC on calcium,
carbon and oxygen.

energy experiment has been performed, and the higher
partial wave contributions are undetermined. A unique
situation exists at 230 MeV, where the contribution of
the lowest partial wave vanishes [Simonius, op. cit.] in
the expression for Az. This is purely a strong inter-
action effect; the angular distribution of the ('So^Po)
term integrates to zero from 0 to 90° in the centre of

mass at 230 MeV, with no dependence on the values of
the weak meson-nucleon coupling strengths. To an ex-
cellent approximation at this energy, the longitudinal
analysing power in p-p scattering measures the (3P2-
lD%) term alone, which in turn is dominated entirely
by the p exchange contribution. Thus, a measurement
of parity violation in p-p scattering at 230 MeV affords
a unique opportunity to measure hPp

p.
An angular distribution measurement was originally

considered preferable from an experimental standpoint
due to the extremely small predicted value [Simonius,
op. cit] of the total asymmetry Az ~ 4 x 10~8, which
resulted from the vanishing of the (150-3P0) contribu-
tion. At the Symposium/Workshop on Parity Viola-
tion in Hadronic Systems held at TRIUMF in May it
was determined that an outdated value of the anoma-
lous isovector moment used in the calculation had re-
sulted in a factor of two underestimate of Az. Thus,
a measurement of Az at 230 MeV to a precision of
±2 x 10~8, as has been achieved at lower energy, will
provide a significant constraint on the weak p-nucleon
coupling.

To determine the parity-violating analysing power
Az a beam of longitudinally polarized protons at 230
MeV will be scattered from a liquid hydrogen target,
and the helicity dependence of the total elastic scatter-
ing cross section will be measured. The longitudinal
analysing power can be measured in two ways: by col-
lecting the forward scattered protons in a large solid
angle detector and normalizing the scattering signal to
the incident beam flux, and by measuring the beam
current to high precision before and after the liquid
hydrogen target.

The PPIC noise tests discussed in last year's
progress report indicated that it is possible to mea-
sure A,, by both the scattering and the transmission
methods simultaneously, to comparable statistical ac-
curacy. Excluding the time required to perform control
and calibration measurements, the required statistical
accuracy of ±2 x 10~8 can be achieved by both meth-
ods in approximately 200 h of running time at 500 nA,
Pz = 0.8. Since the systematic errors in the two cases
are very different, a comparison of the scattering and
transmission methods will provide a unique and invalu-
able check on the experimental results.

In last year's progress report we reported tests of a
beam position servo system which was able to hold the
beam position fixed at a given location. In October
this year we tested a double loop system to hold the
beam position fixed at two locations simultaneously.
We also tesied a new higher current amplifier for the
magnetic beam deflection system.

A prototype scattering detector is shown in Fig. 4.
It is a planar ionization chamber filled with hydrogen
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Fig. 4. Preliminary design of a prototype ionization cham-
ber scattering detector. Beam enters from the left.

Fig. 5. Sketch of the scanning polarimeter. The carbon
blade is shown in the vertical position. The scattering de-
tectors are contained in the ring downstream of the blade.

gas at a pressure of 1 atm. There is a central high
voltage plane, in front and behind which is a symmetric
arrangement of sense planes at ground potential to col-
lect the charge released by protons travelling through
the hydrogen gas. The back plane is mounted on a rigid
back plate. The primary proton beam passes through
a central hole in the chamber so as to avoid heating
of the gas and scattering of protons from entrance and
exit windows.

The most important systematic error in the mea-
surement of the parity-violating analysing power is due
to the beam polarization not being entirely parallel to
its momentum. This is because an error is induced
which is proprotional to the first moment of transverse
beam polarization. It is therefore essential to be able to
measure the distribution of the transverse components
of polarization across the beam profile.

A prototype design of a polarimeter to do this is il-
lustrated in Fig. 5. The polarimeter contains a carbon
blade which is scanned across the beam. As the ver-
tical blade moves across the beam two detectors (left,
right) count the protons scattered from the blade. The
left-right scattering asymmetry measures the vertical
component of polarization of that part of the beam in-
tercepted by the rod. After a horizontal scan the blade
is rotated by 90° and is scanned up-down through the
beam. A pair of up-down detectors then measures hor-
izontal components of beam polarization. A novel fea-
ture of this design is that the up-down and left-right de-
tectors move with the blade. This reduces systematic

errors in the measurement of transverse polarization
by two orders of magnitude.

Experiment 304
Muonium-antimuonium conversion
(A. OUn, TRIUMF'/Victoria)

This experiment is a search for /*+e~ —• |<~e+, a re-
action forbidden by lepton number conservation. This
process can arise naturally in theories with Majorana
neutrinos, especially if the neutrino masses are pro-
duced via a coupling to a new lepton number violating
Higgs particle.

The experimental set-up is shown in Fig. 6. Muons
from M15 are moderated and stop near the back of a
10 mg/cm2 thick layer of SiCb powder with 7 nm par-
ticle diameter. The thermalized muonium (Mu) atoms
diffuse from the powder across a 2 cm vacuum gap to
a 50 nm WO3 layer evaporated onto a Mo foil. Con-
verted n~ then capture on W atoms to produce 184Ta.
Approximately 50% of the recoiling Ta atoms remain
in the foil, which is removed from the vacuum system
after a 12 h exposure. In order to prevent the formation
of a surface layer on the WO3 the evaporation is done
in an antechamber, and then immediately introduced
into the UHV chamber near the S1O2. This chamber
was maintained at a pressure of ~10~8. Three layers
of magnetic shielding were used to reduce the magnetic
field seen by the Mu to <10 mG.
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ious coincidence requirements on signal and backgrounds
are shown.
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10 h.



The efficiency of our apparatus for detecting fx has
been measured experimentally by exposing WO3 sam-
ples to a carefully measured flux of stopping p~ and
detecting the resulting 184Ta in our low-level counting
apparatus. We show in Fig. 7 results for a 450 /ig/cm2

target in which 130,000 \T had been stopped. The
effect of the various requirements on both signal and
backgrounds are clearly seen, and the rates observed
confirm our initial estimate of the relevant /j+-capture
yields. Background count rates have been measured
by exposing 12 n W foils to a p+ beam. From this
test we expect a background 414 keV count every 100
shifts. The count rate from natural radioactivity in the
detector and shielding is less than 1 count/40 shifts.

The emission of muonium from silica powder was
studied in an earlier run by stopping a beam of muons
in a 13 mg/cm2 powder layer inclined at 60° to the
beam direction. The stopping distribution in the pow-
der was varied by adjusting the beam momentum, and
the yields into the vacuum were measured. The re-
sults were incompatible with a simple diffusion model
for the muonium. However, a model where the muo-
nium escapes from an agglomerate with an exponential
time distribution, and then diffuses between the grains,
seems to give a good account of the vacuum yields,
allowing extrapolation to different stopping distribu-
tions.

Surface monolayers depositing on the WO3 surface
could prevent the thermal muonium from reaching the
W atoms. We have studied the rate of accretion of
monolayers on these surfaces at SFU using X-ray pho-
toelectron and Auger electron spectroscopy techniques.
The thickness of the surface layers was estimated from
the strength of the carbon signal and the attenuation
of the tungsten line. On the basis of this measurement
we calculate that in 12 h at a pressure of lxlO"8 10%
of a monolayer will be deposited. In our apparatus we
have achieved a vacuum of 2x 10~9, but typical opera-
tion has been at lxl0~8 .

We have completed 12 successful 12 h exposures of
WC>3-coated foils. Figure 8 shows results of counting
a target exposed for 12 h for evidence of 184Ta. Based
on these exposures we expect that this measurement
was sensitive to

I JT P

evV)
< 3 x 10 - 5

Further runs are planned to increase the sensitivity and
to explore further the vacuum muonium mechanism.

Experiment 332
Ratio of spin transfer parameters Dt/Rt in d(p, n)pp
quasielastic scattering
(C.A. Davis, Manitoba)

The ratio of Wolfenstein spin transfer coefficients dt

(vertical-to-vertical spin transfer) and rt (sideways-to-
sideways spin transfer) in quasielastic scattering from
deuterium d(p, n)pp has been measured at four energies
at 0n = 9° (lab). As the ratio can be determined in a
manner which is independent of the analysing powers
of the polarimeters for measuring the polarizations of
the protons and neutrons, overall systematic normal-
ization errors are eliminated.

The analysis of this experiment has been completed
and the results are given in Table I. The ratio Dt/Rt
for free np scattering has been corrected for deuteron
D state and final-state interactions. Dtf Rt plotted as
a function of energy and compared to several present-
day phase-shift predictions is presented in Fig. 9.

Putting these results into the C200, C300, C400 and
C500 phase-shift solutions of Arndt's SAID program,
we can make the following statements: The values of fi
and f3 are reduced, e1 being comparatively flat (~4°)
over the 200-500 MeV region. 3Si, ZDU

 3D2 and es-
pecially XP\ are all affected, the rough area around

Table I. Results for quasielastic dtfrt and deduced Dt/Rt, where the final errors in Dt/Rt
also include an error due to uncertainty in knowledge of the ATn cut. The results have been
corrected for target background.

Tp W{c.m.) en(c.m.) d,/rt Dt/Rt

(MeV) (MeV) (deg) (value)±(stat.)±(sys.)

222.7
324.1
424.8
492.1

1986.2
2033.6
2079.6
2109.8

160.98
160.54
160.11
159.82

0.0144±0.0064±0.0033
-0.1916±0.0046±0.0032
-0.3380±0.0045±0.0050
-0.4391±0.0085±0.0060

-0.0190±0.0072
-0.2328±0.0057
-0.3731±0.0068
-0.4892±0.0107
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Fig. 9. The ratio Dt/Rt- Our data (solid squares) are
compared to the phase-shift predictions of Arndt (SM87,
solid line), the Saclay phase shifts (in two energy regions,
dash lines), and the BASQUE phase shifts (dot-dash line),
all derived from SAID.

300 MeV tending to be smoothed out. There are, how-
ever, large correlations, especially C'(fi x £3). We hope
to reduce these correlations and further improve the
phase shifts by addition of our Ann and P data which
are being analysed now (see Expt. 182, p. 5).

Experiment 369
Test of chaige symmetry in n-p elastic scattering at
350 MeV
(W.T.H. van Oers, Manitoba; L.G. Greeniaus, TR1UMF)

An experiment similar in most respects to our re-
cently completed TRIUMF Expt. 121 is being prepared
for data-taking in the winter of 1988-1989. The exper-
iment will measure the difference in analysing powers
An and Ap (where the subscript denotes the polar-
ized nucleon) in neutron-proton elastic scattering at
350 MeV. Designed as a null measurement, the exper-
iment will achieve an accuracy in AA = An — Ap of
±0.0008 (or ±0.026° in the zero-crossing angle.

Our measurement of AA at the zero-crossing angle
at an incident neutron energy of 477 MeV has yielded
AA = (37 ± 17 ± 8) x 10"4. This result should be
compared to the range of values from the most recent
theoretical calculations of (21-74) x 10~4. These calcu-
lations include (collectively) estimates of contributions
from direct electromagnetic effects, the neutron-proton
mass difference in one-pion and p exchanges, and the
isospin mixing p°-u meson exchange. Some other
smaller effects have also been evaluated. Although

the various predictions are similar in magnitude, they
differ significantly in their detailed predictions. The
Iqbal, Thaler and Woloshyn (ITW) calculation [Phys.
Rev. C 36, 2442 (1987)] is substantially lower than
those by Miller, Thomas and Williams (MTW) [Phys.
Rev. Lett. 56, 2567 (1986); Univ. of Adelaide preprint
ADP-87-21/T40], Ge and Svenne (GS) [Phys. Rev. C
34, 756 (1987)] or Holzenkamp, Holinde and Thomas
(HHT) [Univ. of Adelaide preprint ADP-87-21/T38].
HHT also predict a different energy dependence than
the other calculations. The differences between the
theoretical predictions are the source of much discus-
sion. In Fig. 10 the MTW, HHT and GS predictions
at 350 MeV are compared. The electromagnetic term
accounts for much of the MWT-GS difference. The
MTW-HHT difference is due to the treatment of the
p and p°-w terms. CSB experiments sensitive to the
region away from the cross-over angle can possibly dis-
tinguish these latter terms and may be able to make a
stringent test concerning the meson exchange picture
of the NN interaction at short distances.

The 350 MeV measurement will be performed in the
manner of the recently completed Expt. 121. Rather
than measuring the asymmetry difference directly, the
angles at which the asymmetry crosses through zero
will be determined. This difference between the zero-
crossing angles is directly proportional to the difference
in asymmetries at that angle. Using this technique we
perform a null measurement where the majority of pos-
sible systematic errors cancel because the An and Ap

measurements are made with exactly the same physical
apparatus. The only changes are to the polarizations
on the beam and target.
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Fig. 10. Comparison of the AA angular distribution from
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The solid angle for this experiment will be consider-
ably larger than for Expt. 121. This will allow us to
choose an angle region that is asymmetric about the
cross-over angle and to attempt a measurement where
the interesting p°-u term is relatively large.

The new experiment is essentially identical to the
successfully completed project at 477 MeV. The major
differences compared to Expt. 121 are:

1) Larger solid angle — increased event rate with
only a marginal loss in discrimination against back-
ground. Trigger rate due to (n, np) events will increase.
We have recently extracted the angular distribution of
the charge symmetry breaking effect in the 477 MeV
data. With the increased precision and larger angle
range we should be able to distinguish the presence of
the po-u mixing term at a level of about ±0.0015 in a
bin of a few degrees.

2) Wedge degrader removed — increased trigger rate
due to (n,np) events which will be eliminated offline.
Some analysis problems will be eliminated. Fewer n-
p elastic events will be lost due to reactions in the
degrader.

3) FST volume reduced to 35 cm3 and a rectangu-
lar shape used. This maintains the energy loss and
multiple scattering of the protons at the values of the
previous experiment.

4) The neutron beam will have higher intensity and
polarization. The latter reduces the time required to
achieve a given precision and makes the two aspects of
the experiment more similar.

5) The system will allow a secondary target to be
viewed for control purposes and background checks.

6) Incorporation of front-end intelligence — elimina-
tion of (n,np) background due to the high anticipated
trigger rate. This will necessitate a J l l processor in
the CAMAC branch. This is a result of our desire to
increase the solid angle even more than in Expt. 121.

Measurement of A'+ —» *+ vv
BNL 787 (BNL-Princeton-TRIUMF collaboration)
(D. Bryman, TRIUMF/Victoria)

The decay 7\+ —»• ir+X° (where X° is one or more
light, neutral, weakly interacting particles) will be
searched for at the level <2 xlO"10 in Expt. 787
at Brookhaven National Laboratory by a collabora-
tion from BNL, Princeton University and TRIUMF.
K+ —• ?r+ vu offers a unique testing ground for higher-
order weak effects in the standard model not domi-
nated by long-distance effects. Recent observations of
bb mixing could imply a branching ratio as high as
10~9 for A'+ —* w+vV due to large mixing angles and a
high mass for the top quark. Observation of a signal in
this region would serve to validate the standard model

?r+ fie,

with three generations and place severe constraints on
its parameters.

The observation of an apparent A"+ —* v+uV sig-
nal above 10~9 would serve as a dramatic indicator
of the presence of new physics. The least exotic pos-
sibility is the occurrence of additional generations of
neutrinos. Other possibilities include the production
of the supersymmetric partners of the photon, gravi-
ton and the Higgs. In some versions of supersymme-
try the decay A'+ —> ir+yj could occur at almost the
current experimental limit for A'+ —> ir+i/V which is
1.4 x 10~7. Any proposed interaction which induces
neutral flavour-changing processes (e.g. technicolour)
will also contribute to the K+ —> TT+^V rate. Conse-
quently, a large window for possible new physics exists.

The experiment will also be sensitive to other in-
teresting decays such as K+ —• n+yy, K+

K+ -* jr+e+e-, K+ -+ n+ ,u+pT, K+ -
K+ — e+1/7.

Figure 11 shows the apparatus which is nearing com-
pletion. The detector is designed to have a large geo-
metrical acceptance (2ir sr) for the K+ —• TT+ VV decay
mode while maximizing the rejection of background
processes such as K+ —> (t+v (A'^j), K+ —>• fi+fj and
K+ -* 7T+n° (K-,,2) a nd others. Sensitivity for iden-
tification of unaccompanied pions from K+ —+ it+i>V
is accomplished through measurement of momentum,
kinetic energy, range, decay sequence TT —* fi —* e, and
efficient rejection of both single photons and photons
from TT0 decay.

The 800 MeV/c K+ beam is brought to rest in a
10 cm diameter target consisting of groupings of scin-
tillating fibres 2 mm in diameter. The decay pions
pass through a cylindrical drift chamber which mea-
sures their momenta in the 1 T magnetic field with
resolution <r&p < 2%. The pions then stop in a plastic
scintillator range stack which also contains MWPCs.
Each range stack counter is viewed from both ends by
2 in. phototubes read out by transient digitizers. The
digitizers record a complete history of scintillator light
output as a function of time. The total energy of the
decay pions will be measured by summing the pulse
heights of the target and range array elements with an
anticipated resolution <re ~ 3%.

The detector is completely surrounded by a Pb scin-
tillator gamma veto. Monte Carlo calculation of pho-
ton detection inefficiencies for the proposed configura-
tion found an overall n° inefficiency 5 x 10~6 in the
energy range of interest. The efficiency is limited by
photonuclear absorption.

A branching ratio sensitivity Tt+vv) <
2 x 10"10 will be achieved in a run of 2500 h with
a stopping rate of 3 x 105/pulse at the AGS. Detailed
estimates based on measurements at BNL and TRI-
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Fig. 11. Experiment 787 detector.

UMF and Monte Carlo calculations indicate that <1
background event is to be expected. Limits possible on
the process K+ —* n+a would be in the region <10~10.

A week-long test run occurred in May, with 25%
of the detector instrumented. The limited conclusions
drawn from this effort supported critical estimates of
counting rates and background rejection capabilities.

In the following progress is described on some of the
principal activities of the TRIUMF group: central drift
chamber, endcap photon veto, gallium arsenide tran-
sient recorders, beam counters and chambers, data ac-
quisition and trigger systems, and analysis and Monte
Carlo software.

The central drift chamber system was developed at
TRIUMF and was shipped to BNL in August. The
active volume is enclosed by Al endplates and graphite-
epoxy cylindrical walls. The chamber is arranged in
five layers of multiple sense-wire cells. Three layers
are axial and two are at a stereo angle of 3.5°. The
wires are staggered by 500 ftm from the eel! axis to
provide local resolution of the left-right ambiguity. Six
central sense wires are used, resulting in up to 30 points
measured on a track. The half-widths of the cells are
1 cm for layers 1 and 2 and 1.5 cm for layers 3, 4 and
5. There are no potential wires adjacent to or between
the sense wires. Crosstalk between sense wires after
compensation is <5% and electrostatic deflection at
the middle of the wire will be <40 ftm. The Lorentz
angle of drift is 25° for a magnetic field of 1 T. Since

only the central six wires are used, there is no loss of
efficiency and a good distance vs. time relationship is
maintained throughout.

The wires are tensioned between 0.95 cm thick
Al endplates spaced by 50 cm between 0.51 mm
thick cylinders. The inner cylinder is 80 mg/cm2

graphite/epoxy rigidly attached to the endplates. The
outer cylinder was installed with an O-ring gas seal
after the chamber wires had been strung. The end-
plates were prestressed according to calculations to
maintain uniform wire tension. The sense wires are
positioned by precision grooves in a molded Vespel
feedthrough. Each injection-molded feedthrough is
epoxied in a precision-machined slot in the endcap and
carries a finger stock printed circuit, board for gluing
and soldering the tensioned wires. The electronics for
each sense wire, designed and constructed at TRIUMF,
consists of an on-board low power (24 mYV) hybrid
preamplifier with output transmitted to an amplifier-
discriminator at a distance of approximately 35 m from
the chamber. The TDCs purchased were the LRS 1879,
500 MHz Pipeline TDC. The measured rms resolution
from the electronics system is approximately crt ~ 1 us,
resulting in a 50 ^m uncertainty for the argon/ethane
gas with drift velocity vj — 5 cm//is.

Single-cell and multiple-cell prototype chambers
were constructed and tested extensively under re-
alistic conditions including magnetic fields and the
main chamber was extensively tested at TRIUMF with

13



cosmic-rays. Local position resolution of er ~150 (jm
was obtained. Track-fitting of data from 200 MeV/c
pions from the Mil beam at TRIUMF gave position
resolution consistent with <2% momentum resolution
for the 787 chamber.

Two endcap photon detectors surround the beam
upstream and downstream of the stopping target, each
covering about 20% of the 4n solid angle. The require-
ments are very good efficiency down to 1 MeV visible
energy and high rate capability in a 1 T axial magnetic
field. These demands were met by building a highly
segmented detector using a lead scintillator sandwich
assembly read out via very fast wavelength shifter bars.

Each endcap detector consists of 24 wedge modules
arranged to form a cylinder around the beam pipe from
an inner radius of 10 cm to an outer radius of 40 cm.
Each module is made up of 66 layers of lead "petals"
(1 mm thick) and scintillator (5 mm thick). The scin-
tillator petals are coupled via a 0.3 mm air gap to a
BBOT waveshifter bar which re-emits light in the wave
length region of 430 nm corresponding to the peak of
bialkali photocathode sensitivity. The shifted light is
piped outside the magnet yoke to 2 in. phototubes
(EMI 9954) via 1.5 m acrylic rods. Critical to the op-
eration of the endcap is the matching of the scintilla-
tor light emission spectrum to the wave length shifter
absorption band. Because of the high counting rate
environment we opted to use a very fast UV-emitting
scintillator and wave length shifter which has a fluo-
rescent decay constant of ~2 ns.

After detailed studies of various scintillator and
shifter material we selected the NE104-BBOT combi-
nation which produces pulses with 10 ns FWHM. Our
requirements for spectral emission were met by Nuclear
Enterprise with a rejection factor of 25%. We main-
tain a yield of >7 photoelectrons/MeV deposited in all
modules. Several modules were tested in the TRXUMF
meson beam. The energy resolution for a 50 MeV elec-
tron beam entering the centre of the module was

5.7%
~E

This is compatible with a contribution from sampling
fluctuations of 5% and from photostatistics of 2.5%.

During the past year we built and tested the two
endcap detectors. Both encaps were installed in the
magnet at Brookhaven and tested. From data taken in
the May run we conclude that a sample of K^ events
leaving ~60 MeV in one single module is adequate to
monitor the gain and relative balance of the module
during data-taking. A special trigger is being imple-
mented for the future data-taking runs.

Two options are being pursued for the construction
of 500 MHz 8-bit transient recorders: a FADC ap-

proach at BNL based on a new device manufactured by
Tektronix and a potentially low cost (<200/ohnnncl)
device based on the development of a gallium-arsenide
charge-coupled device (CCD) at TRIUMF. The CCDs
being fabricated on gallium arsenide by the TRIUMF
group are of the buried channel variety. The diode
array consists of Schottky diodes.

Prototype CCD devices have been produced and
are undergoing measurements. The devices have 64
charge buckets which would allow storage for 128 ns at
500 MHz. It is intended eventually to produce a 128-
bucket device. The initial device has exhibited charge
transport over a frequency range of 1 to 500 MHz. A
new microstructure laboratory for production of the
CCDs was built at TRIUMF. Development of ancil-
lary logic, supervisory and FASTBUS digital readout
are also in progress at TRIUMF in collaboration with
Microtel Pacific Research Corporation.

The beam counter system consists of several scin-
tillators, two scintillator hodoscopes, three planes of
MWPCs and a Cerenkov counteT. AH but the latter
were built -it TRIUMF. The MWPCs use a fast CF4

gas mixture and special home-built hybrid electronics
including the postamplifier/discriminator system built
for the central drift chamber.

In the past year the data acquisition system was
first used for extensive testing of the drift chamber at
TRIUMF. It was later tested at BNL during the May
run. The original 2-crate system was extended to a
10 FASTBUS crate front-end system. Much effort has
also gone into commissioning and developing testing
methods for FASTBUS crates full of pipeline TDCs.

At present we are developing a system for filter-
ing data prior to taping using the Fermilab Advanced
Computer Program. Another ACP system will per-
form off-line analysis at TRIUMF. The first step was to
install a three-node multiprocessor system. Extensive
hardware tests were done to understand the function-
ing of the system. Software was developed to allow
processing of the data gathered last May as well as
analysis of the drift chamber test data.

Work has proceeded on reconstruction routines for
the various detector subsystems. Extensive analysis of
the data collected last May is under way. The gen-
eral off-line analysis program called KOFIA has been
released to all participating institutions and is being
maintained on six VAXes across the continent by the
TRIUMF group. Much effort has gone into properly
documenting the program.

A custom system for management of all calibration
data needed by the detector has been developed. Con-
trol and monitoring of all drift chamber parameters is
now operational via a CAMAC path separate from the
data acquisition path. The VAX-based data acquisi-
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tion program has been significantly improved.
The E787 magnet was completed in April and the

field was mapped by a TRIUMF group. Following the
one-week May test run detector assembly has contin-
ued through to the present with completion scheduled
for December. First beam is expected for E787 during
the period January to June 1988.

Measurement of K~ —> Yf
BNL 811 (BNL-Boston-Case Western-New Mexico-
TRIUMF-UBC collaboration)
(B.L. Roberts, Boston; D.F. Measday, UBC

This experiment is studying the interactions of low-
energy kaons with hydrogen. In January-February
data were obtained on the reactions K~p —• A7 and
K~p —<• £7 at rest. The detector was a superb new
Nal crystal manufactured by BICRON. It consists of
a central core 26.7 cm in diameter, 56 cm deep, sur-
rounded by a four-piece annulus which takes the di-
ameter to 49.5 cm. This detector was tested at the
MIT-Bates Linac and found to have a resolution of
1.8% at 330 MeV (which is a factor of 3 better than
TINA). The technological trick is to ensure that the
central core has an extremely uniform response to a
6 MeV 7-ray source (±0.2% over the front 35 cm).

With this crystal it was relatively easy to separate
the captive 7-rays to both the A and E°. Previ-
ous experiments had not clearly observed these 7-rays
but had attempted to extract the A7 peak from the
background with debatable success. The results are
just compatible with the calculations ofWorkman and
Fearing described in the Theory section.

In a second phase of the experiment the LAMPF
crystal box has been moved to Brookhaven and is now
installed in the beam line. This device consists of
396 individual crystals (with 432 phototubes) and can
determine the position and energy of medium-energy
photons. This detector was needed in order to study
the weak radiative decay A —* rvy which is of great in-
terest in understanding the weak interaction properties
of the strange quark.

In October the APC of Brookhaven approved a fur-
ther 1000 h for this experiment and a run is planned for
March-April 1988. TRIUMF has contributed mainly
to the detectors, including the plastic scintillators. A
UBC student (A.J. Noble) is stationed permanently at
Brookhaven and will be using the A —• ny data as his
thesis project.

The SLD experiment
(A. Astbury, TRIUMF/Victoria)

Impressive progress have been made during 1987
in the commissioning of the Stanford linear collider

(SLC). No fundamental problem has been uncovered
which would prevent SLC from ultimately achieving
the design luminosity of 6 x 1030 cm"2 s"1.

In March bunches of electrons and positrons met at
the interaction point, and the machine was declared
completed at a cost of $115.4 M US. A beam size of
5 /xm diameter was measured at the output of the north
arc (e~) in July. Subsequently the south arc was tuned,
and in September e+e~ collisions were observed with
~20 fim diameter bunches. The MARK II detector
was installed in October, and it is anticipated that data
collection will commence in April 1988 at the rate of

The magnet steel and coil of the SLD detector have
been erected close to the interaction point of SLC. The
dewar for the barrel liquid argon calorimeter (LAC)
was delivered to SLAC in September and is currently
prepared for module installation to commence during
January 1988.

The TRIUMF/UBC/Victoria group had built 60 out
of its quota of 75 electromagnetic modules for the bar-
rel LAC by the end of the year. The production in the
meson hall extension should be finished during Febru-
ary 1988.

The modules are tested by subjecting them to high
voltage in air, and measuring the current drawn. The
banded module must sustain 3000 V and have a total
current drain of <1 fiA in dry air. The prototype mod-
ule produced in liquid argon a clean signal for cosmic-
ray muons, well separated from the electronic noise,
with the collected charge close to the predicted value
(Fig. 12).

EM cosmic spectrum (E2) 4.0 kV

100 120 140 160 160 300

Fig. 12. Histogram of charge collected from a single channel
of the prototype module.
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During production high standards of cleanliness and
quality control have been essential to ensure uniformity
in the final product. The instrumentation developed
in the group has been invaluable in achieving these
goals. Fully automated systems interfaced to PCs have
been built for measuring tile sizes, tower capacities,
and monitoring the current drains of individual towers.

The TRIUMF/UVic engineers have assumed full re-
sponsibility for the design of the "cryogenic earthquake
snubbers" which protect the SLD LAC in the event of
a modest quake. A prototype is under construction
and will be tested early in 1988.

The group has assumed responsibility for the design
anH building of a device capable of monitoring the pu-
rity of the liquid argon of the LAC during the operation
of the SLD detector.

The TRIUMF/UBC/UVic group continues to play
a very active role in the development of software for
the experiment. In particular, the co-ordination of all
the calorimetry software and the Monte Carlo simu-
lation of hadron showers are the responsibility of the
Canadian group.

The group have taken responsibility for developing
the system that will test the electronics resident on the
dewar prior to installation. This electronics digitizes
the charge on each tower and produces a multiplexed
signal of 160 towers on a single optical fibre. This
arrangement significantly reduces the cost of cables for
the 41,000 channels of the calorimeter.

16



NUCLEAR PHYSICS AND CHEMISTRY

Experiment 266
Initial studies of the (n,p) reaction on light nuclei
(K.P. Jackson, TRIUMF)

The primary purpose of Expt. 266 was to provide
precise calculation of the (n,p) reaction as a probe of
BQT, the distribution of Gamow-Teller strength for
isospin-raising transitions. The accurately known ft
values for the 0~ decay of 6He, 12B and 13B to the
ground states of the daughter nuclei provide ideal op-
portunities for this calibration. Analysis of measure-
ments of the (n,p) reaction at 0° on 6Li, 12C and I3C
at En = 198 MeV has been completed and the results
accepted for publication in Physics Letters B.

Experiments 268, 434
Isovector giant resonances in 208Pb(n,p) and
12OSn(n>P) (M. Moinester, TRIUMF/Tel-Aviv;
B. Spicer, Melbourne; S. Yen, TRIUMF)

During May data were taken for the 208Pb(n,p)
reaction at 458 MeV and for the 12OSn(n,p) reac-
tion at 298 MeV. Together with the previous data
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Fig. IS. The 458 MeV 208Pb(n.,p) data at average scatter-
ing angles of 2.0", 3.4°, 5.7° and 8.2°. The dashed lines are
an estimated background to the peaks.

for Expts. 268 and 376 [20SPb(n,p) and 90Zr(n,p) at
198 MeV], these data form a comprehensive data set
to study the energy- and ^4-dependence of isovector
spin giant resonances in heavy nuclei. Figure 13 illus-
trates the 458 MeV data for Pb. The absence of any
prominent forward-peaking structures indicates that
the GT is largely Pauli blocked. The sharp peak at
5 MeV excitation in 208Tl is identified as the T> spin
dipole on the basis of its angular distribution and cross
section (see Fig. 14) and on the basis of RPA predic-
tions for the excitation energy [Krmpotic et al., Nucl.
Phys. A342, 497 (1980); Auerbach et al, Phys. Rev.
C 30, 1032 (1984)]. The broad peak centred about
15 MeV is tentatively associated with the T> spin
isovector monopole predicted to lie at 13.5 MeV ex-
citation [Auerbach et al., op. cit; Klein, private com-
munication]. The present large statistical uncertainties
for the 15 MeV peak do not allow a significant compar-
ison of its angular distribution shape with calculations.
The off-line analysis of the 298 MeV 12OSn(n,p) data
is still in progress. The spin dipole is strongly excited.
The 12OSn(n, p) data also exhibit a feature which might
be the spin isovector monopole but which is less promi-
nent than in 208Pb(rc, p) because the spin dipole is less
thoroughly Pauli blocked in 120Sn than in 208Pb.

12

198.4 MeV 458.4 MeV

SGDR E = 0 - 6.3 MeV
121

X)

b
T> 0

SIGNAL

BACKGROUND

10 20

CM
(degrees)

Fig. 14. Angular distributions of the 5 MeV peak and back-
ground under the peak for the 208Pb(n, p) data at both 198
and 458 MeV. The solid curve is a DWIA calculation, based
on dipole wave functions containing simple linear superpo-
sitions of all possible lftu lp-lh spin dipole configurations.
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Experiment 300
Polarization transfer in the pp
(D. Hutcheon, TRIUMF)

• dx reaction

The medium resolution spectrometer and its focal
plane polarimeter (FPP) were used to measure the po-
larization of deuterons from the reaction pp —* dn at
507 MeV. The quantity of greatest interest in resolv-
ing ambiguities of partial wave amplitudes is /<,», the
transfer of vector polarization to the deuterons from a
sideways-polarized proton beam.

We have measured azimuthal (<j>) distributions of
scatterings in the FPP at seven pp —• dir reaction an-
gles. These were Fourier analysed to extract €i,, the
coefficient of the sin$ term (normalized to e0 = 1) for
proton beam polarization in the +X and —X direc-
tions. The polarization dependence (Aei,)/(APr) is
plotted in Fig. 15. This quantity is proportional to
the product of K33 and the vector analysing power of
the FPP; there is an additional contribution from one
of the components of tensor polarization, <2i- In the
coming year we will measure the polarimeter analysing
powers using the polarized deuteron beam of Saturne
II. This will allow quantitative comparison of our data
with various partial wave amplitude fits or calculations.

Experiment 319
Relativistic medium effects at intermediate
energies (D.K. McDanieh, Oregon)

An important development has seen the introduction
of a relativistic treatment of proton-nucleus scatter-
ing starting from a Dirac phenomenological approach.

Impetus for this theoretical approach was provided by
the successful description of the analysing power Ay

and the spin rotation function Q for the elastic scat-
tering of 500 MeV protons by 40Ca. This approach
was put on a firmer basis through the development of
a relativistic impulse approximation (RIA). These ap-
proaches suggest that the proton-nucleus optical po-
tentials involve large attractive Lorentz scalar and re-
pulsive vector contributions. It is important to extend
these comparisons to inelastic scattering processes. In-
elastic scattering to the continuum at intermediate en-
ergies which is dominated by quasielastic scattering
provided a useful way to make the comparison with
recent RIA calculations.

RIA calculations involving strong scalar and vector
fields have enjoyed a measure of success in describing
elastic proton scattering at 200 MeV and above. To
extend the use of these calculations to inelastic scatter-
ing Horowitz and Iqbal [Phys. Rev. C 33, 2059 (1986)]
have recently calculated spin observables for quasielas-
tic proton scattering in the RIA. The RIA approach for
quasifree scattering is based on a covariant form of the
amplitudes describing the NN interaction while the
scattering is described through the use of the Dirac
equation. In the nuclear medium the strong scalar
and vector potentials enhance the lower two compo-
nents of the 4-component Dirac wave functions. In the
treatment of Horowitz and Iqbal this enhancement is
parametrized by an effective mass M* which can be
calculated in an eikonal mode). Quasielastic scattering
to the continuum is an attractive problem to study be-
cause it minimizes the nuclear structure dependence of
final states. By focusing on the spin observables at the
maximum of the quasielastic peak, multiple scattering
and distortion effects are further minimized.

We have measured differential cross section and
analysing power data for the inelastic scattering of
290 MeV protons by a 208Pb target using the polarized
beam and MRS facility at TRIUMF. A broad range of
excitation energy (0-160 MeV) has been studied over
the 4°-26° angular range. At the largest angles up
to three different magnetic field settings for the MRS
were needed to cover an excitation energy range which
included the quasielastic peak. The incident protons
were scattered from a 51 mg/cm2 208Pb target. Beam
intensity (1-5 nA) was measured with a Faraday cup.
The beam polarization was monitored by a polarimeter
in the beam line.

The RIA treatment is expected to do a good job of
describing various spin measurements at the quasifree
peak since the reaction mechanism will be a single-step
process. Analysing powers measured in the present ex-
periment are shown in Fig. 16. The Ay(0) value at each
angle was obtained by averaging the spectrum over a
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5 MeV interval of excitation energy centred at the loca-
tion of the quasifree peak. The location of the quasifree
peak was calculated using relativistic kinematics plus
an energy shift. The RIA predictions for M* = M
(M = nucleon mass) and 0.83 M are shown on the
figure. The authors of the RIA treatment obtained a
value of M* = 0.83 M on theoretical grounds. In the
RIA model the effective mass M* is proportional to
the average scalar field strength 5, via M* = M + S.
These data support an effective mass M* = 0.77 M if
the trend of the calculation continues.

Experiment J 2 7
Study of the (JT+ JT+IT~) reaction on 16O, 28Si
and 40Ca at Tw =240 and 280 MeV
(N. Grion, INFN Trieste)

The measurement of the (ir+
 ,TT+TT~) reaction on 16O

at 280 MeV was completed during the July-August in-
tense beam period. Additional measurements to com-
plement the data from the 1986 runs were taken in or-
der to more completely cover the allowed phase space.
Results from the 1986 run have been published [Grion
et al., Phys. Rev. Lett. 59, 1080 (1987)].

The TRIUMF QQD spectrometer was used to detect
the outgoing ir~ in the energy range of 35-110 MeV at
lab angles of 50°, 80° and 115°. The CARUZ was used
to detect the ir+ in coincidence with the QQD and de-
tected pions covering lab angles from 22.5-127.5° on
the opposite side of the beam from the QQD. The
CARUZ is a large solid angle device (0.20 sr) con-
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Fig. 17. The measured triple differential cross section
shown as a function of the TT~ energy for a CARUZ central
angle of 50° and a QQD angle of 80° compared to theoret-
ical predictions of Oset and Vicente-Vacas.

structed primarily from a stack of five scintillators. It
measures the energy of the pion by stopping it in the
scintillator material and measuring the total light out-
put. The pion time of flight is also measured and in
combination with the energy information and dE/dx
from the first scintillator in the stack enables the easy
mass-separation of pions from electrons and protons.
The CARUZ measures pions with energies in the range
of 8-60 MeV with a resolution of better than 2 MeV. A
paper describing the characteristics of the CARUZ in
more detail has been accepted for publication in Nucl.
Instrum. Methods.

Analysis of the 1987 data has not yet been fully com-
pleted but results are consistent with those from the
analysed 1986 data. The theoretical model of Oset and
Vicente-Vacas [Nucl. Phys. A454, 637 (1986)] provides
the most complete description of the experimental ob-
servables available in the literature and describes many
of the observed features in the data. A full-length pa-
per in collaboration with Oset and Vicente-Vacas de-
scribing the full set of experimental measurements is
being written.

The measured fourfold differential cross sections
d4Tff/dT^dQT+dT^-dQx- were integrated over the
energies and angles of the w+ir~ pairs extrapolating
to unmeasured parts of the phase space. The mea-
sured total cross section for the reaction is found to
be 2.95 ± 0.45 fib in good agreement with the full the-
oretical model mentioned above. Partially integrated
cross sections can also be compared to the model. Fig-
ure 17 shows the triple differential cross section in-
tegrated over ir+ angles in the CARUZ compared to
predictions of the model. The dashed curve represents
the prediction when the renormalization of the out-
going real pions (or equivalently, the binding of these
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the binding of these pions in the nuclear medium) has
not been included while the full line includes the bind-
ing effect. The inclusion of the binding constitutes the
full model which describes the total cross section. Note
that all quantities are given in the laboratory frame.

The energy spectrum of detected 7r+ particles for
one subset of the data is shown in Fig. 18. The curves
have the same meaning as in Fig. 17. The full cal-
culation fails to reproduce to measured energy distri-
bution which is peaked at much lower energies than
the model results The failure is not serious and likely
simply points to the lack of including a full treatment
of the inelastic reactions that the exiting pions can un-
dergo. The model includes absorption in the final state
but not inelastic scattering.

Experiment 329
The EELL effect in 4He
(Y.M. Shin, Saskatchewan)

Inspired by the success of the EELL (Ericson-
Ericson-Lorentz-Lorenz) effect in describing inelastic
pion scattering for 0+ states in 12C [e.g. Lee et al.,
Phys. Lett. 174B, 147 (1986)], we have undertaken a
similar investigation of the 20.1 MeV 0+ state in 4He.
Differential cross sections for 50 MeV pions incident
upon a 1.7 cm thick liquid 4He target were measured
using the TRIUMF QQD spectrometer at lab angles of
30°, 45°, 60°, 117.5° and 120°. No peaks corresponding

to the 20.1 MeV state were observed, thus placing an
upper limit of 3 jib/sr for each of the above angles. The
upper limits were due to backgrounds from multiply
scattered elastic and deep inelastic pions from target
walls and frames that remained even after tight cuts on
target position and thickness, time of flight of pions to
target, time of flight of pions through the QQD, various
optical functions [0o-f(6f), <j>a-g(<j>s), Zo#o, 2/2<£o] and
momentum differences from WC4 and WC5. Empty
target runs showed that the remaining backgrounds
remained flat in the vicinity where the 20.1 MeV state
should be. Only theoretical calculations with appre-
ciable EELL parameters, such as elastic scattering pa-
rameter, transition amplitude parameter of (1.5,1.5)
or (2.0,2.0), are consistent with the above experiment
limits, as shown in Fig. 19.

Experiment 331
Spin transfer measurements in x + d •
(G. Jones, UBC)

P + P

An intensive program of spin-dependent measure-
ments of the p + p —* d + is reaction has been directed
in recent years to the experimental determination of a
unique set of amplitudes for this reaction. Most of this
work has involved the measurement of spin-correlation
parameters obtained by bombarding a polarized pro-
ton target with a polarized proton beam. It has been
clear, however, that additional measurements depend-
ing on the deuteron spin are required before a unique
amplitude determination can be obtained. The first of
these were t'^i analysing power measurements, carried
out (for the inverse reaction) by utilizing a polarized
deuteron target. The most comprehensive set was pro-
vided by the Karlsruhe group at SIN. The other mea-
surements required are the spin transfer parameters.

4He(n\»~)lHe(0-.20.1)
51 MeV

20 40 60 60 100 120 140 160

Fig. 19. Theoretical calculations for 28.1 MeV state in 4He
using charge density and charge transition density.
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Fig. 20. Polar and azimuthai (copianarity) angular corre-
lations for the ird —• 2p reaction using 205 MeV pions.

Although these have been known to be extremely im-
portant in constraining the allowable partial-wave am-
plitude fits, they have experimentally been the most
challenging to perform.

Our approach to measuring the spin transfer param-
eters has also utilized the inverse reaction, namely the
determination of the polarization of one of the out-
going protons when the pion is absorbed on a polar-
ized deuteron target. To this end, a proton polarime-
ter has been constructed, a polarimeter similar in de-
sign to those developed at SIN and LAMPF, involving
use of a carbon analyser with multi-wire drift cham-
bers before and after the carbon to provide the nec-
essary trajectory information. The production of pro-
ton pairs from background reactions associated with
pion absorption in the nuclear target material was
distinguished from the reaction of interest by impos-
ing appropriate kinematic constraints on the two pro-
ton events. Figure 20 shows the polar and azimuthai
(copianarity) angular correlations resulting when the
deuterated target was employed, while the lower curves
in each case indicate the corresponding quality ob-
tained using a normal hydrogenated target instead. It
is clear that the joint imposition of cuts on these two
distributions reduces the background contamination to
the level of a few per cent. In order to reduce the
amount of data stored on magnetic tape, a front-end
processor (SEN J-ll Starburst) was employed to re-
ject any events associated with a scattering angle in
the carbon of the polarimeter by less than 6°. Fig-
ure 21 demonstrates the effectiveness of this system
for eliminating the large number of "straight-through"
events which would otherwise have saturated the data
acquisition system. Both Figs. 20 and 21 were ob-
tained for incident pions of 205 MeV kinetic energy.
The data analysis algorithms \ave been tested on a
set of unpolarized target run?,. One important check

2 0 0

120

» 40

g
- 4 0

-120

•

•

•

-20

•

*••

• ••

•
•
•

-12

•
*

• •

• • •

1

- 4
X

• • •

Mr.*
UP*

angle

•
•

% »

•

•
•

12

•

-

-

-

20

200

120

- 4 0

-ISO

2rm

Corbon ongle

•

5

(filtered)

• M l
-20 -12 -4 4

X angle
12 20

Fig. 21. Two-dimensional plots of proton scattering an-
gle in the 7 cm thick carbon analyser of the polarimeter.
The "unfiltered" events are a sample of those events satisfy-
ing cuts based only on reaction kinematics. The "filtered"
events are the result when a >6° scattering angle is imposed
by the Jll-Starburst.

U.3

0.2

-O.I

-0.4

-0.7

.1 n

NORMAL

t

* •
SBEVKYS

-

* T t •

•

I.
-

6.0 8.8 11.6 14.4 17.2 20.0
THETA

Fig. 22. Proton polarization resulting when an unpojarized
deuteron target is employed. The polarization is plotted
against the scattering angle in the carbon analyser. The
solid lines are the angle-independent least squares fits to
the data.

21



for systematic errors is the requirement that the cal-
culated polarization is independent of the scattering
angle of the proton in the carbon of the polarimeter.
Figure 22 shows such a result for the unpolarized tar-
get. For this reaction a nonzero "normal" polarization
is expected (equal to the analysing power of the inverse
pion production reaction). However, no "sideways" po-
larization can result from such a reaction. Some side-
ways polarization will, however, develop as the proton
precesses while travelling through the magnetic field
surrounding the polarized target. Development of the
data analysis algorithms to account for this precession
is currently under way. Measurements relating to the
spin transfer parameters Ku and K,, were made with
the target polarized (vector polarized to greater than
30%) at pion energies of 105 (Kt, only), 140, 180, 205
and 255 MeV. Because of constraints imposed on the
emerging protons by the mechanical structure of the
polarized target, the Ku measurements (which em-
ployed a longitudinally polarized target) were taken
with the polarimeter situated at an angle correspond-
ing to 30° (c.m.s.), whereas the corresponding angle for
the K,s measurements (using the target in a sideways
orientation) was 90°.

Experiment 337
Energy dependence of Tio and rn in xd elastic
scattering (G.R. Smith, TRIUMF)

Data acquisition and analysis for Expt. 337 has been
completed during the course of the year. A draft of the
final publication has been prepared and is being circu-
lated to the collaboration. This final publication ad-
dresses the energy dependence of the tensor analysing
powers T20 and T21 for ird elastic scattering. Mea-
surements of T2o were obtained for pion bombarding
energies of 180, 220 and 256 MeV. Measurements of
r21 were obtained for pion bombarding energies of 134
and 220 MeV. Six-point angular distributions were ob-
tained for the T20 measurements, and twelve-point an-
gular distributions were acquired for the measurements
of r21. The results are compared with three-body cal-
culations where effects relating to pion absorption are
seen to play an important role.

Our previous work in this area includes measure-
ments of r20 at 134 and 151 MeV [Phys. Rev. Lett.
57, 803 (1986)], measurements of r2l at 180 MeV
[Phys. Rev. C 35, 2343 (1987)], and measurements of
pzl [Nucl. Instrum. Methods A254, 263 (1987)]. To-
gether with the current results, these data provide a
systematic basis for comparison to theoretical predic-
tions over the (3,3) resonance region.

Measurement of a given spin observable T*, is ac-
complished by choosing an appropriate orientation of

the deuteron spin alignment axis, such that the contri-
bution of other spin observables is eliminated or min-
imized. Measurements of T20 are performed in an ex-
perimental configuration with longitudinal target mag-
netic field. This orientation results in a clean, simple
expression for T20 which involves only the polarized
and unpolarized ltd elastic cross sections cr(pol) and
cr(unp), and the target tensor polarization pzz accord-
ing to:

T20
yfi ( g(pol) l

Pzz V
(1)

In order to emphasize the spin observable T21, the
appropriate target magnetic field orientation is 45° to
the incident beam axis, in the horizontal plane. The
measured spin observable T2\ may then be expressed
as

(2)

(3)

= r21 + - | ^ + :
2 / cr(pol) -0 -

In a T2i experiment the quantity actually measured
is a mixture of T21, T20 and T22 according to Eq. (2)
which we refer to as r2\. The dominant contribution
to r21 comes from T21, since the T2o term is weighted
by 1/(2 • \/6) and the T22 term, weighted by a fac-
tor of 1/2, is predicted to be small in the backward
hemisphere where this experiment was performed. We
have chosen to present our results as the specific linear
combination of tensor observables given by Eq. (2) be-
cause this linear combination can be expressed entirely
in terms of experimentally measured quantities.

The main characteristics of the detection system are
as follows: A solid angle of 27 msr for each of six inde-
pendent arms was defined by a pion scintillator (JT2J)
located 1 m from the polarized target, of dimensions
9.0x30.0 cm2. Together with another scintillator (TTI;)
at 0.5 m radius with dimensions 4.9 x 16.5 cm2, this
constituted one of six pion telescopes. Each of the
pion scintillators was 3.1 mm thick, and was tilted and
raised or lowered vertically to correspond to the actual
pion trajectories deflected through the magnetic field
of the polarized target.

Each pion telescope was placed in coincidence with
an associated recoil deuteron arm consisting of 3 scin-
tillators. The first scintillator (Dl,) at a radius of
1.3 m from the target was a thin (3.2 mm) scintillator
of dimensions 9.0 x 40.0 cm2 which provided TOF as
well as energy loss (AE) information. Following this
scintillator was an aluminum absorber, whose thick-
ness was adjusted so that deuterons stopped in the fol-
lowing 1.27 cm thick scintillator (D2,) of dimensions
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Fig. 23. A typical two-dimensional spectrum of the
deuteron TOF (vertical axis) vs the sum of the deuteron
pulse heights in the AE counter (Dl) and the E counter
(D2) is shown. The deuteron band is in the upper right.
The other events are protons from quasielastic scattering,
absorption and deuteron break-up reactions. The cm. an-
gle corresponding to this histogram was 140°.

9.0 x 41.0 cm2. The third was a veto scintillator (D3t)
of dimensions 9.0 x 41.0 cm2, 6.4 mm thick.

The flux of the incident beam was counted directly
with scintillators SI and S2 in coincidence, each of
which was 1.6 mm thick. The size of S2 was chosen
such that its image at the target would be smaller than
the target itself. Protons in the incident beam were
reduced by using a differentia! degrader (2 mm) near
the midplane of the Mil channel. Those remaining
in the beam were eliminated by [placing pulse height
requirements on_Sl and S2 in the trigger, defined by
SI • S2 SI • S2 • TTU • ir2; • Dl,- • D3(. The incident
flux was typically 2 x 106TT+/S. Explicit measurements
of the background arising from quasielastic vd scatter-
ing from the contaminant carbon and oxygen nuclei in
the polarized target material were also made by replac-
ing the deuterated butanol target with an equivalent
amcmt of nondeuterated butanol (C4H9OH).

The final analysis of the data was performed by con-
structing polygons around the vd elastic events iden-
tified in two-dimensional histograms of the deuteron
TOF vs the deuteron total energy E + AE, where
A£ corresponded to the pulse height in Dl, and E
to the pulse height in D2. The resulting scatterplot
provides good particle identification which clearly sep-
arates deuterons from protons. A typical (foreground)
scatterplot of these quantities is shown in Fig. 23.

The tensor polarized target consisted of 2.4 cc of
frozen 1 mm diameter beads contained in a thin
walled teflon basket measuring 22 x 18 x 6 mm3.
The teflon basket, which also served as support for

an NMR pickup coil, was immersed in a mixture of
3He/4He in the mixing chamber of a dilution refriger-
ator. The beads were composed of a mixture of 95%
fully deuterated N-butyl alchohol (C4D9OD) and 5%
D2O into which deuterated EHBA-CRK was dissolved
to a molecular density of 6xlO19 atoms/ml. The polar-
izing field of 2.5 T was provided by a superconducting
split pair solenoid with a horizontal magnetic field axis
either 0° (for the T2B measurements) or 45° (for the r21

measurements) to the incident beam axis. This align-
ment was carefully checked to within 0.2° by means
of a series of magnetic field measurements at various
points in space downstream of the polarized target.

The T2i data were acquired with the target in frozen
spin mode at a holding field of 1.25 T. The T20 data
were acquired with the target magnetic field at 2.5 T.
The target tensor polarizations achieved in this exper-
iment varied from run to run, from 0.094 ± 0.010 to
0.173 ±0.010.

Three-body calculations employing Faddeev equa-
tions have been performed by a number of theory
groups around the globe. The results of this exper-
iment are compared to a subset of these calculations
in Fig. 24. The data include most of the results of
this experiment. The calculations are from Blankleider
and Afnan [Phys. Rev. C 24, 1572 (1981)]. The solid
curve corresponds to their full calculation. The dashed
curve corresponds to their predictions without pion ab-
sorption and rescattering, which was accomplished by
omitting the PuirN two-body input. Clearly, the data
are better described by the latter calculation than by
the former.

The P\\ input to the three-body calculations has
been a source of difficulty for some time now. This
term is split into pole and non-pole contributions which
account for true pion absorption and rescattering, re-
spectively. The crux of the theoretical difficulty is that
for some partial waves the pole term contribution will
be Pauli blocked in the two-nucleon intermediate state.
In such cases the non-pole term acts alone and, with
no pole term contribution to cancel it, has a consid-
erable impact on the results of the calculations. The
Pauli blocking of the Pu pole term is the major source
of problems in the theory at the present time.

Experiment 344
Excitation of "stretched" particle-hole states in
charge exchange reactions
(J. W. Watson, Kent State)

We measured cross-section angular distributions for
"stretched" particle-hole states excited in (n,p) reac-
tions at 300 MeV, with the CHARGEX facility for the
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Fig. 24. At each of four representative pion bombard-
ing energies for ird elastic scattering, values of the tensor
analysing powers Tm and r2i are shown. The solid curves
depict the full three-body predictions of Blankleider and
Afnan, and the dashed lines correspond to the same calcu-
lations without the Ai amplitude.

MRS spectrometer. In a stretched state the parti-
cle and the hole are both in "stretched" orbits (jp =
lp + 1/2; jh = lh + 1/2) and their angular momenta
are coupled to the maximum possible J = jp + jk-
Such states are unique with 2ftu> of excitation so that
there is little mixing with other possible one-particle-
one-hole configurations. For charge exchange nucleon
scattering [(p, n),(n,p)] at medium energies stretched
states are excited almost exclusively by the isovector-
tensor part of the nucleon-nucleon interaction. Thus
stretched states have a very simple particle-hole struc-
ture and are excited in (p, n) or (n, p) reactions princi-
pally by a single part of the nucleon-nucleon force; for
these reasons their excitations in (p,n) and (n,p) reac-
tions provides an opportunity to explore the nucleon-
nucleus interaction in a situation relatively free from
complications.

The specific transitions that we studied were

12C(n,p)12B (4-,4.5 MeV)[i/d8/a, T ^ / J

28Si(n,p)28Al(6-,5.17 MeV)[i//7/a,™£/j
120Sn(n,p)120In(10-,~0.0

The 10" strength populated in the Sn(n,p) reac-
tion appears to be concentrated in a single state, pre-
sumably because the neutron excess places both the
neutron-particle and proton-hole orbits near the nu-
clear Fermi surface.

Experiment 352
Zero degree radiative capture of neutrons
(G.W.R. Edwards, Alberta)

In December 1986 Expt. 352 ("ZERCON") moved to
the MRS CHARGEX facility for its zero degree cross-
section measurement of the p{n, y)d reaction. An LH2
target cell, adjustable between 4 and 6 cm, was con-
structed which allowed the placement of thin (0.01 in.)
plastic scintillators directly on the walls surrounding
the cold gas and the viewing of these scintillators (one
upstream and one downstream of the target) through
two periscope-like air guides. This arrangement was
designed in order to provide a clean signal that an event
producing a deuteron had occurred in the target cell,
and to remove the substantial background from (n,rf)
reactions on carbon which had proven a problem when
ZERCON was running on the 4A line. The other ma-
jor problem associated with the earlier ZERCON runs,
the lack of a resolution capable of clearly separating
the p(n,y)d reaction from the much more probable
p(n,it°)d reaction, was expected to be solved by the
small energy spread (<1 MeV) of the neutron beam
produced in the CHARGEX facility (from 7Li(p, «)7Be
on a 220 mg/cm2 Li target) and by the use of the MRS,
a spectrometer with good resolution and well-known
properties.

In December 1986 runs at energies 240 MeV and
300 MeV were attempted. The thin scintillators which
were supposed to reduce the background under the
(n,7) peak performed poorly during this run, and as
a result the usefulness of the 300 MeV data is some-
what dubious. The 240 MeV (n, 7) peak while sitting
on a large background, provides a point of overlap with
the Mainz data set, with statistical errors in the neigh-
bourhood of 6-7% (after background subtraction).

In August ZERCON resumed running at energies of
360 MeV, 410 MeV (interrupted by the August prob-
lems with the TRIUMF if U&nsfoimet and completed
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Fig. 25. The number of deuterons from the reactions np —•
df and rap -* rfjr0 at 410 MeV are shown as a function of
focal plane position for a full target (upper panel). Below
is shown the yield from an empty-target run, normalized
to the same beam flux.

in October) and 460 MeV. In the interim the light-
gathering efficiency of the LH2 interior scintillators had
been considerably increased by an improved periscope
geometry and by the sanding of the back of these scin-
tillators. The runs at these energies were quite success-
ful. The naturally lower background at the higher ener-
gies, combined with the stringent condition imposed by
the interior scintillators, reduced the background sub-
traction problem to an easily manageable size, and the
resolution of the spectrometer kept the (n, 7) peak well
separated from the (d, ir°) peak. Enough counts were
accumulated at each energy to provide 5% statistics
after the double normalization of p(n,f)d to p(n, it°)d
and p(n,ir°d to p(n,p)n (required because the accep-
tance of the MRS was not sufficient to include both
the (n,y) and elastic scattering peaks at the energies
above the pion production threshold). Figure 25 shows
the results of the preliminary analysis of the 410 MeV
data.

Experiments 355/459
Exchange effects in 0+ —> 0~ inelastic scattering
(]. King and D. Frekers, Toronto)

The 0+ —* 0~ transitions are of special importance in
the study of the interaction of intermediate-energy pro-
tons with nuclei. In nonrelativistic impulse approxima-
tion calculations one finds the analysing power Ay = 0
under time reversal invariance if only the direct term is
included. However, the exchange term does not vanish

under time reversal, and therefore a finite Ay measures
the exchange part of the interaction.

Also, in a longitudinal-transverse representation for
the interaction t matrix, we find the transverse terms
vanish for the 0+ —> 0~ transition, which means that
the spin-orbit part of the interaction does not con-
tribute. And since the central term is expected to be
weak, the cross section should be determined mainly
by the magnitude of the tensor part of the interaction.

We have measured da/dQ. and Ay at Ev = 200 MeV
for the T=0 0+ -* 0" transition in 16O using both
solid oxide targets and a "waterfall target". For the
description of our data a microscopic optical potential,
which gives good fit to the elastic scattering data, has
been used in DWIA calculations with both the Ham-
burg density-dependent (DD) potential and the 1985
Love-Franey (LF) effective interaction. The results are
shown in Figs. 26 and 27. Although the tensor compo-
nent of the interaction dominates in both cases, neither
calculation gives a satisfactory description of the data.

A relativistic treatment is quite different to nonrela-
tivistic calculations in the sense the nonvanishing val-
ues for the analysing power of the 0+ —<• 0~ transition
cannot be related anymore to only the exchange parts
of the interaction. We have performed a relativistic
calculation (DREX) using the impulse approximation
with expicit exchange included. As can be seen from
Fig. 28 the results underestimate the cross section by
roughly a factor of 2.5, although the shape of the cross
section as well as of the analysing power is significantly
better described.

Refinements of the DD and DREX calculations are
in progress and a measurement at Ep = 400 MeV is
presently under analysis. A much better understand-
ing of the tensor component of the nucleon-nucleon
interaction is in sight.

Experiment 365
A search for the tetraneutron
(T. Gorringe, UBC and Queen Mary College)

We have used the pion double charge exchange
(DCX) reaction 4Ke(iz~ ,n+)4n to search for the pro-
duction of tetraneutrons (nuclei containing four neu-
trons and no protons). We searched for An bound by
0 to 3 MeV (the upper bound being set by the ab-
sence of the decay 8He->4He+4n), using the TRIUMF
time projection chamber and a high pressure helium
gas target. The experiment was performed on the M9
channel at 7r~ incident energy of 80 MeV, over an an-
gular range from 50° to 130°. The acceptance and
momentum resolution for 50 MeV ir+ were determined
studying the elastic scattering v^Ee [see Fig. 29(a)].
Careful investigation of the rate dependence of these
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Fig. 26. Cross section and analysing power for the 0+ —•
0",T=0 transition in 16O with the 1985 LF interaction.
The dashed (dotted) curve is the tensor (central) contri-
bution and the solid curve is the sum of centra and tensor
contribution.

Fig. 27. Same as Fig. 26, but for DD interaction.

10° r

Fig. 28. Cross section and analysing power from a
relativistic calculation. For the dashed curve the
results have simply been scaled by 2.5.

26



40 60 80 100 120 140 160 180
7T momentum (MeV/c).

40 60 80 100 120 140 160 180
momentum (MeV/c).71

Fig. 29. (a) Measured ir+ momentum spectrum from
4He(x-,ir+) at 170 MeV/c (80 MeV) and 9 = 50°-130°,
after all cuts and flask background subtraction. Arrows in-
dicate the region corresponding to bound tetraneutron pro-
duction with the experimental resolution, (b) Measured ir+

momentum spectrum from 4He(?r+, 7r~)4He elastic scatter-
ing at 128 MeV/c (50 MeV). The momentum resolution is
11 MeV/c (a).

quantities allowed a correction for the different rates
in the TPC between the two reactions.

Figure 29(b) shows the final DCX n+ momentum
spectrum after all cuts and empty target subtraction.
It represents a total of N*- = 6.01 x 1010 incident neg-
ative pions (after deadtime correction). The spectrum
contains no peak in the region of 128 MeV/c signaling
tetraneutron production. The 8±5 counts in the region
128 ± 1 1 MeV/c are almost certainly attributable to
misidentified positrons. This is expected, due to the
large positron background and our limited e+ rejec-
tion efficiency. The counts at lower momenta are from
both continuum DCX 7r+ 's and misidentified positrons.
Taking N4n = 13 as the 1<T limit of 8 ± 5(?r~,7r+)
events in the momentum window 128±11 MeV/c cor-
responding to tetraneutron production, the following
cross-section limit is then obtained:

tgt sr

where / = 0.68 is the fraction of events within ±<r of
the peak centroid, [(N'&)/'{A)pt]tst is the target thick-
ness in nuclei/cm2, NT- is the deadtime corrected
number of incident n~ 's, and eil the detector accep-
tance.

In conclusion we have searched for a peak in the
?r+ momentum spectrum from ir~ DCX on 4He cor-
responding to the production of bound tetraneutrons.
We observed no evidence for their production and were
able to set an upper limit on the production cross sec-
tion of 14 nb/sr. As with previous experiments, the
results cannot be considered as excluding the tetra-
neutrons existence.

Experiment 375
Few-body physics via the jrd break-up reaction
(E.L. Mathie, Regina)

Analysis of the differential cross-section data mea-
sured late in 1986 has proceeded in Regina through-
out the year. A master's thesis (V. Pafilis) has been
completed and a publication describing the results is
in preparation. Measurements were obtained for pion
bombarding energies of 134, 180 and 228 MeV. Multi-
ple coincidences between six pion arms and six proton
arms enabled measurement of 36 simultaneous time-
of-flight distributions at each energy. The results are
compared with three-body calculations of Garcilazo,
which have recently been revised to correct an error
which led to a too small cross section. In those regions
of phase space where the new results and the SIN data
have the same kinematics, there exist some differences,
which are being investigated before a comprehensive
comparison with theory is completed. It is felt that
the different approaches used to correct the data for
the finite momentum and angular binning may be the
source of the differences between the experiments. The
target used for the cross section studies was liquid deu-
terium, and explicit measurements of the empty target
flask were made to ensure a sound background subtrac-
tion even in kinematical regions well away from the
quasifree scattering peak. Measurements of the vec-
tor analysing power for the same broad range of phase
space as for the cross sections began in December, us-
ing the TRIUMF polarized deuteron target. The data
set includes all three of the above incident pion ener-
gies, with measurements of the relative cross sections
for the target in an unpolarized state (to enable sensi-
tivity to the tensor analysing powers) as well as both
polarized states, and a background target (mounted in
the cryostat at the same time as the polarized target
cell). The detection system used in the present experi-
ment for the ird break-up reaction is similar to systems
used for measurements of T20 and T2\ in the elastic
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scattering reaction, and is described elsewhere in this
annual report (Expt. 337). Modifications to that sys-
tem involve changes to the electronic logic configura-
tion so that any of the six pion arms in coincidence with
any of the six proton arms may trigger an event. The
proton momentum is inferred from the proton time of
flight. Background reactions are eliminated by pulse
height analysis in both the proton and the pion tele-
scopes, and from the two-dimensional plots of pion
time of flight versus proton time of flight (where the
break-up reaction follows a well-defined locus). Resid-
ual backgrounds are subtracted using the background
measurements. The objective of this experiment is to
investigate the kinematical regions of this very impor-
tant reaction channel of the pion-two-nucleon system
well away from the quasifree scattering peak, with high
statistics and careful background measurements.

Experiment 376
Gamow-Teller strength and giant resonances
in 90Zr(n,p) at 198 MeV
(S. Yen, TRIUMF; M.A. Moinester, TRIUMF/Tel-Aviv;
B. Spicer, Melbourne)

The 90Zr(n,p)90Y reaction has been studied at a
bombarding energy of 198 MeV in a search for com-
pact GT+ strength and to study isovector spin giant
resonances. No compact GT+ strength at low exci-
tations was found. Up to 10 MeV excitation in 90Y
we obtain a firm upper limit of Sp+ = 3.4, and a
tighter but model-dependent upper limit of Sp+ = 2.0.
By comparison with the RPA calculations of Klein ei
al. [Phys. Rev. C 31, 710 (1985)] and of Smith et
al. [Phys. Rev. C 36, 2704 (1987) and private com-
munication], and by examination of the angular dis-
tributions, we tentatively identify the peaks at 5 and
10 MeV excitation above the ground state of 90Y as
being spin dipole (see Fig. 30). It is surprising that
the RPA calculations, which were successful in repro-
ducing the 90Zr(p, n) data, predict features that are
much too sharp and underpredict the total cross sec-
tion at forward angles and high excitations. This dis-
agreement indicates that there are likely processes oc-
curring which were not adequately accounted for by
the RPA-DWIA calculations, and hence caution must
be exercised in using such calculations to reach con-
clusions about the significance of the A-isobar in the
"quenching" of GT strength.

Experiment 377
Energy dependence of the charge asymmetry
parameter A(TW,9) in nd elastic scattering
(G.R. Smith, TRIUMF)

Data acquisition and analysis for Expt. 377 has been
completed during the course of the year. A publi-
cation describing the results has been submitted to
Physical Review C. Measurements of A(2V, 6) were ob-
tained for pion bombarding energies of 143, 180, 220
and 256 MeV. Twelve-point angular distributions were
obtained at each energy. The results are compared
with three-body calculations of J4(TT , 9) in which the
masses and widths of the A isobars are varied.

The charge asymmetry parameter A(T*, 9) is defined

-10 0 10 20 30 40
Excitation Energy (MeV)

Fig. 30. Cross sections for the 90Zr(n,p) reaction at
198 MeV for 1.8° and 6.4°. The top and bottom dashed
curves represent, respectively, the 0° and 5° calculations of
Klein et al. The tall and short dotted curves represent the
0° calculations of models A and B of Bloom et al. [Can.
J. Phys. 65, 684 (1987)], respectively, plotted with a reso-
lution of 2.1 MeV FWHM; the peaks would be taller by a
factor 1.4 if plotted with the experimental resolution of 1.5
MeV FWHM. The dot-dash curves represent tht 6.4° cal-
culations of Smith et al.; the larger curve is the total cross
section, whereas the smaller curve is the two-step contribu-
tion only.

28



in terms of the differential cross sections <r± for ^d
elastic scattering at a given pion bombarding energy
T, (in MeV) and cm. scattering angle 9 according to

(1)

The results of the experiment were parametrized in
terms of mass and width differences among the charge
components of the A isobar, using the well-known
measures for CSB

CM = (M--M++)+±(M<,-M+)

(2)

The detection system used in the present experiment
for measurements of A(TT, 0) in the ird elastic scat-
tering reaction is similar to systems used for measure-
ments of T20 and T21 in this reaction, and is described
elsewhere in this progress report (Expt. 337). The tar-
gets used for the studies were solid plastic slabs of CD2,
with an isotopic deuterium purity >99%. Two targets
were available, with area! densities of 224 mg/cm2 and
405 mg/cm2. Explicit measurements of the small back-
ground from quasifree ird elastic scattering on carbon
were made using graphite slab targets.

The relative differential cross sections were calcu-
lated from measurements of the xd elastic scattering
yield, the number of incident beam particles (counted
directly), the computer efficiency (typically 99%), the
correction for multiple particles in the beam burst, and
the pion fraction of the incident beam /*. The sta-
tistical uncertainty associated with the relative cross
sections was <1% for each sequence.

The pion fraction of the incident beam fr (see Ta-
ble II) is the largest correction to the data which is
sensitive to the incident beam polarity. Considerable
attention was given to an accurate determination of
this correction. During each run, the e* contamina-
tion of the incident beam was acquired simultaneously
with the ir^-d data, by digitizing a timing signal from
a capacitive probe in the TRIUMF proton beam line
with respect to a scintillator in the Mil beam. A
separate measurement of the incident beam fraction
was made after the experiment, by limiting the phase
space of the incident beam using slits in the TRIUMF
cyclotron, such that the width of the incident beam
buckets was ~ 0.6 ns, instead of the usual 2.5 ns. This
made it possible to separate w±, ^ ± , and e± at each
of the bombarding energies studied in this experiment.
A typical spectrum (obtained using the narrow beam
bucket) showing the separation of sr*, fi±, and e± at
TT=180 MeV is presented in Fig. SI. Table II summa-
rizes the results of the beam fraction studies with the
narrow beam bucket measurements.

tn.

O 4.8 9.6 O 4.B 9.S 14.4
1O

Fig. 31. The TOF spectrum of particles down the Mil
channel is shown for positive (1) and negative (b) polarities
at 7V=180 MeV. From left to right the peaks correspond
to pions, muons and electrons or positrons. The separation
between the pion and electron peaks is 5.7 ns.

At T,=143 MeV the results from two sequences of
A(TT,,0) measurements from the present experiment
agree nicely with each other. The data reflect a flat
angular distribution of .4(143, 8) with values ~ -1.5%.
The results from this experiment are, however, incon-
sistent with those from an earlier study at LAMPF,
which consist of values around -t-1 to +2% in this an-
gular region [Masterson ti a/., Phys. Rev. Lett. 47,
220 (1981), Phys. Rev. C 26, 2091 (1982), Phys. Rev.
C 30, 2010 (1984)]. The difference is more than can
be accounted for by the experimental uncertainties.

The results of the LAMPF experiment are, however,
dependent on the detailed it^p cross sections that were
used to normalize their fl^ddata. Their original values

Table II. The constituents of the incident pion beam are
tabulated at each of the energies studied in this experi-
ment. The numbers refer to the ratio of particles of a given
type to the total number of particles of all types. The
measurements were obtained using rf-referenced TOF and
a 0.6 ns wide proton beam bucket as discussed in the text.

(MeV)
Polarity

143

180

220

256

K+
7T~

7T+

X~

ir~

7T+

X ~

0.977
0.887
0.986
0.942
0.990
0.970
0.995
0.985

0.018
0.011
0.012
0.008
0.007
0.006
0.005
0.005

0.005
0.102
0.002
0.050
0.002
0.025
0.001
0.009
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of A{Tr,9) at both 143 and 256 MeV were based on
the a^p data of Bussey et al. [(Nucl. Phys. B58, 363
(1973)], used in conjunction with the computer code
SCATPI. Since publication of the LAMPF CSB pe-
pers, there have been several recent v^p cross section
measurements published, including one from this group
[Brack et al., Phys. Rev. C 34, 1771 (1986)] which em-
ployed techniques similar to those used in the present
experiment. These new 7r±p measurements were un-
dertaken to resolve discrepancies observed in the ex-
isting ir^p data base. R. Arndt generated a new set
of irN phase shifts (SP87) based on these data as* well
as many of the other data sets. The n^p cross sec-
tions calculated from the SP87 phase shifts were used
to renormalize the LAMPF data. Their 143 MeV data
changed considerably, yielding values of .<4(143,0) that
were predominantly negative and in substantial agree-
ment with the data of the present study. We stress
that the present experiment is an absolute measure-
ment of A(TW,O) requiring no normalization to it^p
data. There remains some semblance of a controver-
sial bump in the renormalized LAMPF data at about
110° but it is not statistically significant and there
is no evidence for such a bump in the present data.
The agreement between the ^4.(143, 0) measurements
of this experiment and those of the LAMPF experi-
ment when normalized to the recent ir^p data from
TRIUMF shows internal consistency between all three
of these measurements.

The electromagnetic perturbations which break
charge symmetry are simple in principle, yet there are
no methods to include them exactly in calculations
of the scattering of a particle on a composite system.
Most methods make use of the global parameters CM
and Cr in Eq. (2) as a measure for CSB. Non-zero val-
ues of CM or Cr indicate CSB. Here, we take the (++)
and (+) parameters to be best known. Then first keep-
ing Mo and Fo fixed, we scan CM and Cp regions by
varying M_ and F_. We also consider an alternative
FQ value to see its influence. The specific combina-
tions of parameters we have investigated are tabulated
in Table III.

Obviously, the range of input parameters can only
be limited if the data fall within the spread of the pre-
dicted J4(TV,0) , and if the spread is large compared
to the experimental uncertainties. These conditions
are met only for 2^=143 MeV. The results for .4(143,
6) are displayed in Fig. 32. The present calculations
with Cr=3.5 or 2.5 MeV all predict positive values of
^4(143, 9) regardless of the value of CM- Only the pre-
dictions for Cr=1.2 MeV produce the negative >1(143,
9 > 60°) values observed experimentally. The shape
of the predictions is such that it is difficult to describe
simultaneously the older, forward angle LAMPF data

0 20 40 60 80 tOO 120 MO ISO 180

Fig. 32. The T^=143 MeV data from the present exper-
iment (solid symbols) axe shown, as well as the renormal-
ized older LAMPF data (open symbols). The present cal-
culations are shown for Cr=3.5 MeV (solid curves) and
Cr=2.5 MeV (dashed curves). For a given choice of Cr
successively more positive A(T^,0) values are predicted as
CM assumes the values 4.5, 3.5 and 2.5 MeV. The dash-
dotted curves correspond to solutions 7 (upper curve) and
8 (lower curve) from Table III.

and the predominantly backward angle data of the
present experiment. Given the problems discussed
above concerning the ir^p renormalizations and radia-
tive corrections to the older data, we prefer param-
eter set eight from Table III, which appears to pro-
vide the best description of the data from the present
experiment at this bombarding energy, even though
the (renormalized) LAMPF data are slightly under-
predicted.

Table III. The resonance parameters used for the calcula-
tions shown in Fig. 32 are shown. All numbers are in MeV.
Fixed values are Af++=1231.1, Af+=1230.5, Mo=1232.5,
r + + = n i . 5 and r+=113.5 MeV.

Solution

1
2
3
4
5
6
7
8

CM

4.5
3.5
2.5
4.5
3.5
2.5
4.5
4.5

Cr

3.5
3.5
3.5
2.5
2.5
2.5
1.2
1.2

M-

1234.9
1233.9
1232.9
1234.9
1233.9
1232.9
1234.9
1234.9

To

115.7
115.7
115.7
112.6
112.6
112.6
112.6
115.7

r_

113.3
113.3
113.3
114.3
114.3
114.3
113.0
112.0
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Experiment 378
Study o f sTi(n,p) as a test of lifetime calculations
for the double beta decay of 48Ca
(R. Helmer, W.P. Alford, Western Ontario)

This experiment is a test of a specific calculation
[Brown, in Nuclear Shell Models (World Scientific, Sin-
gapore, 1985), p.42] of neutrino mass. The calculation
was based on the measured lifetime limits for the dou-
ble beta decay of 48Ca, and as a byproduct it predicts
the distribution of Gamow-Teller strength in the inter-
mediate nucleus, 48Sc. Utilizing the well-known cor-
respondence between Gamow-Teller strength and the
cross section for charge exchange reactions at low mo-
mentum transfer [Goodman et al., Phys. Rev. Lett.
44, 1755 (1980)], we have measured this distribution
with the 4ST(n,p)48Sc reaction using the TRIUMF
charge exchange facility [Helmer, Can. J. Phys. 65, 588
(1987)]. The first four targets in the target box [Hen-
derson et al., Nucl. Instrum. Methods A257, 97 (1987)]
were T1O2 powder contained between mylar foils, and
the fifth was a Ti metal foil. A CH2 target in the fi-
nal position provided the cross-section normalization
through the known H(n,p) cross section [Arndt and
Soper, Scattering analysis interactive dial-in (SAID)
program, phase shift solution SM86, Virginia Polytech-
nic Inst. & State Univ., unpublished]. The experiment
was carried out at 200 MeV, and data were taken at
three angles, 0°, 6° and 12°.

Figure 33 shows the results of a preliminary anal-
ysis of the data from the Ti foil. The spectrum was

i i i i
4»Ti(n,p)4llSc

B = o ° E =197 MeV
t> n

(X 1/5)
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Fig. 33. The 48Ti(n,p)48Sc spectrum at 0°. The di-shed
lines represent Gamow-Teller strength extracted from this
experiment; the solid lines are from the calculation of
Brown.

fitted with a series of peaks whose shape reflected the
known response of the detection system. The dashed
lines represent the Gamow-Teller strength extracted at
the given excitation energies. Based on the measured
angular distribution, the strength at higher excitation
is mostly dipole and higher multipolarity transitions.
The solid lines are the predicted distribution [Brown,
op. cit.] of Gamow-Teller strength based only on one
particle-one hole excitations. It is clear that the calcu-
lation fails completely to describe the data. Including
more complicated configurations spreads the strength
somewhat from the single dominant state shown here,
but there is still poor agreement with experiment.

The spectra from the powder targets have recently
been extracted, and the sum of all the spectra have
been fitted as above. The fitted transitions are shifted
in minor ways in strength and position from those
shown in the figure. A DWIA calculation which
will allow us to estimate how much nonGamow-Teller
strength is present in each transition is in progress.

Final results should be available soon, but the major
conclusion is that this particular calculation [Brown
op. cit.] of the neutrino mass is very likely in error.

Experiment 379
Energy dependence of the (p, n) cross section for 13C
and 15N (W.P. Alford, Western Ontario)

We have studied these reactions in order to in-
vestigate the anomalously large ratios of <7pn(0°) to
beta decay strength for the isobaric analog (ground
state) transitions. Angular distributions were mea-
sured at 200, 300 and 400 MeV for the reac-
tions 7Li(p,n)7Be(g.s.+0.43), 13C(p,n)13N(g.s.) and
13N(3.51). In addition angular distributions for
15N(p,n)15O(g.s.) and 15O(6.18) were measured at
200 MeV and zero degree cross sections at 300 and
400 MeV.

The angle-integrated 7Li cross section has been com-
pared with radiochemical measurements [D'Auria et
al., Phys. Rev. C 30, 1999 (1984)] to establish the mag-
nitude of the 7Li(p, n)7Be(g.s.+0.43) differential cross
section. The present results establish the 0° cross sec-
tion as 35±2 mb/sr(lab) from 200 to 400 MeV. This
cross section has then been used as a comparison stan-
dard for the 13C,15N cross section measurements.

Zero degree spectra are shown in Fig. 34. The rela-
tively poor energy resolution (~1.2 MeV) arises from
the need to use a well-focused achromatic beam for
cross-section measurements. The magnitude of the 0°
cross section is shown in Fig. 35. It is clear that the
ground state cross sections and the ratios of ground
to 3/2j~ cross sections are the same for both targets,
and almost independent of energy. The slight energy
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Fig. 34. Zero degree spectra for the (p,n) reaction on 13C and 15N at 200, 300 and 400 MeV.
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Fig. 36. Angular distributions for the (p, n) reaction at 200 MeV leading to the ground state
and 3/2r state of 13N and 16O. The solid curves are the result of DWIA calculations.
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dependence observed for the ratio does not agree with
that predicted for 15N using a DWIA calculation with
Love-Franey interaction [Franey and Love, Phys. Rev.
C 31, 488 (1985)].

Angular distributions for the two targets at 200 MeV
are shown in Fig. 36. The solid curves are DWIA
calculations using empirical optical potentials, Cohen-
Kurath wave functions [Nucl. Phys. 73, 1 (1965)] and
Love-Franey interaction [op. cit.}. The forward angle
cross section is well reproduced for ground state tran-
sitions, but the DWIA result is too large by about a
factor of 1.7 for the Gamow-Teller transition to the
3/2j~ state. This is consistent with the usual quench-
ing of GT transitions observed in (p, n) measurements
[Goodman and Bloom, in Spin excitations in nuclei,
ed. Petrovich et al. (Plenum, New York, 1984), p.
143]. It is also clear that the DWIA curves fail to fit
the angular distribution shapes at angles greater than
about 10°.

Further calculations are being carried out in an effort
to identify the source of the discrepancies between the
current calculations and the measured cross sections.

Experiment 381
Measurements of spin observables using the
(PJP'T) reaction
(K. Hicks, TRIUMF; J. Shepard, Colorado; M. Kovash,
Kentucky; N. King, Los Alamos)

Experiment 381 measured the (p,p'y) reaction on
12C at 400 MeV at proton angles between 6° and 13°.
Eight BGO 7-ray detectors were placed in plane at an-
gles spanning -90° to +90° and two BaF27-ray detec-
tors were placed above and below the target. Proton
singles were recorded simultaneously with the coinci-
dence events with a known prescale factor. A short
run with a 6Li target provided a calibration from the
7-decay of the 0+ state at 3.56 MeV to the 1+ ground
state.

The results for the 6Li calibration run at 6°, for both
absolute cross sections and analysing powers, are pre-
sented in Table IV. The 7-ray coincidence cross sec-
tions for 6Li show the isotropic shape expected for this
transition. These cross sections have been corrected
for detector efficiencies from Monte-Carlo simulations
based on the excellent agreement between the 7-ray
pulse-height spectra and the shapes (and magnitudes)
calculated with the Monte-Carlo code. Similar efficien-
cies have applied to the 12C coincidence cross sections
for simulations run for 4.44 and 15.1 MeV incident 7-
rays.

The proton singles cross sections for the 15.1 MeV
1+ state in 12C are found to agree (within errors) at all
angles with previous measurements made at LAMPF.
The 7-ray coincident cross sections and analysing pow-
ers for the smallest and largest proton scattering an-
gles of the present measurements are shown in Fig. 37.
The angular correlations (top) show the characteris-
tic shape of A + £cos(207) + Csin(207) expected for
a 1+ to 0+ transition. The theoretical calculations
shown in the figure compare relativistic and nonrel-
ativistic models that include explicit exchange. The
angular correlation data favour the relativistic model
for the larger proton angle shown in Fig. 37. The
analysing powers are not in good agreement with ei-
ther model. This is also seen for both proton sin-
gles and polarization studies for 12C at 400 MeV, as
shown by TRIUMF Expt. 324 results. Data for the
4.44 MeV 2+ state are also available (but not shown),
and are in good agreement with the relativistic calcu-
lations (both angular correlation and analysing pow-
ers).

The basic theoretical framework for the calculations
shown in the figure are discussed in a preprint by J.
Shepard at University of Colorado. The (p,p'f) ob-
servables are shown to be sensitive to specific parts
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Table IV. Experiment 381 results. 6Li(p,p'i)Ex = 3.56 MeV (0+), Tp = 400 MeV.

# b (d<T)/(dap
m)/drt<

(deg) (mb/sr2)(deg) (mb/sr)

7.36 0.816(15) +0.04(3) 87.6
116.5
143.5
166.3
194.0
217.1
245.0
272.9
top

bottom

0.071(1)
0.068(1)
0.069(1)
0.070(1)
0.071(1)
0.069(1)
0.070(1)
0.071(1)

+0.01(4)
+0.05(6)
+0.05(5)
-0.02(5)
-0.01(5)
-0.02(5)
+0.05(5)
+0.07(4)
+0.09(3)
+0.03(4)

of the proton-nucleus interaction that are not avail- mitted for publication. A full analysis of the present
able from other measurements. Similar calculations measurements compared to calculations is expected by
for {p,p'y) measurements from IUCF have been sub- February 1988.

o) ttC(p,p'y) 400 MeV 1+ (15.1) B =6.7°
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Fig. 37. 7-ray coincident cross sections and analysing powers at proton angles of (a) 6.7°, (b) 13.3".
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Experiment 382
Measurements of the spin rotation parameter Q as
a test of Pauli blocking in proton-nucleus elastic
scattering
(0. Hausser, SFU/TRIUMF; M. VetterU, SFU)

Measurements of the spin rotation parameter Q have
been very important in the development of relativis-
tic (Dirac) theories of elastic scattering. First it was
found that phenonomological fits to cross section <r and
analysing power fusing relativistic dynamics were ca-
pable of predicting Q; the same was not true for phe-
nomological fits using nonrelativistic (Schrodinger) dy-
namics. Next it was shown that at energies above
about 500 MeV all three elastic scattering observables
could be reproduced using the relativistic impulse ap-
proximation (RIA), folding the free nucleon-nucleon
(NN) t-matrix with the ground state density. How-
ever, when this same formalism was applied at lower
energies (~200 MeV) the agreement was not nearly as
good. The potentials predicted by the RIA were much
deeper than those found in phenomenological fits. This
problem was ultimately traced to the parameterization
of the NN t-matrix, where the nN coupling was taken
to be pseudoscalar rather than pseudovector. On the
energy shell, i.e. for NN scattering, both pseudoscalar
and pseudovector coupling give the same scattering
amplitude. However, when used to produce nucleon-
nucleus optical potentials the pseudoscalar coupling
results in potentials whose depths diverge as the en-
ergy goes to zero. Pseudovector coupling, on the other
hand, gives potential depths which are roughly con-
stant for all energies, in much better agreement with
the phenomological fits.

Horowitz and Murdock improved on the RIA cal-
culations at low energy by (a) using the pseudovector
nN coupling, (b) using a parametrization of the NN
^-matrix that includes explicit exchange, and (c) in-
cluding Pauli blocking. These calculations, when com-
pared to the Expt. 294 Q measurements on 208Pb at
290 MeV, hinted at the importance of the Pauli block-
ing medium modification at low energies. Experiment
382 proposed to measure Q at 200 MeV where Pauli
blocking effects are expected to be more important.

A measurement of Q involves scattering a sideways
polarized beam from the target and determining the
angle through which the spin rotates in the scattering
plane. The present experiment was performed on beam
line 4B using polarized protons from the TRIUMF cy-
clotron. The normal (n) polarized proton beam was ro-
tated to sideways (s) using a superconducting solenoid
just upstream of the in-beam polarimeter (IBP) on
line 4B. The polarization of the beam was continu-
ously monitored using the IBP. The polarization of the

scattered protons was determined using the focal plane
polarimeter (FPP). This polarization comes from the
rotation of the incident sideways polarization and from
an induced polarization P. This induced polarization
is the same as the analysing power for elastic scatter-
ing. Since the FPP comes after the MRS spectrome-
ter, the energy of the outgoing proton was also accu-
rately determined and the longitudinal component of
the scattered particle's spin could be determined be-
cause this component was partially precessed into the
normal plane of the FPP by the MRS dipole. The
effects due to small components of longitudinal (/) po-
larization in the incident beam were cancelled out by
reversing the direction of the field in the solenoid. This
gives us two sets of data for each sideways projection
(one for solenoid positive, cyclotron beam polarization
up and the other for solenoid negative, cyclotron beam
polarization down) which have small longitudinal com-
ponents in opposite directions. Appropriate combina-
tions of these two data sets cancel the effects of the
longitudinal polarization to first order.

The induced polarization P and spin rotation pa-
rameter Q for 90Zr and 208Pb are compared to the cal-
culation of Horowitz and Murdock in Fig. 38. These
calculations use ground state densities from a rela-
tivistic Hartree calculation and the NN i-matrix as
parametrized by Horowitz (includes explicit exchange).
The optical potentials formed by a folding of the
ground state density and the NN <-matrix are then
reduced by a density-dependent Pauli blocking fac-
tor determined from relativistic nuclear matter calcu-
lations. The calculation without the Pauli blocking
factor (dashed line) is clearly inferior to the full calcu-
lation (solid line) for both spin observables.

The contention has been that the nonrelativistic for-
malism is not capable of producing descriptions as
good as that seen in Fig. 38. We have performed
an "equivalent" nonrelativistic microscopic calculation
under the formalism of von Geramb et al. As with
the relativistic calculation all inputs are constrained.
Ground state densities from electron scattering and the
density dependent NN G-matrix of von Geramb (again
including explicit exchange) are folded together to pro-
duce optical model potentials. In this case, the effects
of Pauli blocking are included in the G-matrix rather
than put in afterwards as was done with the relativis-
tic calculation. Observables are determined by putting
potentials into a Schrodinger equation where the mo-
mentum is calculated relativistically and the nonrela-
tivistic reduced mass is used. Using the reduced mass
rather than the reduced total energy in the centre of
momentum frame (as is usually used in the relativis-
tic kinematics extension of the Schrodinger equation)
produces much better agreement with the data.
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Fig. 38. Polarization P and spin rotation parameter Q for elastic scattering of 200 MeV protons
from 90Zr (left) and 208Pb (right). The solid lines are the relativistic microscopic optical model
calculations of Horowitz and Murdock. The dashed lines are the same calculations without the
Pauli blocking factor.
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Fig. 39. Polarization P and spin rotation parameter Q for elastic scattering of 200 MeV protons
from 90Zr (left) and 208Pb (right). The solid lines are the relativistic microscopic optical model
calculations of Horowitz and Murdock. The dashed lines are nonrelativistic density-dependent
microscopic optical model calculations. See text for more details.
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This choice may be justified in that the NN G-
matrix was determined entirely nonrelativistically and
therefore the conversion from the t-matrix (potential)
to the scattering amplitude (and therefore cross sec-
tion) must be a purely nonrelativistic one. At present%
however, this is just a prescription. It has been found
to work on a wide range of nuclei and bombarding en-
ergies. The results of the nonrelativistic calculations
(dashed lines) are compared to the data from this ex-
periment and to the results of the relativistic calcula-
tions (solid lines) in Fig. 39. Results using the free
AWt-matrix are very similar to the G-matrix results
for the spin observables, the features are the same but
are shifted slightly in phase. The cross sections, how-
ever, are about 50% too high in the region of the max-
ima.

Figure 39 shows that both the relativistic and non-
relativistic microscopic calculations provide quanti-
tative descriptions of the data. Both calculations
have comparable, though not identical, inputs. Both
the telativistk and nometotWistk ta\ca\atioii3 tetjiriift
medium modifications in the form of Pauli blocking to
describe the data. In contrast to earlier results, there
i." no clear preference for oiie formalism over the other.

This experiment was the topic of a MSc thesis at Si-
mon Fraser University and is currently being prepared
for publication.

Experiment 383
Gamow-Teller strength deduced from (n,p) and
(p, n) reactions on MFe at 300 MeV
(M.C. Vetterli, Simon Fraser; O. Hausser, SFU/TRIUMF)

Experiments 267 and 383 are concerned with (n,p)
and (p, n) nucleon charge exchange reactions on 54Fe.
They provide an experimental test of the Gamow-
Teller (GT) sum rule B(GT~) - B(G7+) = 3[N -
Z)\ where the (n,p) strength [B(GT+)] is not Pauli
blocked to first order. The (n,p) results have been fi-
nalized and published [Vetterli ei a/., Phys. Rev. Lett.
59, 439 (1987)]. The (p,n) part of the experiment has
been analysed and will be submitted for publication
early in 1988.

54Fe(n,p)54Mn

Data obtained for five angles between 0° and 12° are
shown in Fig. 40. Of note is the strong forward peaked
GT resonance (AL=0, AS=1, AT=1) below 10 MeV.
The shaded area is a shell model calculation by Bloom
and Fuller [Nucl. Phys. A440, 511 (1985)]. Although
the position and width of the peak are well reproduced,
the total strength must be renormalized by a factor of
0.4 with respect to their best calculation. The data
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Fig. 40. MFe(n,p)5*Mn cross section for five angles between
0° and 12°.

were grouped into 1 MeV bins and a muJtipole de-
composition was done for each one. This consisted
of a least squares fit using angular distributions gen-
erated by the distorted wave impulse approximation.
Shapes for angular momentum transfers of L=Q, 1 and
2 were used. The results of this decomposition for 0°
are shown in Fig. 41. Note that the peak at low Ex

is indeed mainly AI=0, characteristic of the GT res-
onance. The integrated cross section up to 10 MeV
of excitation is 16.9 ± 1.1 n»b/sr. The GT component
of this is 12.9 ±1.2 mb/sr, including an error of ±5%
on the AL = 0 fraction. The value of o-(0°)/B(GT),
the ratio of 0° cross section to /?-decay strength was
also calculated with the DWIA. A value of 3.4 was ob-
tained. This gives a result of B{GT+) = 3.8±0.4±0.6
where 0.6 is the uncertainty from the calculation of
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Fig. 41. Multipole decomposition for the 54Fe(n,p)54Mn
reaction at 0°.

<r/B{GT). Bloom and Fuller predict B(GT+) = 10.29
for a simple model which includes only transitions
from the /7/2 proton shell to the /5/2 neutron shell.
If one particle-one hole excitations are included, they
get B(GT+) = 9.12. The measured strength is there-
fore only 0.41 times the predicted strength. Muto has
done a similar calculation and obtains the same results
[Nucl. Phys. A451, 481 (1986)]. However, he also ex-
tends the model to include two particle-two hole exci-
tations in the parent nucleus. This reduced the pre-
dicted strength to B(GT+) = 7.35, still a factor of
two too large. Auerbach et al. have done RPA calcu-
lations for 60Ni which have shown that the predicted
strength is reduced by a factor of two with respect to
the simple shell model. This would give an RPA value
of B(GT+) = 5.15. These results are summarized in
Table V.

54Fe(p, n)54Co

Data were obtained for six angles between 0° and
15°. These are shown in Fig. 42. Again, we note the
forward peaked GT resonance below 13 MeV. Excita-
tion of the isobaric analog state is greatly reduced at
this beam energy and makes only a small contribution
to the peak at «2 MeV. The same procedure was used
here as for the (n,p) data and the result of the multi-
pole decomposition is shown in Fig. 43. The AL = 0
cross section below 13 MeV is 33.7 ± 2.0 mb/sr. Using
the value of <rfB(GT) = 3.4, we get B(GT~) = 9.4 ±
0.6. This is compared to the simple shell model pre-
diction of 16.29, implying a quenching factor of 0.58.

Table V. Summary of the predicted a-H measured B(GT+)
values for the 54Fe(n,j>)54Mn reaction.

Experiment Bloom and
Fuller

Muto RPA

3.8±0.4±0.6
simple 10.29 10.29
lp-lk 9.12 9.36
2p-2h 7.35
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Fig. 42. 5iFe(p, n^Co cross section for six angles between
0° and 15°.
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Fig. 43. Multipole decomposition for the 54Fe(p, n)54Co
reaction at 0°.

Rapaport et al. [Nucl. Phys. A410, 371 (1983)] have
also measured B(GT~). They found B(GT~) = 7.8 ±
1.9 at 160 MeV. We can combine these results with
our (n,p) data to test the GT sum rule: B(GT~) -
B(GT+) = 3(7V - Z) = 6 for 54Fe. We find 67% or
93% of the sum rule. These results are summarized in
Table VI.

Table VI. Comparison of the two (p, n) results and their
effect on the sum rule.

(n,p) (P,n) sum rule

Vettecli
Rapaport

3.8±0.4±0.6 9.4±0.6
7.8±1.9

5.6±0.9
4.0±2.1

Further work is needed on the calibration of
ujB{GT) at 300 MeV in order to verify our result
that the sum rule value has essentially been seen in
54Fe. This is the subject of Expt. 490.

Experiment 384
The (n,p) reaction on 56Fe and 68Ni
(K.P. Jackson, TRIUMF)

The data for this experiment, a study of the dis-
tribution of Gamow-Teller strength B(GT+) in 56Mn
and 58Co, was obtained HV May. The primary moti-
vation was the need for experimental guidance in es-
timating the rates for capture of energetic electrons

on nuclei in this mass range during the gravitational
collapse of a massive star. These weak interaction
rates play a significant role in the hydrodynamics of
stellar collapse and the subsequent supernova explo-
sion. Prior to the existence of the TRIUMF facility
the most detailed estimates of these rates were based
on the shell model calculations of B(GT+) by Bloom
and Fuller [Nucl. Phys. A440, 511 (1955)]. Analysis of
the 54Fe(rj,p)54Mn data revealed that in this case the
relative distribution of the predicted strength coincides
well with the data but that the magnitude of the cross
section is over-predicted by a factor of 2.4±0.5 [Vetterli
et al., Phys. Rev. Lett. 59, 439 (1987)]. Since one re-
sult does not establish systematic behaviour and since
the isotopic abundances of 56Fe and 58Ni are large, the
present experiment is regarded as an important exten-
sion of this investigation.

The targets used were of natFe (91.7% 56Fe,
5.8% 54Fe) and enriched 58Ni (on loan from Los
Alamos). Angular distributions were recorded at 0p =
0°, 3° ,6°, 10° and tS° with neutrons incident at En =
198 MeV. Although the shapes of the spectra at 0° re-
semble both the predictions and that recorded for 54Fe,
the data analysed on line suggested that the Gamow-
Teller resonance (GTR) is most prominent on 58Ni.
The final analysis of these data is in progress and re-
sults are expected shortly.

Experiment 394
Elastic ir^p differential cross sections at Tw = 30 to
67 MeV (R.A. Ristinen, TRIUMF/Colorado; D.R. Gill,
TRIUMF)

During recent years an effort has been made at the
meson factories to resolve discrepancies in the pion-
nucleon data base. In particular, a group from Boul-
deT, Vancouver and ftegrna has measured it^p elastic
cross sections at energies between 67 and 139 MeV
and at laboratory angles of 63° to 155° (Expt. 322)
[Brack et al., Phys. Rev. C 14, 1771 (1986)]. A pro-
posal to extend these measurements to lower energies
was first presented to the TRIUMF Experiments Eval-
uation Committee in July 1986. The committee rec-
ommended a preliminary feasibility study of the exper-
imental method, which was performed in September
1986 during the period of reduced beam intensity. A
second presentation of the proposal at the December
1986 EEC meeting, including those preliminary results,
was approved, and the experiment was performed in
May and June of this year. The data analysis is now
under way, and all results reported here are of a strictly
preliminary nature.

The experiment was run at incident pion energies of
30, 45 and 67 MeV, at several scattering angles be-
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Fig. 44. Arrangement of scintillation counters for simul-
taneously measuring irp elastic cross sections at six pion
scattering angles. Event definition is Sl-T • irl • ir2 with
software cuts on pulse amplitude in T and on (T — x2)
TOF. Ml and M2 are monitor counters.

tween 40° to 140°, using an active CH target. The
beam spot on the target was defined by an upstream
scintillator (SI) of dimension 2 cm x 4 cm. Six pion
counter telescopes detected scattered pions at six an-
gles in coincidence with recoil proton signals in the
target (Fig. 44).

Several active targets of different thickness were
used, each typically a few millimetres thick. The tar-
get angle relative to the beam was set so that the re-
coil proton trajectories were in the plane of the tar-
get. Thus any one target angle corresponds precisely
to only one scattered pion angle. For nearby scattered
pion angles a small fraction of the recoil protons is
lost through either the front or back target surface.
Since data were gathered simultaneously at six scat-
tering angles, the target angle was chosen to minimize
the total number of protons exiting the surface of the
target. These surface losses have been calculated, but
as an independent check simultaneous measurements
were made with two different targets, of thickness Ji
and T-i, set at the same angle in a sandwich configu-
ration. The difference between the observed yields Y\
and Yi produces a differential cross section:

da

is the same from the surface of either target and thus
subtracts out, but at some cost in statistical precision.
As a final check on our ability to resolve the surface
effects, the angle of the sandwich target was varied
while keeping the remainder of the set-up untouched.
The effect of transverse straggling of protons through
the surface of the target is small and will be evaluated
by Monte Carlo methods.

Monte Carlo techniques will also be used to evaluate
the influence on measured cross sections of pion decay
and multiple scattering of both pions and protons in
the target and the other elements of the experimen-
tal set-up. For positive pions at the larger scattering
angles, where the scattering cross sections are large,
data were collected using several target thicknesses, so
that comparison with Monte Carlo calculations will en-
sure that these calculations are correctly describing the
multiple scattering and pion decay effects.

Yields are extracted from target ADC vs. pion de-
tector TOF dotplots (Fig. 45), subject to a pion de-
tector TOF vs. ADC cut and to a cut on the par-
ticle TOF between the production target and SI,
which eliminates muon- and electron-induced events.
These cuts are important for the downstream tar-
get because these spectra contain quasifree absorp-
tion events both from the upstream target and the
graphite proton absorber between the targets, since
both targets operate in transmission mode. The to-
tal experimental uncertainties are typically as small
as ±5% due to the highly accurate determination
of the number of scattering centres in the solid

6E. 8 McV dual targtts R124 fin B

1600 20001200

pj2 (up+dn) tdc

Fig. 45. Dot plot of the target (T2) ADC vs. jr2 TDC
used to extract up elastic scattering yields. The scatter-
ing angle is 60°. The box surrounds the vp elastic events.
The diagonal stripe is caused by pion absorption events »n
Tl and in the graphite absorber, and is not present in Tl
spectra. Carbon elastic events are at the lower end of this

with K a constant. The recoil proton escape frequency s t r i p e . i z q ^ 2p) e v e n t s f o r m t h e c o n t i n u u m .
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RUN 124. 66. 9 MEV

Fig. 46. Preliminary results are plotted along with the
published results of Brack et al. (solid dots). The curve is
from SM86. Open squares are data from Tl and open cir-
cles from T2. The T2 data have been corrected for incident-
pion energy loss in Tl and in the absorber. The error bars
on the open points reflect only statistical uncertainties.

target and a directly measurable acceptance geometry
for the pion counters. Statistical uncertainties con-
tribute about half of this total. The beam structure at
TRIUMF allows TOF and ADC identification of each
particle incident on the target. Thus determination of
muon and e± contamination of the beam and of the
fraction of the rf buckets delivering two or more pions
to the target is very accurate. The related uncertain-
ties contribute about one-third of the total. The re-
mainder of the experimental uncertainty is due to con-
siderations of solid angle, nuclear reactions in the tar-
get, pion decay, target thickness, computer dead time,
spread in beam energy, and scattering angle.

Preliminary cross sections have been obtained only
at T,, = 66.8 MeV. These data are in good agreement
with the data of Brack et at., op. cit. (see Fig. 46) and
lay well below the SAID SM86 phase-shift prediction of
Arndt and Roper [SAID on-line program], which does
not include the data of Brack et al.. We emphasize that
these results are preliminary, as the data analysis is
only about 1% complete, and Monte Carlo calculations
have not been done.

Experiment 397
Quasielastic scattering from 12C and 16O
(T.E. Drake, Toronto)

This experiment received 12 shifts of polarized beam
time in February. With only transverse polarization
available at that time, we measured the spin trans-
fer observables £>„<„, D,',, Dt>, and P(6) at 420 MeV

for inclusive quasielastic proton scattering from 12C
and 16O at 24° using the MRS focal plane polarime-
ter. Results are compared to a relativistic-impulse-
approximation calculation where the NN interaction
assumes the M* effect due to strong nuclear poten-
tials. We note that P is quenched from the free value as
predicted by the RIA calculation with M" = 0.86 M.
This may be the clearest relativistic signature since P
is simply related to the scalar and vector amplitudes
and the enhanced lower components of the Dirac wave
functions. On the other hand our measured D,is for
12C and 16O lies well below that predicted by the full
RIA calculation. This is suggestive of limitations due
to the nuclear matter local density approximation and
the local form used for the relativistic amplitudes. De-
tails are discussed in a preprint. With the longitudi-
nally polarized beam recently made available we expect
to extend the measurements to include D,<\ and Din
for both target nuclei in an upcoming experiment.

Experiment 399
Measurement of ^d elastic scattering differential
cross sections at TV = 30, 50 and 65 MeV
(G.R. Smith, TRIUMF; R.A. Ristinen,
TRIUMF/Colorado)

A proposal to measure absolute cross sections for
n^d elastic scattering at low energies was approved in
July. The need for these n±d measurements arises be-
cause of the lack of such data in the low-energy region
for both TT+ and n~, because of questions concerning
a bump in the charge asymmetry parameter angular
distribution reported by Balestri et al., [Nucl. Phys.
A392, 217 (1983)], because of the utility of these cross
sections in the acceptance calibration of magnetic spec-
trometer systems, especially for w~ , and because of the
fundamental importance of the vd interaction to theo-
retical treatment of more general pion-nucleus systems.
In fact, there have not yet been any angular distribu-
tions reported for absolutely calibrated measurements
of n^d elastic scattering from any of the meson facto-
ries.

In October the initial phases of this experiment were
completed during two weeks of running during a period
of reduced beam intensity. The primary proton beam
was in the range of 30-50 //A. A complete set of elas-
tic scattering data was acquired for ir^d and ir~ d at
65 MeV and a limited data set was obtained for both
polarities at 50 MeV.

The experiment utilized an active CD scintillator-
target to catch the recoil deuterons in coincidence with
scattered pions detected in pion counter telecopes. The
method was essentially identical to that employed in
the recently completed TRIUMF Expt. 394, which
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in the target. The peak near channel 150 is due to pion
elastic and inelastic scattering from carbon in the target.
The background under the deuteron peak is mostly due to
deuteron break-up.

measured ^p elastic scattering, and which is de-
scribed elsewhere in this report. The experimental
technique relies on the fact that recoil nuclei from pion
scattering on 12C leave a small pulse height in the tar-
get ADC. Protons from irp elastic scattering, however,
produce a characteristically large pulse height in the
target ADC. The thickness of the CD scintillator was
200 mg/cm2. A sample histogram of the pulse height
in the target scintillator is shown in Fig. 47, where
the elastic deuteron peak is seen on a continuum from
deuteron break-up events. Data analysis is not yet suf-
ficiently complete for differential cross sections to be
reported, but it does appear that the stated goals of
the experiment will be achieved at 65 MeV. Data will
be taken for the lower energies when another run can
be scheduled on M13, and when thinner CD targets
arrive from the manufacturer.

Experiments 405, 428
Nuclear wobble in the rare earth nuclei
(D. Frekers, Toronto)

Recently a new collective mode of nuclear excita-
tion has been discovered in the rare earth nuclei [Bohle
et al., Phys. Lett. 137B, 27 (1984); ibid. 148B, 260
(1984)], where proton and neutron deformed fluids are
believed to perform rotational oscillations against each
other (nuclear "scissor", or nuclear "wobble"). In this
picture the lowest excitation constitutes an isovector
Ml transition whose B(M1) value is dominated

by convective current contributions. The excitation is
the rotational analogue of the electric giant dipole res-
onance, but occurs at considerably lower energies (be-
tween 3 and 4 MeV). To assess the spin contamination
of the nuclear wobble we have performed a measure-
ment with intermediate-energy protons scattered from
the two rotational nuclei 156Gd and 164Dy. This exper-
iment is important, since it tests the predicting power
of various theoretical, models (RPA, IBA-2, two-rotor-
model).

In Fig. 48 we show a spectrum of 164Dy (a) and
156Gd (b) for the scattering angles of 3.5°, 4.1° and
5.1° taken with 200 MeV incident protons. For 164Dy
we observe 4 states at 2.52, 2.65, 3.14 and 4.6 MeV
[labelled 1,2,3,4 in Fig. 48(a)] whose angular depen-
dence is consistent with an Ml transition. Only the
state at 3.14 MeV is observed in low-energy e~ scat-
tering [Bohle, op. cii] which is believed to be the
isovector Ml state in question. Our measured strength
for this state is unexpectedly large and points to a
spin contamination of about 50%, in clear contrast to
presently favoured IBA-2 predictions. Conversely, the
state at 3.08 MeV in 156Gd is not observed with an
upper limit of 10 ^b/sr and points to a predominantly
convective excitation (the faint state appearing at this
energy has not an angular distribution indicative for
an Ml transition). In a recent RPA calculation using
symmetry-restoring interactions for K*=l+ isovector
vibrations performed for a number of rare earth nu-
clei, Nojarov and Faessler [1987 preprint, Tubingen]
show that the magnetic dipole transitions have pre-
dominantly orbital Ml character in all cases, except
for 164Dy. A leading spin-flip configuration [541J1/2
-* [541]3/2 (2/7 /2 -i- l/iii/2) is present only in this
nucleus.

In Expt. 428 we have extended our investigations to
the p/-shell nuclei 56Fe and 54Cr where similar low-
lying isovector Ml transitions have been found in e~
scattering. These data are presently being analysed.

Experiment 409
Quasielastic scattering of Is state nucleons in light
nuclei
(C.A. Miller, TRIUMF)

In early February 8 shifts of polarized beam were
used to acquire analysing power data for quasielastic
scattering of protons deeply bound in the Is shell of
16O. The purpose is to test for a nucleon density de-
pendence of the p-p amplitudes. The kinematic con-
straints afforded by measuring the momenta of both
final-state protons make it possible to select knockout
of deeply bound protons and hence emphasize the nu-
clear interior to a grater extent than is possible with
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Fig. 48. Proton spectra taken at 200 MeV incident energy for the target nuclei I64Dy (a) and 156Gd
(b) at various scattering angles. The states labelled 1, 2, 3 and 4 are possible Ml states at 2.52,
2.62, 3.14 and 4.6 MeV. The state at 3.08 MeV observed in e~ scattering for 156Gd is weak and
possibly contaminated by a neighbouring state with nonzero angular momentum.

inclusive quasielastic measurements. Also, restricting
the experiment to s-state knockout removes any un-
certainty in the interpretation of the data arising from
effective polarization of the struck proton in p states
due to the effect of distortion in the final-state chan-
nels.

The MRS was used to detect the high-energy scat-
tered proton while a crude spectrometer consisting of
the PACMAN dipole with four "vertical drift" cham-
bers detected the coincident proton. The rather poor
resolution of the PACMAN spectrometer was ade-
quate to distinguish Is from \p shell knockout. The
beam energy was chosen to be 500 MeV where a rela-
tivistic model [Horowitz and Iqbal, Phys. Rev. C 33,
2059 (1986)] for the density dependence predicted the
largest effect on the analysing power.

Data were acquired at three angle pairs and are
presently being analysed. Preliminary indications are
that in kinematic conditions where the analysing power
is maximum, it is substantially reduced from the free
value, as predicted by the relativistic model. The re-
duction appears to be much larger than is observed in
inclusive quasifree scattering.

It is planned to continue this investigation in 1988
with the first measurement of spin-transfer observables
in an exclusive quasifree scattering experiment.

Experiment 411
The spin-isospin response of 48Ca and 9Be from the
(n,p) reaction at 200 MeV (R.G. Jeppesen, SFU;
O. Hdusser, SFU/TRWMF; K.P. Jackson, TRIUMF)

Experiment 411 was run after we were able to bor-
row a costly 48Ca target from Los Alamos. Unfor-
tunately this 9.4 g "metallic" target (four foils of
about 110 mg/cm2 each) consisted largely of the hy-
droxide, and the data obtained are of limited value.
The original planned five angles were reduced to three
(#MRS = 0°, 6° and 12°) in order to get better statis-
tics. 9Be and BeO foils were run in the same stack as
the 48Ca so good data were obtained for 9Be and 16O
at the three angles.

Figure 49 shows the 48Ca target spectrum at #MRS =
0°. The overwhelming peak at about channel 2300
comes from charge exchange on hydrogen contarnina-
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Fig. 49. Zero degree (n,p) spectrum from the 48Ca tar-
get. The large peak in channel 2300 is due to hydrogen
contamination in the target. The shaded region shows the
background this peak gives due to the tail on the incident
neutron beam.

tion in the target. Since the incident neutron beam is
not monoenergetic this peak also contributes a back-
ground under the data at higher excitation; this back-
ground is indicated by the shaded region in Fig. 49.
This is a substantial background but it is also well un-
derstood from measurements on CH2 targets. We also
have background from the thin beryllium foils that en-
cased the 48Ca target and from oxygen contamination
of the target. The former is easily accounted for since
we know the thickness of the windows and since the
9Be(n,p) cross section was measured. We hope to de-
termine the amount of oxygen contamination by look-
ing for low-lying °N states which should be resolved
from the 48Ca(n,p) because of the lower Q-value.

Figure 50 shows the spectra obtained for 9Be(n,p)
and 16O(n,p) at 0MRS = 0°. The 9Be data will be
used to look at the ratio of zero degree cross sec-
tion to B(GT) for a state which has a B{GT) nearly
two orders of magnitude smaller than those studied
in Expt. 266. The large fluctuations in <7(0°)/B(GTI)
seen in the (p,n) reaction were not observed in (n,p)
(Expt. 266), and it would be interesting to see if the
proportionality holds for small B(GT)'s. The angular
distribution, though rather sparse, should tell us if the
peak has the expected L=0 shape.

Analysis is currently under way, with careful con-
sideration being given to background subtraction both
in the 48Ca data and in the 9Be data where the GT
peak is at about the same Q-value as 12C(n,p) from
the mylar foils of the target box.

-60
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Fig. 50. Zero degree (n,p) spectra from 9Be (top) and 16O
(bottom). Neither is corrected for the tail on the incident
neutron beam. The peak at channel 6400 in the 9Be(n,j>)
spectrum is the GT state of interest. The peak at chan-
nel 5600 in the leO(n,p) spectrum is a 2~ state at 0.1 MeV
of excitation.

Experiment 421
Research and development studies with TISQL
(J.M. D'Auria, Simon Fraser)

This experimental program involves the use of the
new on-line isotope separator (TISOL), the proto-
type of the vertical ISOL device proposed for the ma-
jor ISAC (ISOL/accelerator) facility for nuclear as-
trophysics [Nucl. Instrum. Methods B26, 151 (1987)].
The general objectives of the present program are to
develop and use the TISOL facility to address scientific
and engineering questions of importance to the ISAC
facility and to assess the usefulness of TISOL (or an
upgraded version) as a general facility for physics re-
search (nuclear, atomic, condensed matter and surface
physics).

A general technical description of TISOL and its per-
formance in an off-line position above the beam line 4A
shielding blocks was presented in the 1986 annual re-
port and elsewhere [Nucl. Instrum. Methods B26, 143
(1987)]. Recent developments are given in the Experi-
mental Facilities section of this report, p. 124.
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Table VII. Results of TISOL experiment.

Summary of on-line results:

Radioisotope

potassium-38

potassium-38

potassium-38
potassium-43
potassium-44

potassium-45

sodium-21
sodium-24
sodium-25

sodium-25

sodium-26

T1/2

7.4 mo

7.4 mo

7.4 mo
22 h

22 mo

17 m

22 s
15 h

59.6 s

59.6 s

1.09 s

Summary of off-line results:

Yield
(atoms/s/^tA)

2.8 X 10"
(2g)

5 x 10s

(1 g/cm2)
i.e x io6

-
2.2 x 106

(1 g/cm2)
5.6 x 10s

(1 g/cm2)
-
_

8 x 104

(2g)
3 x 106

(1 g/cm2)

Beams produced

Rb, Ca, K,

Ar, Xe

Na

Target/ion source

ScO/C - rhenium surface

Ti - rhenium surface

Ti - plasma source
Ti - rhenium surface
Ti - rhenium surface

Ti - rhenium surface
Ti - rhenium surface
Ti - rhenium surface
Ti - rhenium surface

ScO/C - rhenium surface

Ti - rhenium surface

Ti - rhenium surface

Ion sources

Heated surface - W, Re, Pt, Ta

Plasma (Bernas-Nier type)

ISOLDE yield
(atoms/s/pA)

8 x l O 7

1.4 x 109

(40 g/cm2)
-

1.4 x 109

6 x 10B

(40 g/cm2)
1.7 x 108

(40 g/cm2)
1.5 xlO7

5.5 x 10s

9 x 107

(10 g/cm2)
9 x 107

(40 g/cm2)
2 x 106

Over the last twelve months as part of this experi-
mental program the TISOL facility has been installed
onto beam line 4A and used successfully both on line
(with the proton beam) and off line. In a series of
weekly runs using unpolarized protons both a surface
ion source (with either Re, Ta, Pt or W metals as ioniz-
ers) and a plasma source (Bernas-Nier type), designed
by the group at the Foster Radiation Lab, McGill Uni-
versity, have been used. A summary of the observed
radioisotopes and yields is displayed in Table VII.

Experiment 431
Complete spin observables for quasielastic proton
scattering from i4Fe at 290 MeV
(O. Hausser, SFU/TRIUMF; R. Ab'.gg, TRIUMF

Measurements of complete sets of observables (dif-
ferential cross sections dcr/dfl, induced polarizations
P and spin rotation functions Q) have played a cru-

cial role in arriving at a satisfactory quantitative de-
scription of elastic proton scattering. At present
impressive agreement with experiment can be ob-
tained using either relativistic (Dirac) or nonrelativis-
tic (Schrodinger) dynamics (see Expt. 382). In the
successful relativistic calculations of elastic nucleon-
nucleus scattering by Horowitz and Murdock the opti-
cal potential is obtained by folding the AW 2-matrix
with the (relativistic) nuclear ground state density dis-
tribution. The ^-matrix assumes pseudovector nN cou-
pling and explicitly includes exchange. Pauli blocking
and binding energy effects which are particularly im-
portant for heavier nuclei at energies below 400 MeV
are included by reducing the optical potentials with
a density-dependent Pauli blocking factor determined
from relativistic nuclear matter calculations.

In the similarly successful nonrelativistic calcula-
tions of von Geramb et al. ground state densities from
electron scattering and the NN G-matrix (again in-
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eluding explicit exchange) are used to produce the op-
tical potentials. Pauli blocking and other medium ef-
fects are included in the density-dependent G-matrix,
a more consistent procedure than adopted in the rela-
tivistic calculations.

Inclusive inelastic proton scattering experiments are
of high current interest. Near the peak of the quasielas-
tic continuum (energy transfer w = q2/2M)) spin ob-
servables are expected to be rather insensitive to nu-
clear structure details and to distortion effects. The
nonrelativistic calculations of quasielastic scattering
[(see, for example, Smith and Wallace, Phys. Rev. C
32, 1654 (1987); Smith, private communication] pre-
dict the free NN values at the peak and deviations
observed are then likely the result of either the collec-
tive nuclear response or of modifications of the NN
interaction in the medium. Because of a richer choice
of independent spin observables (there are seven for
quasielastic scattering compared to two for elastic scat-
tering) proponents of Dirac phenomenology [Horowitz
and Iqbal, Phys. Rev. C 33, 2059 (1986); Horowitz
and Murdock, preprint] hope to obtain evidence for
the strong scalar and vector potentials in the nuclear
medium and constraints on other pieces of the rela-
tivistic NN interaction.

The experimental conditions of Expt. 431 were cho-
sen to complement the only existing complete set of
observables for 500 MeV quasielastic proton scattering
from 208Pb at a momentum transfer q = 1.75 fm"1

[Carey et al., Phys. Rev. Lett. 53, 144 (1984)]. At the
lower energy of 290 MeV five spin observables are pre-
dicted to be sensitive to relativistic medium effects (at
500 MeV only Ay and P differ from the free values).
Distortion and Pauli blocking effects are expected to
be more significant at lower energies. The smaller mo-
mentum transfer (q = 1.36 f m " 1 , ^ = 20.05°) was
chosen to introduce some sensitivity to the nuclear re-
sponse function. The present experiment is thus well
suited to guide the development of a consistent and
complete theory of quasielastic proton scattering sim-
ilar to the ones already existing for elastic scattering.

The experiment was the first one to use the longi-
tudinally polarized beam which was made possible by
the addition of two superconducting solenoids in the
vault section of beam line 4 (see instrumentation sec-
tion). The three components of the beam polarization
were carefully monitored using in-beam polarimeters in
beam Jines 4A and 4B which differ by a 15° bend. Dur-
ing the longitudinal (/) running period the transverse
components were typically 1% or less. The sideways (s)
polarized beam was produced by rotating the normal
(n) component through 90° using a superconducting
solenoid just upstream of the in-beam polarimeter in
beam line 4B. By reversing the incident beam polar-
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(dashed lines) calculations explained in the texi. The sys-
tematic uncertainty in the cross section was estimated to
be less than ±5%.

ization and the polarity of the solenoid current four
separate data sets were obtained which allowed us to
exactly cancel effects of the small /-component in the
beam. The transverse components of protons scattered
at 20° from a 94 mg/cm2 thick 54Fe target were deter-
mined using the focal plane polarimeter (FPP) of the
MRS. Because of the vertical bend of Che spectrometer
part of the longitudinal component after scattering (/')
is precessed into the normal plane of the FPP and all
three components of the scattered proton could thus
be measured.

The normal (h) beam was also used to measure cross
sections and analysing powers. In Fig. 51 the cross
sections (<r) and spin transfer cross sections (<xSnn)
are compared to current relativistic and nonrelativis-
tic theories of quasielastic scattering. The relativistic
calculations (solid lines) include medium modifications
to the NN interaction, effects of spin-orbit distortion
and Fermi motion of the struck nucleon. The nuclear
response is approximated by that of a simple Fermi
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Fig. 52. Complete spin observables for inclusive proton scattering of 290 MeV protons from M Fe
at 20°. In addition to the theoretical curves explained in the caption of Fig. 51 we show free NN
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gas. The nonrelativistic calculation includes two-step
contributions and a sophisticated semi-infinite slab re-
sponse with lparticle-lhole and 2particle-2hole RPA
correlations. Density-dependence of the NN interac-
tion is, however, ignored, and Fermi motion is sim-
ulated simply by treating the hard scattering in the
Breit frame. In both calculations distortions of incom-
ing and outgoing waves are treated realistically mak-
ing use of elastic scattering data previously obtained at
TRIUMF. The cross sections for the broad quasielastic
peak are in good agreement with both calculations, the
experimental width is, however, larger than the theo-
retical width, especially that of the relativistic model.
The observed spin-transfer strength is shifted towards
larger energy transfers than predicted.

The spin transfer coefficients £>«', Dnn, Dist, Di,<

and —D,ii which are equivalent to the Wolfenstein pa-
rameters A\ D, R, A and —R' are shown in Fig. 52 to-
gether with the induced polarization P and analysing
power Ay. Corrections for the small polarization com-
ponents of the incident beam are included. The ex-
perimental errors include the uncertainties in all three
beam polarizations, errors in the spin precession an-
gle through the MRS dipole, and statistical errors in
the polarizations measured with the FPP. In addition
to the theoretical curves described previously we show
quasifree parameters (dotted lines) which take nuclear
Fermi motion into account. The experimental spin ob-
servables show without exception a pronounced slope
versus energy transfer. The slope in Dnn and P is well
reproduced by the nonrelativistic RPA slab response
which pushes S = 0, T = 0 strength to lower Ay or
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energies. In cases where the RPA slab response pro-
duces the wrong sign of the slope (for Du> and D,si)
this may be attributed to the use of the Breit frame.
In the relativistic calculations which explicitly include
Fermi motion averaging these slopes come out cor-
rectly. Our data contain evidence for medium effects
included in the relativistic calculations by an effective
nucleon mass M* = 0.87M. Most pronounced is the
effect for P and Ay, although there is some sensitivity
in the other observables with the exception of Dnn.

We conclude that a satisfactory theory of quasielas-
tic is still lacking. From the results shown in Fig. 52
we identify as the essential ingredients of such a theory
the self-consistent inclusion of Fermi motion averaging,
of medium modifications of the NN interaction, and
of a realistic nuclear response function.

sections. The crucial experimental point is that an ab-
solute measurement of a product of two cross sections
is half as sensitive to the systematic errors limiting the
ultimate accuracy. Thus 2% uncertainty in the abso-
lute yield from the double scattering process should re-
sult in a 1% determination of the H(n,p) elastic cross
section. This will be a substantial improvement over
the uncertainties in the existing data which range up
to 5% or more at 200 MeV.

Almost all of the data have been recorded for this
experiment and analysis is proceeding well. The only
measurement remaining to be done is a check on the
degree of CD2 target degradation during exposure to
the primary proton beam. This will be done us;ng
proton elastic scattering from deuterium at relatively
small angles with diffuse illumination of the target.

Experiment 433
Neutron-proton charge exchange amplitudes
(C.A. Miller, TRIUMF)

Most measurements done with the TRIUMF nucleon
charge exchange facility have the goal of exploring nu-
clear structure using n-p charge exchange as the probe.
Gamow-Teller nuclear transitions are excited by the
spin-flip part of the interaction while Fermi transi-
tions are excited by the nonspin-flip part which is much
small and imprecisely known in the TRIUMF energy
region. Experiment 433 has the goal of refining our
knowledge of this probe in two distinct aspects.

The unique capability of the facility to measure rel-
ative cross sections with high precision is exploited in
the comparison of (n,p) on hydrogen and deuteron
targets (in the form of polyethylene). The 7Li(p, n)
reaction provides the almost monochromatic neutron
beam. Because D(n,p) at very small momentum trans-
fer must leave the residual diproton in a pure singlet
state, only the spin-flip part of the interaction can con-
tribute. It is hoped that a second-order Glauber calcu-
lation as developed by Bugg and Wilkin [Nucl. Phys.
A467, 575 (1987)] can be used to interpret the relative
yields from the two reactions in terms of the strength
of the small nonspin-flip amplitudes which contribute
only in the H(n,p) or elastic case.

The second phase of the experiment is directed to-
ward improving the precision of our knowledge of the
absolute differential cross section for n-p elastic charge
exchange. The novel technique involves combining the
precise measurement of the ratio of the cross sections
for D(n,p) and H(n,p) as described above with an-
other measurement of their product. The latter quan-
tity is determined from the yield of the double scatter-
ing process D(p, n) following by H(n,p). Charge sym-
metry is invoked to relate the D{p, n) and D(n, p) cross

Experiment 438
A study of the Pauli blocking of Gamow-Teller tran-
8itions using the 70'72'74Ge(n,p)70'72'74Ga reactions
(M.C. Vetterli, Simon Fraser; K.P. Jackson, TRIUMF)

Experiment 438 is a study of the effect of Pauli
blocking on Gamow-Teller strength using the reactions
7 7 2 7 7 0 7

lowed transition from the p3yj2 proton shell to the ;
neutron shell. However, in 72Ge and 74Ge, the
orbital is full and this transition is blocked. GT tran-
sitions are possible only if one-particle-one-hole and
two- particle-two-hole excitations are included. This
is shown in Fig. 53.

Data have been collected for 70Ge and 72Ge at 0°, 3°,
6°, 10° and 15°. The beam energy was 200 MeV. The
expected reduction in GT strength was seen in the on-
line spectra. Data for 0° and 3° are shown in Fig. 54.
One sees clearly that there is strength in 70Ge around
channel 11500 which is absent in 72Ge. Furthermore,
a comparison of the 0° and the 3° 70Ge spectra shows
that this strength is consistent with AL=0 angular mo-
mentum transfer which is characteristic of a GT transi-
tion. The peak in channel 10500 for both nuclei is due
to hydrogen contamination from counter gas and win-
dows. Since the GT cross section for '2Ge was small, it
was decided not to do the 74Ge(n,p) reaction until the
data on the other two isotopes are analysed. Off-line
analysis is in progress.

Experiment 466
The np •—• ird cross section very near threshold
(D. Hutcheon, TRIUMF)

Near the threshold of the pp° «-• ird reaction the only
measurement of cross section is that of Rose [Phys.
Rev. 154, 1305 (1967)], who observed the reaction of
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Fig. 53. Simple shell model structure of the germanium iso-
topes. The 39/2 neutron pair is present only for Ge, while
the Pi/2 neutron pair is present in both 72'74Ge. The pos-
sible Gamow-Teller transitions are indicated by the large
arrows. Transition 1 is allowed for T0Ge and blocked for
72>74Ge. Neutron particle-hole excitations out of the pi/2

shell (labelled A1 would open this channel in the latter nu-
clei. Transitions 2 and 3 are blocked in all three nuclei
to first order. Admixture of the (j>3/2)2(/s/2)2 configura-
tion (B) in the germanium ground state, coupled with the
particle-hole excitations of the type labelled C, would lead
to allowed GT strength to the /5 /2 neutron shell.

of low-energy pions stopping in a deuterium bubble
chamber. These data are of interest because (1) the
effect of irN S"-wave rescattering is seen with mini-
mal "background", from A excitation, and (2) there
is a hint of a resonance at cm. energy 3 MeV above
threshold. The TRIUMF CHARGEX facility, with its
high-resolution neutron beam, allows a study of the
NN —> dir process to within 1 MeV (cm.) of threshold
with none of the problems of a beam of very low-energy
pions: we use a liquid hydrogen target and detect only
the deuterons from the reaction np —• (fir0. Normal-
ization is provided by protons from np —» pn, which
are detected in tli- medium resolution spectrometer
(MRS) together with the deuterons.

We were able to measure np -+ dv° yields at nomi-
nal (neutron) beam energies of 275, 276, 278, 280 and
289 MeV during a 7-shift run in October. Background
was negligible even at the lowest energy, thanks to
veto and trigger scintillators mounted in the cryostat
and separated from liquid hydrogen by windows only
50 fim thick. This is evident in the on-line scatterplot
(Fig. 55) obtained at a nominal energy of 280 MeV
in less than two hours' running. Final analysis will
require a better knowledge of the acceptance and dis-
persion of the MRS than has been needed by previous
experiments; the necessary calibrations are scheduled
for January 1988.

I

t

f

' •
* >

/

\

^

cq
o
u
in

+6% ^ -6%
Momentum, Ap/p

Fig. 55. Momentum-angle correlations of deuterons pro-
duced by the np —* dir0 reaction at a beam energy 5 MeV
above threshold.

Experiment 468
Isovector- 1+ —• 0+ transitions in the A = 6 system
(O. Hausser, SFU/TRIUMF)

This experiment will provide an accurate («1%) de-
termination of the matrix elements for populating the
T=l, J*=Q+ isospin triad from the 6Li (T=0, J*=l+)
ground state. The cross section for the 6Li(n,p)6He is
proportional to the Gamow-Teller beta-decay strength
[B(GT)] of 6He, so the proportionality constant mea-
sured in the (n,p) part of the experiment will be used
to calculate the matrix element 3TQ from the (p,pf)
cross section. The comparison of the GT matrix ele-
ment with the well-known 6Li(e,e')6Li Ml (isovector)
matrix element will act as a probe of the effects of
meson exchange currents (MEC) and orbital contribu-
tions. The ability to extract the MEC effects is due to
the fact that for small momentum transfer the isovec-
tor magnetic current is enhanced relative to the axial
vector current. Since the orbital and MEC effects can
be reliably calculated, any residual discrepancies be-
tween the axial vector and Ml matrix elements might
be interpreted as being due to a change in the size
of the nucleon inside the nucleus (EMC effect). This
interpretation is based on the cloudy bag model, in
which the magnetic moment of the nucleon increases
with the radius of the bag, while the axial vector cou-
pling remains constant. The 6Li(p, n)6Be matrix el-
ement will be used to measure any isospin violation,
which is due primarily to differences in the radial over-
lap of the wave functions.

This experiment exploited TRIUMF's unique capa-
bility to perform (p,p'), (n,p) and (p, n) measurements
on the MRS. As well, a segmented target box consist-
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ing of six target layers interleaved with seven multiwire
detectors, used previously for (n,p) experiments, was
operated in the (p,n) mode for the first time. The
multiple targets allow a relatively large total thickness
of target material to be used without greatly compro-
mising resolution.

The experiment was conducted over the period from
November 29 to December 10; analysis of the data is
thus in the preliminary stages.

Strangeness in nuclei via the (T+ , A"+) reaction
BNL 798 (BNL-LANL-Houston-Tohoku-TIUUMF-
Vassar-CMU-Florida State-Mississippi
Collaboration
(P.H. Pile, BNL; J.-C. Peng, LANL; D.R. Gil), TRIUMF)

The replacement of a nucleon of a nucleus by a hy-
peron produces nuclei whose properties are somewhat
different from those of "ordinary" nuclei. The study of
these "hypernuclei" will lead us to an improved under-
standing of the baryon-nucleus interaction and thus to-
wards an understanding of the role of quarks in nuclei,
a goal which has been sought since the establishment
of QCD as the theory of the strong interaction. The
use of energetic pion beams for hypernulear production
was suggested by Thiessen [BNL AGS Proposal 758,
1980] and following detailed calculations by Dover ei
al. [Phys. Rev. C 22, 2073 (1980)] it was demonstrated
experimentally practical by Milner et al. [Phys. Rev.
Lett. 54, 1237 (1985)] with the reaction 12C(ir+,K+).

In 1987 the BNL ir-K collaboration carried out a
study of this reaction across a substantial range of tar-
get masses. The Low-Energy-Separated-Beam I at the
BNL AGS was used with the Moby Dick spectrometer.
Table VIII summarizes the parameters of these tt-K
survey runs. All data were taken at a nominal angle of
10°. Two ranges of beam intensity were employed, the
higher rates being used with targets where the cross
sections were below 1 /xb/sr. The 13C and 51V targets
were run simultaneously with a reaction vertex cut be-
ing employed to separate the spectra of each target. A
scintillator was used as the target for some of the 12C
data. This enabled the use of a software cut on the
pulse height in this scintillator to be used to suppress
events unaccompanied by a hypernuclear decay signal.

A variety of targets were used varying from light
to heavy nuclei, viz. 9Be, 13C, 16O, 28Si, 40Ca, 51V
and 89Y. The 28Si spectrum displays the expected ds/2

series and the 51V data are suggestive of the presence
of the foil series even though the statistical accuracy
is limited. The 40Ca spectrum is complicated by the
presence of both a c/3/2 and a c/5/2 series making a
discrimination between the two difficult. In Fig. 56
are shown the data for the heaviest target 89Y. Clear

Table VIII. ir-K survey run parameters.

target

9Be
1 2C

»c
16Q
28Si
40Ca
51 y
89 y

thickness
(g/cm2)

2.35
varied
2.00
3.00
4.03
4.03
2.89
4.05

run time

(h)

27
13.5
23.0
43.4
73.3

109.5
23.0
88.0

jr-intensity
on target

2.6xlO6

0.2-1.0xl0?

l.OxlO7

2.0xl06

2.0xl06

0.2-l.OxlO7

l.OxlO7

l.OxlO7

evidence for the presence of the 39/2 series is seen.
The above n-K survey data demonstrate con-

clusively the applicability of the (v+,K+) reac-
tion for the production of high spin states (includ-
ing ground states) even for heavy nuclei and re-
sult in a map from A=9 to ^4=89 of the posi-
tions of deeply bound A shell model states. In
Fig. 57, taken from Dover [Kaon-nuclear reactions
and hypernuclei, in Proc. Int. Symp. on Medium
Energy Physics, Beijing, 1987 (in press)], the po-
sitions of the s,p, and dA-bound states determined

150 -

100-

-30 -20 -10
-BA(MeV)

Fig. 56. Spectrum for
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experimentally are compared to calculations with a
Woods-Saxon single particle potential of the form

with the following parameters: Vo = 29.34 MeV, a =
0.6 fm and a prescription for the radius R of the A
potential well that accounts for the range of the A-JV
potential has been included. The fit to the data are
seen to be excellent.

An intriguing and important question can be ad-
dressed with these data: Is there any evidence of a
"Pauli pressure" effect seen in the spacings of these
levels? This effect is anticipated to arise from the in-
distinguishability of the nonstrange quarks in the A

from those present in the normal nucleons so that as
the A wave function becomes more concentrated in the
nuclear interior the Pauli effect on these quarks may
become manifest. It is possible to conclude from the
fact that the A binding energies agree well with the
predictions of a Woods-Saxon potential (Fig. 57) whose
depth is independent of A and i\ that a "Pauli pres-
sure" effect is not indicated by the present data, the
A is still a distinguishable particle in nuclei up to 89Y.
Dover [op. cit. estimates that calculations made with
a nucleon shell model compared with those for a quark
shell model will show that if one goes to 208Pb exper-
imentally a measurable difference may be seen. Such
an experiment is under active consideration.
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RESEARCH IN CHEMISTRY AND SOLID-STATE PHYSICS

Experiment 306/511
Pionic chemistry
(D. Horvdth, CRI Budapest; D.F. Measday, UBC)

When a n~ stops in matter some quite complex ex-
otic atom effects can occur. The pion acts like a heavy
electron and forms molecular orbitals, from which it
can be captured by a specific atom. If that atom is
hydrogen, the w~p system is neutral, so it can move
freely from the original site, with the possibility that
the pion can be transferred to other atoms in the same
molecule, or in neighbouring molecules.

The final result is that the pion is absorbed by one
nucleus or another. For hydrogen only the nuclear ab-
sorption can produce a n° which is easily detected via
its 2"/ decay mode. Experimentally, therefore, one can
measure just the final outcome. By comparing different
materials or mixtures, it is possible to make reasonable
guesses for what is going on in a particular case.

This experiment took three weeks of beam time in
October and studied some H2/D2 gas mixtures as well
as some hydrocarbons, deuterated methanols, plastics
and bromine compounds. Another run is planned for
January 1988 when an absolute normalization will be
attempted as well as further studies on a variety of
organic molecules, including alcohols.

Analysis of the October run is still fairly rudimen-
tary, but some basic findings are clear. First for H2/D2
mixtures there is clearly a transfer from hydrogen to
deuterium which approaches about 25% for large con-
centrations of deuterium. For the methanols we find
the following capture ratios:

CD3OH = (10.3±0.5) X 10-4

CH3OD = (53.8±1.0) x 10-4

CH3OH = (71.5±1.0) x 10~4

(These are normalized to CH2 at 129 x 10"4.)
Because CD3OH + CH3OD do not add up to

CHaOH, it is clear that the deuterium is not an in-
ert spectator but steals some pions. A similar transfer
effect was observed in mixtures of bromodecane and
carbon tetrachloride. More complete data on this sys-
tem will be taken during our next run.

Experiment 340
Muon molecular ions and ion-molecule reactions
(D.J. Arseneau, UBC)

Over the past four years Expt. 340 has measured
the reactions of the molecular ions HeMu+, NeMu+

and ArMu+ formed by stopping positive muons in the
respective gas moderator (M = He,Ne,Ar). These ions

are diamagnetic and give a long-lived T% > 50 fis) fiSR
signal at the bare muon Larmor frequency. Upon ad-
dition of a small concentration of a reactant gas (X)
though, the signal assumes a two-component relax-
ation described by

S(t) = + <f>D)
as shown in Fig. 58. This is understood in terms of
a simplified reaction mechanism involving competing
reactions: charge exchange with the reactive dopant
to form muonium (with rate &C[X]), muon transfer
to produce diamagnetic XMu+ (with rate fc([X]), and
"quenching" reactions with the moderator (with rate

preventing MMu+ from reacting further:

kc u + X+ + M

M
[MMu+]* + X

11 T
M

MMu+

Since most reactants will not charge exchange with a
ground state MMu+, the initial molecular ion must be
in an excited state, and reactions with the moderator
are identified as quenching of that excited state.

Only the charge exchange channel provides depolar-
ization, so the amplitude of the fast relaxing signal is
given by A//A, - kc[X]/(kt[X]+kg[M]). However, the
fast relaxation rate Xj is just the depletion rate of the
[MMu+]* ion; \ } = (kc + kt)[X]+kg[M]. Thus a plot

-0.06
0.0 2.0 3.0

Time (fis)

4.0 5.0

Fig. 58. The fiSR signal from 4514 molec cm"3 of NO in
800 Torr N2. The relaxing signal has an amplitude of only
0.059 and there is virtually no nonrelaxing component.
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Fig. 59. A rate plot for the reaction of difluoroethane with
HeMu+ at 133 C. The slope gives a rate of 9 x 1O"10 molec

of Xj vs. [X] gives a straight line with slope kc + fc<
and intercept kq[M], as shown in Fig. 59. What is not
clear from the mechanism shown above is that both the
charge exchange and muon transfer reactions proceed
from an initial capture of X on the molecular ion. Thus
kc + kt = ifecapture when the capture is the limiting rate.
The capture mechanism is easily analysed theoretically,
and many simple models exist for predicting its rate,
particularly the ADO theory.

Over the past year we have wrapped up Expt. 340
with measurements of temperature dependences of
these ion-molecule reaction rates, tests of the depo-
larization mechanism, tests of quenching, and a brief
search for molecular ions in molecular gas moderators.

The reactants for the temperature-dependence mea-
surements were chosen to have large dipole moments
in order to maximize variations in reaction rate as
the temperature was varied. Unfortunately, the two
with the largest dipole moments, acetonitrile and ni-
tromethane, give respectively no fast relaxation and a
very small one, providing no test of the applicability
of the ADO theory (though the nitromethane result
agrees within its broad limits). The other temperature
dependences were very surprising though. Both ac-
etaldehyde and difluoroethane showed much stronger
temperature dependences than the T1/2 predicted by
an ADO treatment, giving negative high temperature
limits on the capture rate constant. These trends are
illustrated in Fig. 60. Although only preliminary anal-
ysis has been done, the dramatic temperature depen-
dences are clear and indicate as-yet unelucidated pro-
cesses at work.
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Fig. 60. The temperature dependence of \; for difluo-
roethane and acetaldehyde, both in helium. Although the
rates are plotted against T~1/2, they do not match the
ADO predictions.

Previously, we were in some doubt as to the depo-
larization mechanism for reactions with nitric oxide
(NO). This was of some concern because NO exhib-
ited the only unambiguous reaction with the ArMu+

molecular ion. NO has a low ionization potential allow-
ing charge exchange even from deeply bound molecular
ion states, and it forms the paramagnetic ion N0Mu+

which could provide depolarization independent of the
charge exchange channel. Measuring the zero field /JSR
spectra of both NO in Ne and Xe in Ne revealed that
the depolarization mechanism in both cases is likely
muonium formation. This is because Aj was reduced
by a factor of two in both mixtures, reflecting the frac-
tion of muonium that is depolarized in zero field.

We investigated quenching by adding Ar to NjO/Ne,
NO/Ne and Xe/Ne mixtures. Quenching with Ar re-
duces the Xe reaction rate, leaves the NO reaction un-
changed, and increases the N2O reaction rate while de-
creasing the amplitude. The first result was not unex-
pected because we have come to the conclusion that Xe
undergoes sequential reactions not limited by simple
ion-molecule capture. The other results were in com-
plete accord with our previous understanding. N2O
has an ionization potential of 12.89 eV and can only
charge exchange with an excited NeMu+ ion, while
NO, with an ion potential of 9.25 eV, can react with a
ground state NeMu+ ion. Thus, quenching of the ex-
cited state has no effect on the NO reaction but com-
petes successfully with charge exchange in the case of
N2O.

Finally, we found evidence for the formation of
molecular ions in nitrogen, but not in methane. Ad-
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dition of NO to nitrogen resulted in spectra as shown
in Fig. 58, indicating the presence of N2Mu+. No re-
laxing signals were observed for similarly doped CH4,
supporting the belief that the diamagnetic signal in
gaseous hydrocarbons is the result of hot atom reac-
tions yielding diamagnetic molecules such as MuH.

Experiment 362
High pressure muon spin resonance in liquids
(P. W. Percival, Simon Fraser)

Experiment 362 was conceived to explore the possi-
bility of muonium chemistry studies of liquids at high
pressures. Following development of the apparatus,
most effort was directed towards the measurement of
muonium decay rates as a function of pressure in aque-
ous solution. A paper on this subject has been ac-
cepted for publication in the journal Radiation Physics
and Chemistry. Other aspects of the experiment have
been transferred to Expt. 450—^SR studies of sub- and
supercritical fluids.

The high-pressure cell and fittings are made of
beryllium-copper alloy, heat-treated for maximum
strength after machining. A schematic representa-
tion is given in Fig. 61. The cell is pressurized with
a 7 kbar hydraulic hand pump charged with paraffin
oil and connected via standard non-magnetic stainless-
steel high-pressure tubing. A floating piston communi-
cates the applied pressure to the liquid sample, which
can be in direct contact with the cell body if non-
corrosive, or else encapsulated in a deformable plastic
vial. The muon window is 2.5 mm thick and 12 mm
in diameter. The whole apparatus has been tested up
to 4 kbar, but the fiSK experiments were limited to
2 kbar for safety reasons.

To ensure a good muon stopping distribution, the
beam (M20A backward muon channel, nominal mo-
mentum 88 MeV/c) was collimated to 10 mm and

Col lias tar

Hydrostatic
—-1
.pressure

ScintiJJators

1 5 cm I
I

scattered muons were vetoed by a scintillator with a
10 mm hole in front of the window. Decay positrons
were detected by two scintillator telescopes, one placed
above and the other below the cell. Tests with various
standard samples (aluminum, ferric oxide, water, car-
bon tetrachloride and 50% manganous nitrate in wa-
ter) show that 90±3% of the incoming muons stop in
the sample region, and only 10% in the cell walls and
window.

Muonium decay rates were measured for pure wa-
ter, aqueous solutions of sodium nitrate (0.29 mM and
0.58 mM), and aqueous solutions of potassium perman-
ganate (0.050 mM and 0.10 mM). Oxygen was purged
from the liquids by bubbling with nitrogen. /zSR his-
tograms containing 10-15 million events were accumu-
lated for each of the positron telescopes. Muonium re-
action rates (\M) are summarized in Table IX. These

Table IX. Pressure dependence of muonium reaction rates
in aqueous solutions.

Sample

0.29 mM NaNO3

0.58 mM NaNO3

0.05 mM KMnO4

0.10 mM KMnO4

P/kbar

0.001
1.00
2.00

0.001
l.CO
2.00

0.001
1.00
2.00

0.001
2.00

0.62 (8)
0.78 (8)
1.12(13)

0.83(10)
1.11(15)
1.49(19)

0.88(15)
0.63(15)
0.65(14)

2.17(23)
1.71(20)

SlnAjwdp/kbar"

0.30 (8)

0.29 (9)

-0.16(13)

-0.12 (7)

Fig. 61. Schematic representation of the high-pressure cell
and scintillator arrangement.

rates represent the mean of the experimental decay
rates determined from the two histograms, corrected
for a contribution (Ao, typically 0.3 fis~1) due to en-
vironmental effects. Figure 62 shows how the reaction
rates change with pressure. For ease of comparison
the rates for each sample are plotted relative to the
atmospheric pressure value.

The pressure dependence of reaction rates provides
valuable information on the transition state of a chem-
ical reaction. The volume of activation is defined by

AVX = -RT(dlnk/dP)T

and is interpreted as the difference in partial molar
volume between the transition state and the separated
reactants.

55



Pressure/ kbar

Fig. 62. Pressure dependence of relative muonium reaction
rates in aqueous solutions of sodium nitrate (o 0.29 mM,
• 0.58 mM) and potassium permanganate (• 0.050 mM,
• 0.10 mM).

The reactions of muonium with NO3- and
MnO4- were found to have activation volumes of
-7.1 ± 1.5 cn^mol"1 and +3.1 ± 1.6 cnAnor1 , re-
spectively. These volumes can be compared with
—5 crr^mol"1 and +2 cm3mol~1 for activated and
diffusion-controlled reactions of hydrogen atoms. The
isotope effect supports the concept of local order of
the water molecules around each H or Mu atom in so-
lution. The larger cavity occupied by Mu has been
demonstrated in molecular dynamics simulations per-
formed at NRC Ottawa by M.L. Klein et at.

Experiment 367
Resolved nuclear hyperfine structure of anomalous
muonium in semiconductors
(R.F. Kiefl, TRIUMF; T.L. Estle, Rice)

Interest in muonium centres in semiconductors arises
because they are simple defects whose electronic struc-
tures are closely related to those of hydrogen and the
fact that there have been no reported observations
of isolated paramagnetic hydrogen in a semiconductor
(see note added at the end). The so-called anoma-
lous muonium centre (or Mu*), which has been seen
in both the elemental group IV and compound group
III-V materials, has a small anisotropic muon hf inter-
action, axialiy symmetric about a < 111 > crystalline
axis. Several conflicting models for the structure of

Mu* have been proposed, two receiving considerable
theoretical study. In one, Mu* is a substitutional muon
(trapped at a vacancy) with an overall charge of +2e
(in the group-IV materials) and in the other it is a
neutral interstitial located at a bond centre.

The major objective of Expt. 367, to distinguish
these models, has been acheived in the past year. The
electronic structure of the Mu* centre has been deter-
mined in both GaAs, a group III-V material with the
zinc-blende crystal structure, and Si, a group IV mate-
rial with the diamond crystal structure. In GaAs the
nuclear hyperfine (nhf) structure of Mu* was resolved
using the technique of level-crossing-resonance (LCR)
spectroscopy, which was pioneered at TRIUMF. These
results clearly demonstrate the power of this method
for determining nuclear hyperfine structure of muo-
nium centres in solids. The largest nhf interactions are
for a single Ga and a single As on the < 111 > sym-
metry axis as predicted from the bond-centred (DC)
model of Mu* in the zinc-blende structure group III-V
crystals. On the other hand the results were incon-
istent with the vacancy model. More details may be
found in a recent publication [Kiefl et al.. Phys. Rev.
Lett. 58, 1780 (1987)].

Resolving the nuclear hf structure of Mu* in Si was
more challenging than in GaAs because of the low
(4.7%) isotopic abundance of 29Si. This was offest by
the fact that the results in Si are of far greater impor-
tance because

(1) Detailed theoretical calculations on Mu* have
only been attempted on the elemental materials Si and
diamond.

(2) In Si there is inversion symmetry about the bond
centre. Consequently the BC model, which predicts
there should be two electronically equivalent Si neigh-
bours, can be tested with virtual certainty.

(3) The role of hydrogen in crystalline and amor-
phous silicon is far more important from a technologi-
cal aspect than that of hydrogen in GaAs.

It was necessary to modify our experimental ap-
proach for the Si experiment. In particular since the
LCRs due to 29Si were expected to be small, thus re-
quiring high statistics, it was not feasible to do a blind
search for the LCRs as had been done in GaAs. Instead
we attempted and succeeded in resolving the weak 29Si
lines in the muon spin rotation (^SR) frequency spec-
tra in transverse magnetic fields of 5-50 mT. This has
the advantage of not requiring a search although the
event rate is considerably lower than in an LCR exper-
iment. In this field region the muon precessional fre-
quencies of the Mu* centres having a nearest neighbour
(NN) 29Si are split by a few MHz and have an average
position shifted relative to the main lines, correspond-
ing to centres where all NN nuclei are 2SSi (spin=0 and
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Fig. 63. The muon frequency spectrum in Si with a field
of 23.5 mT aligned along a < 100 > crystal direction.
The small satellite lines, indicated by arrows, are due to
Mu* centres which have one nearest-neighbour 29Si on the
<111> symmetry axis.

93.3% abundant). One of the //SR frequency spectra
is shown in Fig. 63.

The frequencies of the satellites give estimates of
the nuclear hf parameters, which were used to find the
LCRs. Figure 64 shows the Mu* precessional frequen-
cies versus magnetic field for H || < 100 > . The ob-
served and predicted positions for the two main Mu*
frequencies, i.e. those for which there are no NN 29Si
are given by the solid curves, where the muon hf pa-
rameters are A§ = -16,82 MHz and A^ = -92.59
MHz. From the locations of the LCRs [72.0(2) mT and
653.9(5) mT for 0=90° and 418.9(3) mT for 6=0°], one
of which is shown in Fig. 65, we obtained 29Si hf pa-
rameters of A^ = -137.5(1) MHz and A\ = -73.96(5)
MHz, assuming the nucleus lies on the < 111 > symme-
try axis. Using these nuclear and muon hf parameters,
exact diagonalization of the Mu* spin Hamiltonian in-
cluding one NN 29Si gives the dashed curves of Fig. 64.
The agreement between the observed satellite frequen-
cies and those predicted from the LCR results, plus
the absence of any unexplained lines for fields above
about 5 mT, demonstrate that the nucleus in question
is on the symmetry axis. The measurements of the
satellite frequencies alone (open squares in Fig. 64)
yielded less precise hf parameters and were not accu-
rate enough to determine the sign of A\. However,
these estimates were essential in finding the LCRs. At
the lowest fields (below 5 mT) and for 0=70.5° a few
additional lines were observed which were separated
from the main lines by <1 MHz. These can be ex-
plained by 29Si at a further neighbour site with an
effective isotropic 29Si parameter of -20 MHz. We

10 20 30
FIELD (mT)

40 60 60

Fig. 64. The magnetic field dependence of the /JSR fre-
quencies in Si with the field aligned along the < 100 >
crystal direction. The solid (dashed) curves are predicted
if none (one) of the nearest-neighbour nuclei on the sym-
metry axis is 29Si.

have recently measured the corresponding LCRs due
to these more distant neighbours and established that
they are indeed due to the six next nearest Si neigh-
bours.

The number of equivalent Si neighbours on the sym-
metry axis can be deduced from the total amplitude of
the satellite lines relative to that in the two main lines.
In particular the ratio between the total amplitude in
the satellite lines and main lines is nf/(l — / ) , where n
is the number of equivalent Si neighbours responsible
for the splitting and / is the isotopic abundance of

648 650 652 660 662654 656 658
FIELD (mT)

Fig. 65. The high-field level-crossing resonance for Mu* in
silicon for those centres whose symmetry axes are at 90° to
the field. The resonance occurs at a field where the muon
transition frequency is matched to that of a 29Si nearest
neighbour.
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29Si. The spectrum taken at 23.5 mT (see Fig. 63) is
the best for illustrating this since the broadening due
to smaller nhf interactions is negligible (the measured
damping rate is A=0.19 //s"1) and yet the 29Si lines
are well resolved from the main lines. For one or two
equivalent neighbours, which are the only possibilities
for neighbours on the same < 111 > axis, the ratio of
amplitudes is expected to be 0.0493 or 0.0986, respec-
tively. The measured ratio, 0.109(8), confirms that the
splittings arise from 29Si nuclei at two equivalent neigh-
bour sites on the symmetry axis. The amplitudes of
the 29Si LCRs are also consistent with two equivalent
neighbours.

From the measured 29Si hf parameters one can esti-
mate the s and p atomic spin densities using

a free

free

(i)

(2)

where free denotes the values for the free atom are
known negative. This yields s and p spin densities of
^2a2=+0.0207 and rj202=+O.186 for each of the two
Si neighbours. The two NNs therefore account for a to-
tal spin density of 0.413, leaving a substantial amount
on further neighbours. Assuming sp3 orbitals and six
sites, the smaller splittings seen below 5 mT would ac-
count for a total spin density of 0.10, leaving a large
part still unobserved. Thus the spin density is signif-
icantly delocalized. The spin density on the NN nu-
clei has considerably more p-character than an sp3 hy-
bridized orbital, as also found for Mu* in GaAs. This
suggests a large relaxation of the these nuclei away
from the bond centre, as predicted from structure cal-
culations on BC muonium.

There are only two sites for the muon consistent with
the observed inversion symmetry - the bond centre and
the hexagonal site. (Note that the vacancy associated
model is incompatible as is any model involving a single
impurity.) Only the bond-centred model has predicted
all of the qualitative features of our observations and is
supported by detailed structure calculations. These re-
sults establish beyond any reasonable doubt that Mu*
in Si is interstitial muonium located at the bond cen-
tre. We conclude that the most stable site for atomic
hydrogen or muonium in covalent semiconductors is at,
or close to, the bond centre. We predict that implanted
protons will introduce a deep electronic level probably
in the gap between the top of the valenceband and bot-
tom of conduction band. In Si the unpaired electron
wave function is considerably more delocalized than in
GaAs.

Note added: Since writing this report Gordeev et
al. from Leningrad have reported the observation of
anomalous hydrogen in Si by proton implantation. Its
electronic structure is almost identical to that pre-
dicted from our results on Mu* in Si.

Experiment 371
Muonium in micelles
(D.C. Walker, UBC)

Long-lived muonium atoms are produced in wa-
ter containing low concentrations of solutes to which
micelles are added in these [iSR experiments. For
some solutes (ethyl formate, t-butanol and 2-propanol)
the rate of reaction between muonium and solute is
micelle enhanced by four orders of magnitude, but
for some the enhancement is only about ten-fold
(styrene, benzene and naphthalene) and for others
there is no enhancement (methylcyanoacetate, N,N-
dimethylacetamide and a-cyclodextrin). 2-propanol is
the solute which shows the largest measured enhance-
ment so far, because it can be obtained sufficiently
pure for >104-fold changes in rate to be observable by
fiSR (techniques which require the spin relaxation to
fall near to the muon's lifetime of 2 /is).

Micelles are composed of the ordered amphiphlic
molecules that form biological membranes. One aspect
of these studies is to explore the effect of membrane
boundaries on the kinetics of elementary reactions of
species such as muonium. A particularly interesting
result has been found with acetone. This solute appar-
ently has two reaction paths, one of which is enhanced
much more than the other by micelles. Acetone shows
a Mu-radical by "addition" (observed using LCR-/uSR)
in pure water but not in the presence of micelles. Evi-
dently, localization by micelles has altered the branch-
ing ratio, thereby allowing us to exploit micelles into
selecting one reaction channel over another.

The most important role of micelles is their solu-
bilization of water-insoluble organic materials. These
can now be studied at enhanced rates with water as the
source of muonium (in hydrocarbons muonium is gen-
erally too short-lived) and will permit nearly unlimited
scope to the study of muonium chemistry.

Muonium is also being used here to emulate the re-
actions of its heavy isotope, hydrogen. The latter can-
not be studied itself in these systems because it reacts
too rapidly (100 times faster than muonium) with the
hydrocarbon chains of the surfactant molecules which
form the micelles.
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Experiment 398
/iLCR. spectroscopy of free radicals
(P. W. Percival, Simon Fraser)

The application of muon level-crossing spectroscopy
(//LCR) to the study of free radicals has been a re-
sounding success at TRIUMF. This new technique
complements conventional muon spin rotation (^SR)
studies of muonium-substituted radicals by providing
information on the hyperfine coupling of nuclei other
than the muon. New areas of research have been
opened up, not only on the isotope effects of muon
substitution, but also problems of more general inter-
est in chemistry, where the muon is a passive probe.
Some examples are briefly summarized below. They
indicate the output of more than five weeks of highly
productive beam time received by Expt. 398 during the
year.

1) Previous studies of the muonium cyclohexadienyl
radical have been extended to the 13C labelled species,
which was studied in dilute solution in cyclohexane.
Figure 66 shows the /iLCR spectrum in the field re-
gion where the 13C resonances appear. There are four
13C resonances, corresponding to the four magnetically
inequivalent carbons in the radical:

A(C6) = -34.1(1) MHz

H A(C6)A(C1)=A(C5) = 39.6(1) MHz
j

'Hu A(C2) = A(C4) = -35.2(1) MHz
5

H A(C3) = 54.0(1) MHz

The carbon hyperfine coupling constants are directly
related to the unpaired electron spin distribution, in-
terest in which has motivated many (unsuccessful) at-
tempts to determine these coupling constants by ESR
spectroscopy. This study has been accepted for publi-
cation in Chemical Physics Letters.

2) The study of proton and muon hyperfine coupling
constants of the tert-butyl radical (CHa^CCH^Mu
(described in the 1986 TRIUMF Annual Report) has
been completed. In particular, measurements of the
muon coupling were extended to the solid state, re-
vealing a discontinuity in the temperature variation at
the phase change (Fig. 67). In the liquid, the lowest
energy path for methyl rotation is thought to involve
simultaneous inversion of the pyramidal carbon skele-
ton. Most likely, the inversion is inhibited in the solid.

3) The 13C hyperfine coupling constant of the trigo-
nal carbon in tert-butyl has been measured as a func-
tion of temperature. Preliminary data analysis sug-
gests that the coupling passes through a minimum as
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Fig. 66. Part of the pLCR spectrum of 13C6H6Mu.

the temperature is raised, in keeping with a non-planar
equilibrium configuration of the carbon skeleton.

4) //LCR and /zSR measurements of the muonium
ethyl radical MUCH2CH2 have been made over a wide
temperature range (20-150 K) in solid and liquid ethy-
lene. This study parallels that of the tert-butyl radical
described in 2. above. The primary aim is determina-
tion of the barrier to rotation of the substituted methyl
group. Preliminary analysis shows that the barrier is
higher in ethyl than in tert-butyl, and there is no dis-
continuity at the phase change (Fig. 68).

5) The study of MUCH2CH2 also includes measure-
ments on gaseous samples of ethylene at various pres-
sure between 1 and 15 atm. The fiLCR spectra were as
expected, but most surprising was the successful detec-
tion of the radical by transverse field /xSR (see example
in Fig. 69). Previous experiments by Dave Garner of
TRIUMF in collaboration with Emil Roduner at SIN
were restricted to pressures of 25 atm and up. Since
the mechanism of radical formation was assumed to be
simple addition of a near thermal muonium atom to
an ethylene molecule, it was expected that at low pres-
sures the rate of reaction would be too low for coherent
precession of the muon spins in the radical product.

In addition to the interesting question of the forma-
tion mechanism, the gas-phase ethyl study also con-
tributed valuable data on spin relaxation in this rad-
ical, and motional correlation times were determined
for each gas pressure. Spin relaxation data have also
been accumulated for the isotopically labelled radicals
MuCD2CD2 and Mu13CH2

13CH2. These gas-phase
radical studies were so successful that a comprehen-
sive new proposal (Expt. 500) was submitted to the
EEC at the December meeting. Experiment 398 will
continue with the study of radicals in the condensed

59



175-

150

hfc/MHz

125-

100-

0 50 100 150 200 250 300 350

Temperature / K
Fig. 67. Temperature dependence of hyperfine frequencies
in (CH3)aCCH2Mu.

160 n

140
hfc/MHz

120-

100-

80-

60-

-60

-70
» * • * -

AM(CH2Mu)

A(CH2Mu)

Ap(CH2Mu)

0 50 100 150 200 250 300

Temperature / K
Fig. 68. Temperature dependence of hyperfine frequencies
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phases.
6) Detailed measurements have been made of the

/JLCR signal amplitudes of the two radicals formed
from pyrogallol (1,2,3-trihydroxybenzene) in aqueous
solution. The concentrations studied were in the mil-
limolar and sub-millimolar range, corresponding to
radical formation rates in the 108 to 105 s"1 range.
Conventional fiSR is limited to radicals formed on the
picosecond time-scale (assuming muonium as precur-
sor).

7) Study of the fiLCR spectra of radicals formed
from thiophene has continued. Two radicals were
clearly identified, as was found earlier for furan. Fu-
ran was then studied in dilute solution in cyclohexane,
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Fig. 69. Fourier transform /tSR spectrum of gaseous
M11CH2CH2.

and it was found that the relative radical yields were
quite different from those in the pure liquid. An in-
teresting possibility, worthy of further exploration, is
that the two radicals are formed from different pre-
cursors. The question of radical formation was also
pursued with benzothiophene. A wealth of signals was
detected, both with conventional ^SR and with LCR.
So far, six distinct radicals have been tentatively iden-
tified.

Experiment 420
Reactions of muonium with halogen
(I. Reid, UBC)

The measurement of the rate constants of muonium
reaction with the halogens F2, Cla, and Br2 in the
mid-seventies at, the Lawrence Berkeley Lab (LBL)
and TRIUMF was a pioneering work in the applica-
tion of fiSK to chemical kinetics. Those data spanned
a limited temperature range and were of limited pre-
cision due to the primitive state of the ftSR facilities
available at the time. Nonetheless, this work spawned
considerable theoretical attention because, next to the
classic H3 system, the hydrogen isotope-halogen reac-
tions are the simplest atom-molecule reactions, and ki-
netic isotope effects have always played a central role
in elucidating the chemical dynamics. In the interven-
ing decade new computational techniques have been
devised to calculate reaction rate constants, most no-
tably the variational transition state theory of Truhlar
and co-workers. In addition, a new ab initio potential
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energy surface has been calculated for the Br2 reac-
tion, and new experimental data are available on the
H analogue reactions. These developments coupled
with the great improvements in //SR facilities moti-
vated Expt. 420 to extend the precision and tempera-
ture range of these measurements.

The new data are displayed in Fig. 70, along with
the original data and some recent theoretical compu-
tations due to Truhlar and co-workers. The agreement
between the two data sets is excellent except in the case
of bromine where there is about 40% difference. This
discrepancy is explained by the systematic error intro-
duced to the LBL data by the use of published vapour
pressure curves (which were subject to a wide varia-
tion) to compute the bromine concentration, whereas a
precision capacitance manometer was employed in the
present experiment to measure the bromine concentra-
tion directly. The negative slope and negative acti-
vation energy for the bromine reaction is unexpected
and as yet unexplained - only room temperature com-
putations or data for the analogous H atom reaction
are available. Possibly, the bromine reaction has zero
barrier and a strongly attractive potential.

The theoretical curve shown in the figure for flu-
orine is in good agreement with the data; both ex-
periment and theory show strong quantum tunnelling
as evidenced by the curvature in the Arrhenius plots.
The poorer agreement between theory and experiment
for the chlorine and bromine reactions probably arises
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from deficiencies in the potential energy surfaces used
in the computations. Truhlar and co-workers (Min-
nesota) are currently attempting to improve the com-
putations on these reactions.

It was intended to obtain data at temperatures up to
500 K but, contrary to advice we obtained, the target
vessel reacted with the halogens at elevated tempera-
tures. This led to an extensive research programme to
develop a target vessel which is inert to the extremely
reactive halogens at elevated temperatures and quan-
titive assay techniques to monitor the halogen concen-
tration. While nickel is widely used to contain fluorine,
fiSR restricts us to the use of nonmagnetic materials.
After much experimentation, copper electroplated with
nickel appears to be a satisfactory material. A target
vessel is now under construction and, if off-line tests
prove satisfactory, it will be used to extend the mea-
surements to 500 K during beam in February.

A publication is in preparation.

Experiment 440
Muon catalyzed fusion in HD end H2+D2 gaseous
mixtures (K. Aniol, California State LA)

In December we ran our muon catalyzed fusion mea-
surement on M13. This is the first time that such
a measurement has been performed on that channel.
The incident muon flux at 61 MeV/c is large enough
to make the experiment possible even in spite of the
tremendous flux of electrons and pions, Hardware se-
lection of the muons was accomplished through a com-
bination of scintillator threshold cuts and fast coinci-
dence timing relative to the capacitive probe. Further
work on the channel, such as use of the mid-plane ab-
sorber, might enhance the usefulness of M13 for nega-
tive muons.

In this particular set-up we employed a new gas tar-
get and different gases and substantially different elec-
tronics as compared to our earlier runs on M20. We
measured H2+D2, H2+D2-|-HD, H2+HD and pure H2

gases. Our on-line results for the gamma-ray yield for
the fusion p + dfi —*3He+7 + A< is in agreement with
the earlier temperature dependence that we saw in
Expt. 230. The off-line analysis will be done at Cali-
fornia State University in Los Angeles.

- theory: Stockier. Truhlor, Corretl, Int. J. Quantum

Chem., 20 (1986) 495.
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Fig. 70. Arrhenius plot comparing theoretical, old and new
experimental rate constants for Mu + halogen reactions.

Experiment 447
Level-crossing resonance of muonium radicals
in micelles
(K. Venkateswaran, TRIUMF)

The development of the muon level crossing tech-
nique (LCR) coupled with the effects of micelles on
muonium reaction rates in solution prompted this
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study of free-radical reactions in micelles.
The first data for this experiment were taken on

channel M15 in June. Radicals formed by muonium
(Mu) addition reaction with solutes localized in mi-
cef/es were observed for the first time. These solutes
included acrylamide, benzene and styrene in CTAB
micelle. Figure 71 shows the LCR spectra at a [so-
lute]: [micelle] of 3:1 with the [micelle] = 6.0 x 10~5

M.
Acetone was studied in order that it can be used as a

co-solute with benzene, to determine where Mu prefers
to locate in a micelle [the micellar surface (Stern layer)
or the core]. Acetone was chosen also because enhance-
ment of the Mu decay rate was seen (Expt. 371) when it
was localized in the micelle. Its LCR position (methyl
proton resonance) has already been determined [Hem-
ming et al., Chem. Phys. Lett. 128, 100 (1986)]. Quite
unexpectedly, no Mu radical was observed even at lo-
cal concentrations of 0.1 M acetone in the micelle. In
order to test whether the Mu radical forms in a hydro-
carbon environment (similar to the micellar interior),
a 30% acetone/n-hexane mixture was studied. Fig-
ure 63 shows that, indeed, the radical does form in
mixtures with n-hexane as well as water. Unlike H
atoms which abstracts a hydrogen from acetone Mu
adds to the oxygen on the carbonyl. But when local-
ized at micelles the (CHa)2 CO Mu radical formation
is probably superseded by a reaction in which Mu ab-
stracts a H from the methyl group of acetone to give
MuH (not observable by LCR).

Shifts in the resonance positions [Figs. 72(a)-(c)] of
+280 G in water and —115 G in hexane can be at-
tributed to a solvent effect on the muon-electron hy-
perfine interaction. The higher the degree of hydrogen
bonding, the lower is the hyperfine coupling constant
Aji, as restriction of free rotation of the O-Mu bond
about the C-C axis occurs. Using A,, = 22.0 MHz
[Hill et al., 3. C. S. Faraday Trans. 1,81, 43 (1985)]
we calculate the proton hyperfine coupling constant
Affp in water to be 55.5 MHz. This value of Asp is
very close to that obtained in neat acetone [Heming et
al., Chem. Phys. Lett. 128, 100 (1986)], showing that
there is no solvent effect on this parameter. We have
determined a value of 29.4 MHz for A^ for acetone in
hexane solution.

We have shown that radical yields (PR) as deter-
mined from LCR linewidths and amplitudes to be in
excellent agreement with the values obtained from con-
ventional TF-//SR measurements. Details on this ap-
plication of the LCR technique can be seen in a forth-
coming publication.

Experiment 440
Muonium and muon states via rf resonance
(S.R. Kreitzman, UBC)

Experiment 449 is devoted to the development of
rf resonance techniques for the study of muon spin
rotation/relaxation/resonance. Progress to date can
be conveniently categorized by considering paramag-
netic muonium-bearing systems apart from diamag-
netic muon states. Paramagnetic muonium states
are characterized by a bound muon-electron "light
hydrogen"-like state that interacts strongly with neigh-
bouring nuclei that have nonzero magnetic moments.
The major interaction is usually the electron-nuclear
hyperfine interaction (NHI), which can easily range
from 10 to 300 MHz. Conversely diamagnetic muon
states behave like bare muons which experience dipolar
interactions from other nuclei or from localized elec-
trons residing on the host nuclei. In the context of
this report only nonmagnetic hosts are considered and
the interaction strength between the muon and its dia-
magnetic host never exceeds 1 MHz. In attempting
to develop (iSR rf techniques we have focused on sys-
tems that clearly fall into one or the other of the above
categories.

Paramagnetic systems

Two canonical paramagnetic systems have been in-
vestigated. The first is a test system in which one
finds more or less free vacuum-like muonium since the
host, fused SiC>2, has a very small natural abundance
of nuclei with spin. The second case is that of the
muonated free radical CeH6-Mu. This system displays
a weak hyperfine coupling between the unpaired elec-
tron and the muon and strong NHI with the nuclei
in the molecule. Ordinarily, strong NHI wou]d prevent
any information about the details of this coupling from
being experimentally accessible. However, for the case
of weak muon hyperfine coupling, an LCR experiment
can yield the basic NH interactions. In those cases
where the muon HI is large, the LCR technique is no
longer feasible (since the relevant transitions occur in
too high a field) and the experimenter, in the past, had
to accept this lack of information about the NHI. The
muonium rf resonance technique is designed to circum-
vent this situation; it is the analog of "wide-line" ESR,
but carried out in low fields. The data presented in the
C6H6-Mu system simulates well the state of affairs that
one expects to find in "normal mounium" type systems
with strong NH interactions.

Muonium rf resonance is fundamentally straightfor-
ward. The experimental configuration is that of a
longitudinal field /*SR study with the muon's initial
polarization parallel to the field. An rf field is then
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Fig. 71. LCR spectra of acrylamide, benzene and styrene
in CTAB micelle at [mic] = 6.0 xlO~5M with three solutes
per micelle on average.
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Fig. 72. LCR spectra of (a) 30% acetone/n-hexane, (b)
neat acetone and (c) 30% acetone in water.
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Fused Quartz RF resonance in 9 Gauss C6H6 RF scan 90 Gauss
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Fig. 73. The effect of rf power broadening on the degener-
ate Mu triplet transition in low fields.

used to induce magnetic transitions between states
whose field-dependent splitting is equal to that of the
applied rf frequency. These transitions are detected as
a loss of asymmetry in the direction of initial polariza-
tion. By sweeping the rf frequency one can map out the
absorption spectrum of the system. Such a spectrum
is shown in Fig. 73 for fused quartz in an external field
of 9 G. The three superposed figures show the effects
of increased rf power on the linewidth. At higher fields
the spectrum of vacuum Mu becomes more complex
with the single low frequency line splitting into two.
These two "triplet" lines are shown in Fig. 74. The

Fused Quartz Mu RF resonance at 150 Gauss
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Fig, 74. The two normal muonium triplet transitions at
lc,0 G.
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Fig. 75. rf spectra of CeHs-Mu in 90 G between 20-
145 MHz. Both major lines are basically 1-2 transitions
but with the direction of the "dominating" proton reversed.

225 MHz bandwidth of the power amplifier is the cause
of the diminished intensity above that frequency.

Turning now to the C66H6-Mu data, a 20-145 MHz
spectrum in 90 G is shown in Fig. 75. The spectrum
is typical of a Mu system coupled to several nuclei
through NH interactions with one of the coupling con-
stants dominating. The splitting of the two major line
groupings is approximately one-half the hyperfine cou-
pling of the dominating nucleus, while the fine struc-
ture yields information on the smaller NH parameters.
Normal muonium systems, for example those occurring
in alkali-halide hosts, should also be very amenable to
this technique along the symmetry directions, and this
is indeed foreseen to be the major application of this
type of resonance.

Diamagnetic system

in diamagnetic systems within a host contain-
ing several nuclei and and muon diffusion is quite often
experimentally difficult to unravel. The vast array of
experimental tools available to NMR have not bee",
available for the //SR experimentalist. Our work in
resonance applications for diamagnetic systems is di-
rected predominantly at two basic questions. Is the
muon moving (and if so how fast), and what nuclei
contribute to the local field experienced by the muon
(implying detailed muon site information). We have
addressed the first problem by developing a muon spin
echo (MUSE) spectrometer. The first SE spectrum we
obtained is shown in Fig. 76. Once again the experi-
mental configuration at t=0 is that of a LF geometry
with the initial /J+ polarization along the field. A 90°
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LoF3 polyxtal 90x~1.5T-180y Spin Echo Muon Indirect Echo in LaF3 via Flourine RF Pulse
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Fig. 76. The data is displayed in a rotating reference frame,
rotating exactly at the muon Larmor frequency. Since only
two counters have been used the asymmetry is 0.5 of the
actual asymmetry of the counter. The 90° pulse is 0.7 ps
and the 180° pulse is 1.1 /is long.

rf pulse is applied about 0.5 /is after implantation, re-
sulting in a rapid increase of the transverse polarization
displayed in the figure during the interval 0.5-1.2 (is.
Subsequently the polarization decays in transverse field
and a 180° focusing pulse is applied. At time IT an
echo appears whose amplitude ideally depends only on
the muon diffusion during the time IT. The relative
amplitude of the echo as a function of r will directly
yield the muon diffusion rate.

Finally, we demonstrate an indirect echo technique
which can bt used to identify the various neighbouring
nuclei of the muon. The idea is to start in transverse
field geometry and apply rf to the nuclei (at their Lar-
mor frequencies) and look for a change in the /i+ po-
larization. If one can in fact apply a 180° pulse to a set
of nuclei, an (indirect) echo will appear in the muon
polarization whose amplitude is dependent on the rel-
ative strengths of the dipolar couplings of the various
host nuclei. This situation is illustrated in Fig. 77. A
3 ps pulse at the flourine resonant frequency has been
applied about 0.5 (is after implantation. A clear echo
appears in the fi+ polarization at twice the time from
t—0 to the centre of the flourine pulse. Thus the im-
mediate conclusion is the muons are strongly coupled
to the flourines in this material. This technique will
no doubt be very useful in multinuclear hosts.
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Fig. 77. Data is displayed exactly in the muon's rotating
reference frame. The rf pulse is applied at the flourine
Larmor frequency for that field. Taking the centre of the rf
pulse as its effective delay from t=0 the muon echo appears
at twice this delay.

Experiment 450
/iSR studies of sub- and supercritical fluids
(D.G. Fleming, UBC; K.E. Newman, Sherbrooke)

This experiment is a natural outgrowth from Expts.
147 and 385 to measure the distribution of muon po-
larization in gases at different pressures. In Expt. 147
we established the general trend in a variety of both
noble and molecular gases that the total polarization,
Ptot = P{D) + P(Mu), where P(D) and P(Mu) are
the observed polarizations of muons in diamagnetic en-
vironment and in the muonium atom, respectively, ap-
proaches unity asymptotically at pressure >~1 atm.
The only exceptions to this statement were in Xe and
CC14, both heavy (and "spherical") gases which con-
comitantly are very inefficient moderators for slowing
down the Mu atom, thus giving rise to an enhanced
probability for depolarization [see Senba et al, Hyp.
Int. 32, 795 (1986)].

This latter topic was the focus of Expt. 185, in which
we looked at the total polarization in Xe at pressures
up to 6 atm, and later, as part of Expt. 450, at pres-
sures up to 60 atm. At the present stage of the data
analysis it appears that there is a true "missing frac-
tion" of polarization in Xe, with Ptot = 0.8 only. The
reason(s) for this are not clear but may indicate the
formation of a Mu.Xe Van-der-Walls type of complex.
This might also explain the large missing fraction seen
by Kiefl et ai in ths condensed phase [J. Chem. Phys.
74, 308 (1981)].

The situation described above for gases is in marked
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contrast with thbt in the condensed phase, where miss-
ing fractions of ~20% are invariably seen and moreover
P{D) is typically about 0.6 vs. ~0.2 in the gas, with
the Mil fractions about 0.8 in the gas phase at pres-
sures near 1 atm. This situation prompted our inter-
est in investigating the distribution of muon polariza-
tion in gases at their critical densities, the subject of
Expt. 450. This experiment is being carried out using
surface muons at pressures up to 60 atm and up to
~200 atm using the backward muon beam on M20A.
Interest has been focused on C2H6 to date, since this
has a critical temperature of only 32 C and a criti-
cal pressure of only 48.2 atm. At temperatures above
Tc (it is not possible to liquefy the gas at this condi-
tion) there is a very smooth change of both P(Mu) and
P(D) with increasing pressure, the latter increasing
but the former decreasing. This kind of behaviour sug-
gests that reactive collisions during the slowing-down
process (hot atom chemistry) are mainly responsible
for the yields seen. Radiation-induced spur encoun-
ters may be playing then a rather minor role. On the
other hand, there are indications that there is a de-
crease in Ptot with increasing pressure, which could be
explained by a spur model of spin exchange encoun-
ters. There has long been a continuing debate over
the relative merits of hot atom and spur encounters in
the condensed phase [see, for example, Walker Muon
and muonium chemistry (CUP, Cambridge, 1984) and
references to work of Percival et al. contained therein].

In a recent run on M15 we explored ehtane at tem-
peratures and pressures both below and above TC,PC

and found essentially no difference in the amount of
Mu or of muons in D environments seen. While pre-
liminary, this result strongly suggests that there is no
phase difference in measured values of Ptot and again
supports a "hot model" of muonium formation. This
result and certainly the interpretation, though, need
confirmation from studies in other gases. Such work
is under way, particularly in XCe, where the afore-
mentioned missing fraction in the gas phase at high
pressures is of considerable interest.

Experiment 461
Muon spin rotation studies of dioxygen and ethy-
lene on silica powder
(R.F. Marzke, Arizona State)

The goal of this experiment is to study the inter-
action of muonium with molecules of gases adsorbed
onto the surface of finely divided silica (SiOa) powder,
a common catalyst-supporting material. In Expt. 391
(concluded last year) it was found that a new type of
silica powder, then under study by MuSR for the first
time, exhibited negligible Mu relaxation over the tem-

perature range 20-300 K, after gentle heating to re-
move physisorbed water. This behaviour was in sharp
contrast to that of all previously used silica powders,
and with the availability of such magnetically "clean"
material MuSR studies were undertaken this year with
small amounts of two adsorbates on the silica surface,
oxygen and ethylene. These represent the two main
types of Mu interaction encountered in the gas phase,
namely spin exchange and chemical reaction. It was
anticipated that information about diffusion of Mu on
or near the silica surface would be obtained especially
from the oxygen studies.

Results for Mu relaxation by Oo adsorbed onto ex-
tremely pure, high-surface-area SiOa are indicated in
Fig. 78, for the temperature range 20-320 K and at
13 ppm oxygen coverage. The dependence of the rates
upon O2 coverage at fixed temperature appears to be
linear, as expected. However, the temperature depen-
dence of the rates at fixed concentrations also appears
to be linear between 208 and 100 K. This temperature
dependence is at variance with those of most studies
of the scattering of a mobile probe spin (such as Mu)
by dilute paramagnetic impurities in solids, liquids and
gases. In particular, the gas-phase results of Mikula,
Garner and Fleming [J. Chem. Phys. 75, 5362 (1981)],
while not entirely inconsistent with a line.-'.r tempera-
ture dependence, appear to support the T1 2 behaviour
arising from expected velocity-independent O2 scatter-
ing. Thus it appears from our present work that the
scattering of Mu by O2 on the silica surface is veloc-
ity dependent. It is also clear that physisorbed O2 is
strongly paramagnetic. Corollary magnetic suscepti-
bility studies are planned to further investigate this
latter observation are planned.

50 100 150 200 250 300 350
Temperature (K)

Fig. 78. Relaxation rate of muonium in EM Optipur silica,
with dioxygen physisorbed at 13 ppin coverage.
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Experiment 469
;tSR study of antiferromagnetism and high-
temperature superconductivity
(J.H. Brewer, UBC)

The recent discovery of superconductivity at the
anomalously high temperature of Tc « 90 K in the
perovskite YBaoCuaOr (6.9 < x < 7.0) has stimu-
lated theorists to explore new mechanisms for super-
conductivity. Several such theories involve frustrated
antiferromagnetic couplings between copper and/or
oxygen ions in the CuOa planes that these materials
have in common with the slightly lower-Tc perovskite
Lai.85Sro.i5Cu04_6. It was therefore interesting to
learn, both from neutron diffraction and from /i+SR
and susceptibility measurements, that the (insulating)
parent compound La2CuO4_{ exhibits antiferromag-
netic (AFM) order below a Neel temperature Tjy that
depends critically upon the oxygen deficiency 6 (TN
increases with increasing 6), lanthanum stoichiometry
and/or doping of Sr for La. For instance, we have
found that replacing La2 by La1.9gSr0.02 reduces TN
from around 250 K to less than 15 K.

Similar AFM ordering was discovered in the oxygen-
deficient YBaoCu3Or materials (insulating for x <
6.3) by /x+SR measurements at BOOM and TRIUMF
[Nishidaet al., Jpn. J. Appl. Phys. 26, L1856 (1987)],
but it has proved difficult to detect the AFM order by
either susceptibility or neutron diffraction. One of the
important results from Expt. 469 in 1987 was a careful
study of the competition between antiferromagnetism
and superconductivity in YB^CnaOx as a function of
x. In particular we were able to show that the absence
of a susceptibility cusp is due to the strong dependence
of TAT upon x, which is inevitably heterogeneous in any
sample. The weakness of the AFM neutron diffraction
Bragg peaks is probably due to the small moment per
Cu ion combined with a relatively short range of the
AFM order.

The samples used in these measurements were sin-
tered powders of YBa2Cu3Ox prepared at the Uni-
versity of British Columbia (by W.N. Hardy from
Physics, A.CD. Chaklader from Metallurgy and their
co-workers) by two rather different methods. In the
"quench" method, samples were heated in controlled
atmospheres of oxygen and/or argon and allowed to
equilibrate to the oxygen content determined by ther-
mogravimetric analysis (TGA) on test samples, using
as a reference neutron diffraction results from Argonne
which show that as the oxygen content x is decreased
oxygen atoms are selectively removed first from the
CuO "chains", leaving the CuO2 "planes" essentially
intact down to x = 6.0 where the "chains" are fully de-
oxygenated. The samples were then dropped directly

into liquid nitrogen and transported under argon to
TRIUMF for ^+SR experiments. In the "slow anneal"
method, a "mother batch" of YBa2Cu3O* powder was
pressed into discs and annealed in pure O2 at 450°C
for 24 h, a procedure which produces fully oxygenated
samples with x = 6.95 ± 0.05 (where the uncertainty
is not in the reproducibility of the endpoint, but in
its absolute value, which has been reported in the lit-
erature to have fixed values ranging between 6.9 and
7). The requisite amount of oxygen was then removed
from each sample at temperatures between 420°C and
460°C using a helium-cooled wand in a closed system.
Next each sample was held at a constant temperature
of «420°C for 24 h in order to allow any gradients
in x to be dissipated. Finally the remaining O2 was
suddenly removed from the chamber and the sample
cooled in a few seconds to room temperature. The re-
sultant slow-annealed samples should have a far more
homogeneous oxygen distribution than the quenched
samples. It is important to note that, while the ab-
solute x values are uncertain by as much as 0.05, the
relative x values in such a series of samples aie known
to better than 0.01.

As observed earlier, the most oxygen-deficient sam-
ples (x ss 6.0) revealed a strong ZF-/Z+SR precession
signal in the AFM state, corresponding to a local field
B\oc ranging from about 300 G at low temperatures
down to about 150 G just below the mean TN of about
360 K. The small magnitude of B\oc compared to other
oxide insulators indicates a small moment per Cu ion
- even smaller than in La2CuO4_* - and is in itself
an important result. However, the main focus of the
present experiment was a careful determination of the
magnetic ordering temperature.

This is seen most easily from TF-^+SR experiments
in low applied field: if Bext < Bloc (as for the 84 G
field used in these measurements) then the amplitude
of the precession signal at the frequency corresponding
to the applied field reflects only that fraction of 'he
sample which has not ordered magnetically - i.e., the
paramagnetic fraction. Any muon in an AFM region
"sees" a completely different local field, upon which
the applied field is in effect a random perturbation.
The easily measured TF-/J+SR precession asymmetry
is thus a convenient, quantitative, normaliable mea-
sure of the paramagnetic fraction. This is illustrated
in Fig. 79, which shows TF-^+SR time spectra for
T>TN (circles) and for T <TN (crosses). From such
measurements are extracted the paramagnetic fraction
as a function of temperature for various samples with
different x, examples of which are displayed in Fig. 80.

The onset of AFM order is accompanied in each case
by a small negative frequency shift (Su^fvo ~ — 1%)
and an increased relaxation rate (T^1 ~ 0.1 — 0.3/JS""1)
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Fig. 79. TF-/t+SR time spectra in YBa2Cu306.298 (slow
annealed) for T = 70 K (circles) and T = 5 K (crosses)
showing the effect of AFM ordering on the precession sig-
nal. The fitted curves are not displayed for early times,
where for the S K data a faster oscillation is apparent; this
signal is from muons precessing in the local field of the
AFM ordered phase.

100 200 300 400

Temperature (K)

Fig. 80. Temperature dependence of the paramagnetic
fraction in YBajCusOs for a quenched x = 6.0 sample
(crosses) and for three slow-annealed samples: x = 6.262
(triangles), x = 6.298 (circles) and x = 6.348 (squares).
The x = 6.348 sample has a sharp superconducting tran-
sition at Tc = 25 K prior to ordering magnetically at
TN « 10 K.

for the muons in the residual paramagnetic fraction of
the sample. This is most pronounced in the samples
for which the mean T)v is lowest, but it persists even
when the median TN is as high as 360 K. The natu-
ral assumption is that these effects are consequences of
critical slowing down of spin fluctuations in the regions
whose TJv is just below the sample temperature. The
enhancement of the relaxation rate for low mean Tjv
can be understood in terms of the following hypothe-
sis: The effective AFM exchange coupling within CuC>2
planes is essentially independent of x; however, two-
dimensional AFM order is frustrated and requires an
"interplane" coupling to provide true long-range AFM
order. Not surprisingly, the oxygen occupancy in the
CuO "chains" (which depends strongly upon x) dra-
matically affects this "interplane" coupling and thus
Tjv. Since the fluctuation rate of "in-plane" spins in
the paramagnetic phase above TN is approximately in-
dependent of x, TN must be quite low in order for
critical slowing down to be observable.

Much more pronounced muon relaxation rates and
frequency shifts are observed if the sample becomes su-
perconducting (SC), because of flux exclusion and the
granularity of the sample. In these cases the frequency
shift is typically SI/^/I/Q ~ -10% and the relaxation
rate T^1 ~ I/is"1, but in the very fine powders used in
this experiment there is no asymmetry loss; moreover,
the SC transitions in these samples are quite sharp,

as is the onset of their effects on bv^jv^ and T2
 1, in

contrast to the gradual onset of smaller effects in the
AFM transitions. As is evident from Fig. 80, the AFM
transition is not very sharp even in the most carefully
annealed samples, and in the range 6.15 < x < 6.25
the width of the TN distribution in one sample is apt
to be of the same magnitude as the mean TN. This
has a simple explanation in terms of the inevitable in-
homogeneity of x and the strong dependence of TN
upon x, as displayed in Fig. 81, which shows the mean
TN (i.e., the temperature at which 50% of the sample
has ordered antiferromagnetically) as a function of x.
Where dTn/dx is largest, the transition tends to be
the broadest. This means that susceptibility peaks are
likely to be found only for the most severely oxygen-
deficient samples (x « 6.0) whereas these samples may
be prone to crystallographic defects that could hamper
neutron diffraction measurements.

Figure 81 also shows an interesting distinction be-
tween "quenched" and "annealed" samples: the latter
show an onset of AFM order at an x roughly 0.1 lower
than the former.

Another interesting feature otTN(x) is that the steep
drop-off around x « 6.25 is followed by a "tail" at
higher x, where the samples are on the verge of becom-
ing superconductors. In fact, the two annealed samples
at x = 6.348 and x = 6.400 both showed sharp SC
transitions at Tc = 25 K and Tc = 32 K, respectively,
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Local AFM Order in YBa2Cu30x
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Fig. 81. Dependence of the mean Neel temperature TN
upon the oxygen content x in YBa2Cu3Ox. Squares denote
quenched samples; circles denote slow-annealed samples.
The slow-annealed samples with x = 6.348 and x = 6.400
also have sharp superconducting transitions at Tc = 25 K
and Tc = 32 K, respectively.

and then ordered magnetically below TN = 10 K and
TN = 5 K, respectively. The ji+SR "signatures" of the
SC and AFM transitions are easily distinguished, the
former giving huge negative frequency shifts and re-
laxation rates while the latter causes a TF asymmetry
loss. The onset of AFM order in the presence of SC in
these two samples is accompanied by a dramatic less-
ening of the large negative SC frequency shift, which
suggests that material which was SC relinquishes its
superconductivity to become AFM.

The most interesting empirical question, of course,
is whether these samples at the borderline between
AFM and SC are merely heterogeneous, so that part
of the sample can be SC while another part is AFM,
or whether the same material can be simultaneously
AFM and SC (as is certainly the case for analogous
materials containing magnetic rare earths, but would
be surprising for a system in which both AFM and SC
are believed to be mediated by the same electrons!) or
whether, as we suspect, a region which is SC at 20 K
"turns off" its superconductivity to become AFM at
2.5 K. A more detailed analysis using //+SR may be
able to resolve this question unambiguously.
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THEORETICAL PROGRAM

Introduction

The Theory group at TRIUMF exists to provide,
first, a focus for theoretical research and, second, a
group of active researchers who are interested in the
physics relevant to the present experimental program
and the proposed KAON factory. As befits a labora-
tory with as wide a range of activities as TRIUMF the
interests of the Theory group are quite broad, includ-
ing /xSR, proton-nucleus interactions, meson-nucleus
interactions, meson-photon-baryon reactions, nucleon
structure, lattice gauge calculations, graiid unification
and weak interactions. Part of this research involves
working directly with the experimentalist on particu-
lar experiments and the development of new facilities;
part with more general physical understanding; and
part with formal theoretical developments. It is this
breadth of interests that allows the Theory group to
be of benefit to TRIUMF in both the short and long
terms.

The Theory group has four permanent staff mem-
bers: H.W Fearing (group leader), B.K. Jennings,
J.N. Ng and R.M. Woloshyn. In addition we have re-
search associates and long-term visitors. During this
year our research associates have been G. Belanger (to
September), P. Blunden, M. Butler (from September),
M. Celio (to September), T. Draper, C. Geng (from
December), M.J. Iqbal (from May), E.J. Kim (from
December) and R. Wittman. Our long-term visitors
have been X.D. Jiang (from September), J.A. Niskanen
(from September, jointly with UBC) and F. Stancu (to
April). Five graduate students, G. Couture, S. Fortin,
J. Kopac, G. Pari, and R. Workman, are being su-
pervised by Theory group members. Interactions and
collaborations are also maintained with theorists from
the nearby universities.

In addition to their research programs the theorists
take an active part in laboratory committees includ-
ing: the Long-Range Planning Committee (B.K. Jen-
nings), the Computer Facilities at TRIUMF (CFAT)
Committee (R.M. Woloshyn), the ad hoc Committee
on Particle Physics at TRIUMF (J.N. Ng), the Kaon
Factory Steering Committee (J.N. Ng),and the Senior
Promotion Committee (H.W. Fearing). Organization
of the TRIUMF seminars is also handled by the The-
ory group (R.M. Woloshyn and P. Blunden). Three
of the TRIUMF theorists have adjunct professor sta-
tus at the associated universities, J.N. Ng at the Uni-
versity of British Columbia and B.K. Jennings and
R.M. Woloshyn at Simon Fraser University. Two mem-
bers of the Theory group have also been involved with
teaching: B.K. Jennings at the University of British
Columbia and J.N. Ng at the University of Manitoba

and three, II.W. Fearing, B.K. Jennings and J.N. iVg,
are supervising graduate students at the University of
British Columbia.

The seminar program and the summer theoretic.il
visitors program have brought a large number of vis-
iting theorists to TRIUMF. Following is a list of such
visitors for the year:

P. Alons
R. Arndt
P. Asthana
N. Auerbach
W. Bentz
M. Beyer
L. Brekke
A. Brown
II.C. Chiang
E.D. Cooper
W. Dickhoff
J. Eisenberg
R. Fiebig
A. Gal
II. Harari
P. Herczeg
J. Hewett
C. Horowitz
S. Kahana
F. Khanna
Y.Kim
S. Kumano
V. Kuzmin

F. Lehar
D. Lichtenberg
T. Londergren
R. Malaney
O. Maxwell
B. McKellar
D. Murdock
E. Oset
J. Parmentola
J. Pasupathy
M. Rho
A.S. Rinat
T. Rizzo
J.R. Shepard
R. Smith
N. de Takacsy
M.J. Vincente-Vacas
S. Wallace
W. Wilcox
B. Wildenthal
L. Wilets
D. Wilkinson
A. Williams

C. Lam
As usual the Theory group has been very active and

we briefly describe below specific research projects un-
dertaken during the year.

Nuclear structure

Relativistic Hartree-Fock for finite nuclei
(P.G. Blunden, M.J. Iqbal)

Relativistic Hartree-Fock calculations have been per-
formed for finite nuclei, with an interaction based on
the exchange of <r,u, p and n mesons. An extensive
computer code has been developed which solves the
coupled integro-differential equations for the baiyon
and meson fields numerically. The meson coupling
constants are adjusted to saturate nuclear matter at
the empircal binding energy and density. Reasonable
results for the binding energies, densities, mis radii
and single-particle energies of finite nuclei are (.lion ob-
tained. We are now investigating in detail the use of re-
alistic one-boson-exchange potentials and the effect, of
nuclear correlations on the Hartree-Fock ground state.
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The relativistic random phase approximation
(P.G. Bhtnden; P. McCorquodale, SFU)

We have examined the collective modes of closed
shell nuclei in a random phase approximation based on
the fully relativistic Hartree-Fock ground state. With
a residual interaction fit to the bulk properties of nu-
clear matter, and used to determine the wave function
of the ground state system, reasonable results for the
negative parity spectra of light nuclei are obtained.

Proton induced reactions and scattering

Relativistic two-body propagators
(E.D. Cooper, McGill; B.K. Jennings)

One of the problems that has plagued relativistic
calculation (nucleon-nucleon, nucleon-nucleus, pion-
nucleon) is the lack of a good two-body propagator.
The propagators usuaUy used have such defects as
not giving the correct propagator in the nonrelativis-
tic limit, not giving the correct limit when one of the
masses is large or not treating two identical particles
equivalentJy. We have recently developed a relativis-
tic propagator which cures these problems. Starting
from just about any relativistic two-body propagator
ours is obtained by the elimination of all short-range
structure. As noted previously [Cooper and Jennings,
Nucl. Phys. A458, 717 (1986)] this procedure gives
the exact result for a one-body problem. This new
propagator has many desirable features. It cures the
problems mentioned above as well as helping keep the
soft pion theorems in jr-iiucleon scattering. Since it
has no short-range structure it is also expected to be
valid for composite objects like nucleons.

Radiative muon capture m nuclei in a relativistic
mean field theory
(H. W. Fearing; G.E. Walker, Indiana University)

Much attention has been directed recently to rel-
ativistic descriptions of nuclear reactions and to so-
called Dirac effects. Such discussions are often framed
in terms of a relativistic mean field theory in which
a nucleon is presumed to move under the influence of
very strong effective scalar and vector potentials gen-
erated by the mean field of the other nucleons. In an
infinite medium the wave functions of such a system
are just the usual plane wave solutions of the Dirac
equation except that the free nucleon mass m is re-
placed by a smaller effective mass m*. Thus effort has
been devoted to looking for effects of this m* in a va-
riety of nuclear processes, in electron scattering and in
ordinary nonradiative muon capture.

Radiative muon capture has as yet not been exam-

ined, though there are two effects which suggest, that
m* effects might be important there. In the first place
it is known from nonrelativistic calculations that the
important sensitivity to the weak interaction induced
pseudoscalar coupling gp comes via terms O(p/m) so
that replacing m by m* might enhance this sensitivity.
A second, and probably competing effect, arises be-
cause the usual Goldberger-Treiman relation predicts
that gp is proportional to m.

To investigate these effects we are engaged in a pre-
liminary calculation of the capture process in an infi-
nite nuclear medium. Thus the usual relativistic ra-
diative muon capture operator for the proton [Fearing.
Phys. Rev. C 21, 1951 (1980)] is being evaluated in a
Fermi gas model using the plane wave states obtained
in the relativistic mean field theory. If a strong sen-
sitivity to m* is found, the intention is to extend the
calculation to more realistic nuclear wave functions ap-
propriate for finite nuclei.

Nuclear medium effects on isovector spin flip and
non-spin flip nucleon-nucleus interaction
(P.G. Blunden, M.J. Iqbal)

We considered a model of isovector spin flip (VaT)
and non-spin flip (VT) interactions based on one- and
two-pion exchange. In the framework of this model we
calculated the effects of Pauli blocking and in-medium
scalar and vector interactions on VT and VaT. It was
shown that the density dependence of VT is stronger
than that of VaT, leading to an increase of the ratio
|V<7r(0)/F?-(0)| with increasing density, as observed ex-
perimentally . This is the first work to examine the
effect of scalar and vector interactions on VaT and VT.

Isovector Dirac optical potentials and nucleon
charge exchange reaction
(M.J. Iqbal; J.I.Johannson, S. llama, H. Sherif, Alberta)

The isovector part of Dirac optical potential for
nucleon-nucleus scattering was calculated using a fold-
ing model approach based on the relativistic AW T-
matrix. We explicitly took into account the exchange
and Pauli-blocking effects. We have compared these
potentials with those obtained in the RIA. These po-
tentials are then used in a relativistic DWBA calcula-
tion of the amplitudes for the charge exchange (p, n)
reaction leading to the isobaric analog states in nuclei.
Good agreement is obtained with the cross section and
analysing power data for reactions on 48Ca, 90Zr and
208Pb nuclei.

Study of the (p, dw) reaction on nuclei
(M.J. Iqbal; J. Niskanen, TRIUMF-UBC)

Study of the proton-induced pion production on
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the nuclei. A(p, n)B, has been of great interest in
intermediate-energy nuclear physics. Theoretical stud-
ies have shown that the proton-induced pion produc-
tion from the nuclei goes through at least 2-nucleon
mechanism. It has been argued that the basic reaction
mechanism involved in the A(p, n)B reaction is the
two-body pp —• dn reaction. Evidence of this comes
from the comparison of the analysing power Ay for
the two reactions at the appropriate kinematics and
final states. The two analysing powers look remark-
ably similar in shape and magnitude. Therefore, for
an understanding of the proton-induced pion produc-
tion on the nuclei, and other similar reactions, it would
be natural to study the effect of the nuclear medium
modifications on the reaction pp —* &it.

The reaction pp —• dw will be modified in the nu-
clear medium due to the following effects: 1) The
initial-state distortions of the incident proton beam,
2) Fermi motion of the bound nucleon in the target nu-
cleus, 3) final-state distortions of the outgoing pion and
deuteron, and 4) possibility that the quasi-deuteron
wave function is different from the free deuteron wave
function. The simplest reaction to study pp —' dx is
the reaction A(p, dw)B. We can look at this reaction

At the present stage of understanding we have con-
siderable confidence in our understanding of the initial
and the final-state distortions. Thus the theoretical
inputs necessary to study A(p, dit)B reaction are well
understood. The experimental study of this reaction
will help in understanding how the basic two-body re-
action is modified in the nuclear environment. This
work is in progress.

Few-nucleon processes

Off-shell nonunitarity and the Love-Franey
interaction in proton-proton bremsstrahlung
(II. W. Fearing; M.H. Macfarlane, Indiana University)

The Love-Franey interaction is a pseudopotential
which has been extensively used in a variety of nucleon-
nucleus calculations. By pseudopotential one means
an effective interaction so constructed that its on-shell
Born approximation matrix elements reproduce the
known nucleon-nucleon on-shell T-matrix. Off-shell T-
matrix elements can then be generated simply by tak-
ing matrix elements using off-shell wave functions and
such off-shell matrix elements are used in practical cal-
culations. However, there is no reason in principle why
such off-shell matrix elements, derived from a purely
on-shell interaction, should bear any relation to off-

shell matrix elements calculated from some physically
realistic two-nucleon potential. In fact it has recently
been shown that such matrix elements violate off-shell
unitarity [Macfarlane and Redish, Univ. of Maryland
preprint #88-060].

It is thus of interest to apply the Love-Franey inter-
action to a process, namely proton-proton bremsstrah-
lung, where it has recently been shown that off-shell
effects are important in reproducing the analysing pow-
ers [Kitching et a/., Phys. Rev. Lett. 57, 2363 (1987);
Fearing, Nucl. Phys. A463, 95 (1987)]. Since non-
unitarity manifests itself in altered phases for the off-
shell amplitudes, one might expect that the analysing
powers, which depend on interferences of amplitudes,
might be particularly sensitive. This analysis is now
well under way and results are expected shortly.

Bremsstrahlung calculations for a variety of
co-ordinate space nucleon-nucleon potentials
(II. W. Fearing, K. Rajagopal)

Recent calculations of proton-proton bremsstrah-
lung [Workman and Fearing, Phys. Rev. C 34, 780
(1986); Fearing, Nucl. Phys. A463, 95 (1987)]
when compared with new experimental data for the
analysing power [Kitching et al., Phys. Rev. Lett. 57,
2363 (1986)] have shown that moderrx potentials such
as the Paris or Bonn potentials do a good job of re-
producing the data and indicate clearly for the first
time in this process that off-shell effects are necessary
to describe the results. A remaining puzzle, however,
is why the various potentials tried seem to give such
similar results. Although some explanation for this
comes from the fact that the potentials tried are also
very similar off shell, it is still of interest to explore a
variety of other potentials. To this end we have ex-
tended the original calculation which was done in mo-
mentum space so that it can handle an arbitrary co-
ordinate space potential. Three such potentials were
then considered. One was one of the Argonne poten-
tials [Wiringa et al., Phys. Rev. C 29, 1207 (1984)]
obtained by fitting the nucleon-nucleon data. Another
was obtained from a quark-based model [Beyer and
Weber, r'hys. Rev. C 35, 14 (1987) ] and the third
was a potential [Ray, Phys. Rev. C 35, 1072 (1987)]
generated again by fitting data.

Surprisingly the results using these potentials show
great similarity, even though in isolated partial waves
there are differences in the off-shell behaviour. In fact
it appears that similar results are obtained from all
nucleon-nucleon potentials which fit the elastic phases,
have a proper one-pion tail, and have some interme-
diate range attraction parametrized by particle ex-
change, conditions met by PII of the potentials we have
tried. More detailed examinations suggest that there
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may be some significant cancellations which tend to
wash out certain kinds of differences and suggest also
that neutron-proton bremsstrahlung might be more
sensitive to such differences. These results are being
explored further.

Pion physics

ir+ -proton bremsstrahlung: A covariant approach
(R. Wittman)

With the pressing need for models of hadronic sub-
structure and ultimately for QCD to make contact with
as many "well determined" observables as is possible,
a continuing experimental and theoretical effort ex-
ists to extract the A(1232) diagonal as well as tran-
sition electromagnetic observables. For this reason,
the original suggestion of Kondratyuk and Ponomarev
[Sov. J. Nucl. Phys. 7, 82 (1968)] to consider radia-
tive ir+p scattering as a means of deducing the di-
agonal A + + magnetic moment continues to encour-
age new bremsstrahlung measurements [TRIUMF pro-
posal for Expt. 446] and new phenomenological mod-
els. Recently, the (MIT) model of Heller et al. [Phys.
Rev. C 35, 718 (1987)] has become the first calcula-
tion (explicitly containing the A-isobar) that respects
gauge invariance, unitarity, and the soft photon limit
as well as considers a dynamical treatment of the irN A
vertex function. Their work stresses the need for dy-
namical consistency between the elastic and radiative
processes—indeed the definition of a magnetic moment
of a strongly decaying particle demands this consis-
tency.

As an alternative to the MIT model, I have investi-
gated a model in which the w+-p elastic and radiative
processes are treated on the same dynamical footing
within a relativistic A'-matrix approach. The approach
is constructed in a form that formally resembles a four-
dimensional scattering theory to allow a more physi-
cal or intuitive illustration of the underlying dynamics.
Such a model might be considered as the simplest phe-
nomenological approach available that respects gauge
invariance, unitarity, the soft photon limit and Lorentz
invariance. This approach, although simpler in some
respects to the MIT approach, allows the advantage of
retaining the full covariant structure and frame inde-
pendence of all expressions. Therefore, the boosting of
amplitudes or of vertex functions is avoided.

This /C-matrix model seems to fit the data as
well as the MIT model, especially in the p± sen-
sitive region. The curves of Fig. 82 correspond to
three values of the A + + magnetic moment given by
^A++//iP=2.0 (long dashed line), //A++/^p=2.3 (solid
line) and /u^++///p=2.7 (short dashed line). It is hoped
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Fig. 82. The eoplanar bremsstralilung cross section, show-
ing the sensitivity to )i&++. The data are from Nefkens et
al. [Phys. Rev. D 18, 3911 (1978)].

that the model can be extended to other charge chan-
nels and can include dynamical corrections that go be-
yond the K-matrix type of approximation.

Relativistic model for ir-nucleon scattering
(B.K. Jennings; R. Wittman)

In light of the success of Dirac phenomenology in
describing nucleon-nucleus scattering it is important
to develop a model of ir-nucleus scattering that treats
both the pion and nucleons relativistically. As a pre-
lude to this we are developing a relativistic model of v-
nucleon scattering. In this work various problems arise.
The first is the choice of a relativistic two-body equa-
tion to use. We use the one developed by Cooper and
Jennings (see discussion in this report) which makes
it relatively easy to ensure unitarity and the soft pion
theorems simultaneously. The second problem is the
choice of relativistic propagator to use for the A. Here
we use a Rarita-Schwinger propagator and choose pa-
rameters in the coupling to fit the 7r-nucleon data. The
third problem is the choice of the potential. We start
with p and (a chiral singlet) <r exchange and add the
Born and crossed Born graphs. It is hoped this will
be sufficient for the s and p waves. Once we have a fit
to the free 7r-nucleon amplitudes it should be straight-
forward to find the modifications to the amplitudes in
nuclear matter and develop a 7r-nucleus optical poten-
tial through a local density approximation.

Skyrmions and jr-nucleon scattering
(B.K. Jennings; O. V. Maxwell, Florida International)

The Skyrme model of the nucleon has been tested
against various properties of the nucleon. One prop-
erty where success has been claimed is 7r-nucleon
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scattering [Mattis and Karlinger, Phys. Rev. D 31,
2833 (1985)]. However, the agreement is poor in the
low partial wave particularly the s and p waves with
even the soft pion theorems being violated. The prob-
lem is not believed to be intrinsic to the Skyrme model
but rather the result of the approximations which sim-
plified the calculations, the main approximations being
in the treatment of the projection from the hedgehog
to states of good spin and isospin.

In an attempt to investigate this problem we have
restricted ourselves to s-wavei and paid strict atten-
tion to the soft pion theorems and the proper pro-
jection onto good spin and isospin. In doing this we
have found remarkable similarities with the cloudy bag
model. The terms with one derivative on the fluctu-
ating pion field is found to be the same in the two
cases. Thus many of the conclusions and techniques
from the cloudy bag model can be carried over to
Skyrme model. However, the Skyrme model has ad-
ditional terms which involve higher derivatives of the
fluctuating field. We suspect that it is these terms,
forced by the topological nature of the skyrmion, that
are responsible for the resonances found in the Skyrme
model but not in the purely mesonic sector of other
chiral models. Further investigation of this last point
is under way.

On the Pn problem in 7r-deuteron scattering
(B.K. Jennings; A.S. Rinat, Weizmann)

The 7r-deuteron has been studied extensively both
theoretically and experimentally. The theoretical stud-
ies have emphasized three-body unitarity and have
used it as a guide in deciding which diagrams to keep.
An unsolved problem has been the treatment of the
Pn ff-nucleon channel. One of the contributions in
this channel is the nucleon pole term. The intermedi-
ate nucleon in such diagrams must be Pauli blocked.
Unfortunately it is found that when this is done the
agreement between theory and experiment deterio-
rates. The problem is exacerbated by the fact that
although the P\\ ^-nucleon phase shift is small the
contributions from the pole and non-pole parts tend
to be large and cancelling.

In actual calculations the Pauli principle is guar-
anteed by the use of symmetric operators and anti-
symmetric initial and final states. Diagrammatically it
comes about through the inclusion of diagrams where
the pion is absorbed on one nucleon and emitted from
the other. We have shown that this diagram is largely
cancelled by another diagram which differs from it only
in the time ordering of the emission and absorption
of the pions. The effect of adding this new diagram
in Born approximation is shown in the Fig. 83 (solid
curve) for the T20 lab spin observable at 140 MeV. It is

-1.0
0 20 40 60 80 100 120 140 160 180

e(cm)

Fig. 83. The spin observable T20 lab for a pion kinetic en-
ergy of 140 MeV. The long dashed curve is the full calcu-
lation from Blankleider and Afnan [Phys. Rev. C 24, 1572
(1981)]. The solid line is the result when we add the new
term in Born approximation to Blankleider and Afnan's
amplitudes. The short dashed curve is also from Blanklei-
der (ibid.) but has no contribution from the Pn T-nucleon
channel. The experimental data is from Expt. 360.

in good agreement with the data and close to the curve
with no Pn contribution. In short the Pn problem is
now solved.

x~ absorption on the diproton
(J.A. Niskanen, TRIUMF-UBG; A.W. Thomas, Adelaide)

The interaction of pions with the lightest real nuclei
3He and 4He is of fundamental importance as the sim-
plest showcase of its kind. This avoids some of nuclear
structure complications, while still retaining the essen-
tial features of the jr-nuclear physics. For example,
the 3He wave function is supposedly reasonably well
known from microscopic Faddeev calculations. Then
one can use the two-body correlations to study the ap-
plicability of the quasi ir+d —* pp reaction mechanism
in the simplest nuclear medium. Based on an earlier
work on this reaction [Niskanen and Thomas, Phys.
Lett. B196, 299 (1987)], an attempt is being carried
on to study ir~ absorption on a diproton.

Kaon physics

Pole model calculations of K~p —* A 7 and K~p —* E7
(H. W. Fearing, R.L. Workman)

The reactions K~p —»• AT and K~p —• £7 are
of interest both for the information they may give
about the fundamental few-body interactions of kaons
and for possible information about the poorly un-
derstood A(1405). A calculation of such reactions
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is timely because of new data anticipated from a
Brookhaven experiment in which a number of TRI-
UMF/UBC people are involved. We have now com-
pleted a relativistic, gauge-invariant, pole-model cal-
culation of these processes. The dominant contribu-
tions are the diagrams involving radiation from the
proton, hyperon and kaon, the E-A transition di-
agram and the diagram containing an intermediate
A(1405). We have, however, also included a num-
ber of other diagrams involving various other possi-
ble Y"s, JV 'S and the K\ Generally these con-
tribute only at the few per cent level. Couplings have
been taken from experiment or from the nonrelativistic
quark model.

Our results can be expressed in terms of a param-
eter, the product of the strong and electromagnetic
couplings of the A(1405). A choice of this parameter
to give a branching ratio for A7 of about 1 x 10~3,
as indicated by the Brookhaven experiment, gives a
model in which the A(1405) is very important, but
not dominant, and is in destructive interference with
the other diagrams. More important, using the quark
model to estimate the value of the analogous parameter
for the E7 case, we predict the branching ratio there
to be of the order of 2-4 x 10~3, in any case larger
than that for A7, which seems to be in agreement with
the preliminary indications of the Brookhaven experi-
ment.

We have also compared our results with those of the
two other main approaches, the nonrelativistic quark
model and the cloudy bag model. In the nonrelativis-
tic quark model [Darewych et al., Phys. Rev. D 32,
1765 (1985)] it is assumed that the A(1405) dominates,
and thus other diagrams we have found to be signifi-
cant are neglected. They find the branching ratio for
A7 to be greater than that for £7 by a factor of 1.3,
in contrast to the new experiment. The cloudy bag
model approach is quite different than ours and thus
harder to compare. In it the A(1405) is taken as a
K-N bound state and a somewhat different set of di-
agrams is included. In the published results [Zhong
et a/., Phys. Lett. B171, 471 (1986)] these authors
also found A7 > E7 but have subsequently found and
corrected an error and now obtain results very similar
to ours. [See the following contribution.] Our results
have now been submitted for publication [Workman
and Fearing, TRI-PP-87-78].

Radiative K~ capture in hydrogen
(Y.S. Zhong, Beijing; A.W. Thomas, Adelaide;
B.K. Jennings; R.C. Barrett, Surrey)

The cloudy bag model has proven to be a productive
model for describing low-energy properties of baryons.
In particular it has done a good job on various meson-

baryon scattering problems. One of its more interest-
ing conclusions is that the A(1405) is primarily a K-
nucleon bound state rather than a three-quark state.
Although the A(1405) is only 30 MeV below the ~K-
nucleon threshold there are indications the A(1405) is
not a good Breit-Wigner resonance so extrapolating
from 1405 MeV to threshold is not trivial. It is there-
fore of interest to investigate various properties of the
/•i-nucleon system. One reaction where there promises
to be experimental data is the radiative decay of kaonic
hydrogen. We have calculated the branching ratio for
the decays K~p -* A7 and K~p -* £°7 in a chiral
SU(3) version of the cloudy bag model. The calculated
branching ratio for A7 is 1.9 x 10~3, in agreement with
existing experimental data while the branching ratio
for E°7 is 2.3 x 10"3. It is expected that there will
soon be experimental data from Brookhaven to com-
pare with this value.

Study of the reaction Kd —>
(H.W. Fearing, R.L. Workman)

Another few-body kaon reaction Kd —> An-y is also
being studied as a logical extension of the work on
Kp —• A7. It is of interest for the information on
the low-energy A-N interaction which one may ob-
tain by looking at the photon spectrum at the high-
energy end, just as the neutron-neutron scattering
length was obtained by looking at the photon spec-
trum in wd —> nn-y. We have started with an effective
interaction derived as described above for the reaction
K~p —> Ay supplemented by terms proportional to the
initial proton momentum which are necessary because
of the deuteron bound state. This operator is then
evaluated between deuteron and final-state scattering
wave functions. Another complication is the possibil-
ity of additional channels in which, say, a E produced
in the radiative process is transformed to a A in the
strong rescattpring process.

We have examined sensitivities of the photon spec-
trum to different deuteron wave functions, including
both S and D states, to the momentum-dependent
terms, to the other possible channels, and to the ef-
fective range in the rescattering. It turns out that
all of these effects have little influence on the shape
of the photon spectrum near the endpoint, which ap-
pears to depend primarily on the A-nucleon scattering
length. Thus a measurement of this shape should give
information on this scattering length. One can clearly
see differences between the no rescattering case and a
case involving a realistic estimate of the rescattering.
To distinguish details of the rescattering, however, will
require kaon beams much better than currently avail-
able, such as those possible at the proposed TRIUMF
KAON factory.
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This work has been described in detail in a thesis
[Workman, UBC Ph.D. thesis, (1987)] and is being
written up for publication.

Electron scattering

Parity-violating weak neutral current effects in
electron scattering (P.G. Blunden)

Parity-violating weak neutral effects in nuclei have
been examined in order to look for favourable nuclear
transitions which could be measured experimentally
with polarized electrons. Consideration has been given
to the effects of isospin mixing in N = Z nuclei and to
parity admixtures from the hadronic interaction. It is
conceivable that in these transitions one may be able
to study aspects of nuclear structure which cannot be
obtained otherwise.

Meson exchange currents in quasielastic electron
scattering (P. Blunden, M.N. Butler)

There has been a great deal of work done on the
importance of meson exchange currents in quasielastic
electron scattering. However, most of it has been in the
nonrelativistic regime for reasons of simplicity, but the
experiments deal with kinematics which are definitely
relativistic in nature. This can be especially impor-
tant when one is looking at the large energy transfer
side of the quasielastic peak, near the pion production
threshold. Here the pion propagator is almost on shell,
and a nonrelativistic approximation to the propagator
cannot properly account for the physics.

We intend to treat the meson exchange currents
due to one-pion exchange fully relativistically, start-
ing within the framework of a relativistic Fermi-gas
model. From there we hope to extend our calculation
to use relativistic-Hartree-Fock wave functions for the
target nuclei. Both inclusive and exclusive scattering
processes will be examined.

Symmetry breaking

Strong CP-violation in the SU(2) Skyrme model
(R. Wittman, R.M. Woloshyn)

It is known that instanton effects can produce
a CP-violating effective interaction of the type
Ci = ~9(g2/32TT2)F • F in QCD. This has physical
consequences such as allowing a strong CP-violating
vN coupling (fl̂ ^Tiv)- Such a coupling can provide
a mechanism for the neutron electric dipole moment
Dn [Crewther et al, Phys. Lett. 88B, 123 (1979)].
One approach that can relate the QCD 6 parameter
to ff^jvftf or to Dn is to consider a low-energy effective

Lagrangian of the type constructed by Di Vecchia and
Veneziano [Nucl. Phys. B171, 253 (1980)]. In addi-
tion to the chiral symmetry breaking mass terms, this
Lagrangian contains the large Ncoiour limit remnant of
the QCD 6 term. Schnitzer [Phys. Lett. 139B, 217
(1984)] has considered such an effective Lagrangian in
the context of skyrmion solutions to extract the 8 de-
pendence of Tjnflfflf. A crucial aspect of Schnitzer's ex-
traction depends on embedding the "Skyrme ansatz"
into SU(3) flavour; we find that g*NN vanishes for the
SU(2) flavour scheme, even when a scalar flavour sin-
glet field (representing the r) meson) is included in the
normal SU(2) soliton as Uo = exp[iS(r)] exp[ijF(r)r-r].
We are interested in identifying the special feature of
SU(3) which allows a nonzero "g^^^i and understand-
ing if it is indeed a physical aspect of the original QCD
Lagrangian.

Effect of proton-neutron mass difference on charge
symmetry breaking in neutron-proton scattering
(M.J. Iqbal, J. Thaler, R.M. Woloshyn)

There is a renewed interest in the study of the
charge symmetry breaking in the proton-neutron elas-
tic scattering due to a recent experiment performed
at TRIUMF [Abegg et al., Phys. Rev. Lett. 56, 2571
(1986)]. The major contribution to CSB arises from
the proton-neutron mass difference. We have calcu-
lated, for the first time, the nucleon mass difference
contribution to charge symmetry breaking (CSB) in
neutron-proton scattering in a relativistic formalism
based upon a covariant representation of the N N am-
plitude. The CSB amplitude was separated into two
terms: a piece which involves the on-shell charge sym-
metric T-matrix with CSB arising due to effects in ex-
ternal wave functions, and a term involving off-shell
T-matrices with CSB associated with mass difference
effects in internal nucleon propagators. We found that
most of the CSB arising from the neutron-proton mass
difference comes from the latter term [Iqbal et al.,
Phys. Rev. C 36, 2442 (1987)].

Charge symmetry breaking in the NN force
(J.A. Niskanen, TRIUMF-UBC; A.W. Thomas, Adelaide)

Charge symmetry (and isospin conservation) is
known to be only approximate. Its breaking (CSB) due
to hadron mass differences, electromagnetic effects and
meson mixings may have roots in the underlying quark
structure, notably the quark mass differences. Careful
studies of CSB (as difficult as they may be experimen-
tally) ought to result in constraints on hadronic in-
teractions complementary to the symmetry-conserving
case, e.g., in comparisons of quark mecharisms with
meson exchanges. At the very least one o/iould find
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new constraints on some coupling constants (such as
the r)NN coupling) also otherwise difficult to get. Re-
cently [Niskanen and Thomas, Adelaide preprint ADP-
87-2/T30; Niskanen et ai, Adelaide preprint ADP-87-
20/T37; and Niskanen and Thomas, Austr. J. Phys.,
in press)] the effect of the A(1232)-isobar has been in-
corporated into CSB in the NN interaction and in the
reaction np —* dir° on the same footing as the nucleon
effects. A particular importance of the nir°(tfir°) mix-
ing was observed. This work will be continued.

Charge symmetry breaking in the reaction
np -> dz° (M.J. Iqbal; R. Dymarz, S. Rama;
F.C. Khanna, H. Sherif, Alberta)

The contribution to the charge symmetry breaking
(CSB) in proton-neutron elastic scattering comes from
class IV type forces alone. For more complex reactions
both class III and class IV type forces will contribute
to CSB. The simplest reaction of this type is np —> dv°.
In the absence of the CSB forces this reaction is related
to the pp —+ dir+ reaction, which is well understood.
This reaction is an excellent source for studying CSB
effects coming from 7r°-?7 mixing and mass differences
between different isospin states of the delta. In these
calculations we use a relativistic formalism to gener-
ate both the charge symmetric and charge symmetry
breaking amplitudes. The calculations are well under
way and results are expected in the winter of 1988.

Contribution of the charge symmetry breaking
forces to energy differences in mirror nuclei
(P.G. Blunden, M.J. Iqbal)

Contributions to energy differences in mirror nuclei
and to the scattering length differences were evalu-
ated from class III and class IV type charge symme-
try breaking (CSB) potentials. We considered p°-u
mixing, ir°-r) mixing, one- and two-pion-exchange con-
tributions. We have shown that the previous claims
of large contributions to the energy differences due to
two-pion-exchange diagrams are not correct. Poten-
tials which were consistent with the scattering length
differences and with recent CSB p-n elastic scatter-
ing data were found to contribute about 150-250 keV
to the energy differences in mirror nuclei [Phys. Lett.
B198, 14 (1987)].

QCD and quark models

The quark-gluon/hadron phase transition and
its effects on primordial nucleosynthesis
(M.N. Butler; R.A. Malaney, Caltech; M.-C. Chu, MIT)

There has been a surge of interest in the structure
of the phase transition between quarks/gluons and

hadrons after the Big Bang. If the phase transition
is first order, and at a low enough temperature, then
drastic changes take place, producing heavy elements
in the Big Bang, and conditions allow the universe to
be completely closed by baryons. No new, exotic dark
matter is necessary. At present lattice gauge calcula-
tions do not seem to give a definitive answer on the
nature of the phase transition, and it is not likely that
they soon will. We are currently studying phenomeno-
logical models of QCD to see which might be better
suited for this simulation. At present the dual su-
perconductor model of QCD seems to give the best
approach to the problem. Using this model we are
performing a calculation to study the dynamics of the
phase transition, it is hoped determining the transition
temperature, order and free-energy behaviour for the
two phases.

Three-gluon annihilation of Z)-wave quarkonium
(G. Be'langer; P. Moxhay, Colorado)

Formulas are obtained for the three-gluon annihila-
tion rates of 3D quarkonium states. For the T(1D)
the widths of 3Dj -* 3# are estimated to be 2.2, 0.26
and 1.1 keV for J = 1,2,3. The smallness of these rates
as compared with the expected electric-dipole rates of
ID —> IP + 7 ~ 10-30 keV is favourable for observing
the ID in electromagnetic transitions of the T(3S).

Quark model for baryon-antibaryon annihilation
(J.A. Niskanen, TRIUMF-UBC)

Attempts to understand low-energy baryon-anti-
baryon annihilation at the quark level are timely be-
cause of experimental breakthroughs at the low-energy
antiproton ring (LEAR) at CERN, and are likely to be
relevant for the future KAON factory as well. So far
the models have had less than perfect success. One
can hardly consider the annihilation mechanism un-
derstood, if only 60-80% of the experimental annihi-
lation cross section is reproduced without added phe-
nomenology [Green and Niskanen, Prog. Part. Nucl.
Phys. 18, 93 (1987)]. A pure rearrangement into three
mesons is certainly insufficient and the additional two-
meson annihilation needs an effective operator to an-
nihilate a quark-antiquark pair in the hadronic interi-
ors. The nature of this operator is not clear, but may
be crucial in producing enough annihilation. A widely
used vertex is the 3Po one with vacuum quantum num-
bers, a simple "one-body" operator. The problem with
this vertex is that the relative orbital angular momen-
tum £{ of the quark-antiquark pairs (in the final-stale
mesons or in the annihilation vertex) is directly linked
to the relative baryon-antibaryon angular momentum
L. Therefore two p-wave mesons in the final state (one
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could be 3/>o) produces two BB momentum operators
(~V), which often must be coupled to a total 5-state
(especially in the S-state annihilation). The_resulting
V2 operator causes nodes in the (separable) BB optical
potential decreasing it [Niskanen op. cit.]. In particu-
lar, in S-states annihilation remains only as roughly
half of the unitarity limit. One would expect more
like ~100%. As a way to get around the difficulty of
the nodes, the 35i (gluon) two-body operator was at-
tempted for the 5-waves, with the same strength as
the 3P0 [Niskanen, AIP Conf. Proc. 150 (AIP, New
York, 1986), p. 406]. A possible justification for this
may be the nonperturbative nature of gluon exchanges
at low energies: if the 3Po simulates a multi-gluon ex-
change mechanism, then the mechanism with one more
gluon (with gluon quantum numbers) should be as im-
portant. This S-wave operator does not bring along
extra nodes, and a marked increase (up to about 90%
of the unitarity limit) was obtained in the S-wave an-
nihilation. Work is going on to find if a similar im-
provement can be found also for P-waves. One might
expect so, because new important final states will be
possible, namely S-wave and p-wave meson in a rela-
tive p-state which cannot be reached by a single 3Po
operator.

Lattice gauge calculations

Heavy meson decay constants
(T. Draper, R.M. Woloshyn; K.F. Liu, Kentucky;
W. Wilcox, Baylor)

Decay constants of vector and pseudoscalar mesons
were calculated using quenched quantum chromody-
namics on the lattice. The vector meson decay con-
stant calculated using the Wilson scheme for lattice
fermions is in good agreement with experimental val-
ues. Pseudoscalar meson decay constants w.-re cal-
culated for both the Wilson and staggered fermion
schemes. For pseudoscalar mesons containing unequal
mass valence quarks no indication was seen, in the
limit that the heavier quark mass becomes large, of
the falloff in the decay constant predicted by nonrela-
tivistic quark model arguments.

Pion electric form factors
(T. Draper, R.M. Woloshyn; W. Wilcox, Baylor;
K.F. Liu, Kentucky)

We extended earlier numerical work on pseudoscalar
electric form factors from the computationally simpler
case of SU(2) colour to the physically more relevant
case of SU(3). The simulation regularized path inte-
grals by using a space-time grid, or lattice, to reduce
the quark-gluon degrees of freedom to a number di-

gestible by a supercomputer; in the present work a
modest amount (about 60 h) of CRAY 2 resources were
consumed. Valence fermions were incorporated via the
Wilson scheme, which exactly preserves gauge invari-
ance and discrete symmetries such as CPT; however,
the space-time discretization explicitly breaks Lorentz
invariance (which is recovered as the space-time mesh
is made finer). The effects of dynamical fermions (the
"sea") had to be neglected (the "quenched approxima-
tion"). Lattice pseudoscalar masses were tunable by
an adjustable input parameter and, for technical rea-
sons, were limited to values above their physical ones
(to which extrapolations are to be made.)

The computation of meson-current-meson three-
point Green's functions was reduced, by a sequential
source technique, to the standard evaluation of two-
point functions. Improved error reduction methods
allowed us to see systematic deviations, at large Q-
(four-momentum transfer squared), from the theoreti-
cally anticipated vector dominance relation for the pion
form factor. This need not be regarded as physical, for
we saw small but significant deviations from the con-
tinuum relativistic dispersion relation. This is presum-
ably an artifact of the coarseness of the lattice which
can be improved with increased computer resources.

As a by-product, we have learned that pionic ener-
gies for given input momenta can be extracted from
two-point functions at much smaller lattice time sepa-
rations than previously thought. This will appreciably
reduce the size of the lattice required for those inter-
ested in looking at propagators and matrix elements as
nonzero momenta (which is necessary to keep hadrons
on shell). Indications are that this will allow us to
extract a signal for hadrons in a nonzero-momentum
frame, wiJch is desirable since this probes smaller Q~.
This shouiu make a future study of nucleon form fac-
tors feasible, with only a reasonable increase in com-
puter resources.

Nuclear axial vector coupling
(R.M. Woloshyn; K.F. Liu, Kentucky)

The matrix element of the axial vector current, g&,
and the ratio F/D are being calculated in quenched
lattice QCD. The calculation is done using the Wilson
scheme for lattice fermions. At values of the hopping
parameter near Kcr, gA and F/D are subject to very se-
vere statistical fluctuations and a direct measurement
of these quantities in the physical region of u- and d-
quark masses is not feasible. However, extrapolating
from heavier quark mass, where the numerical simula-
tion is stable, gives g& tst IA. It is also verified that
the correct value for g^ is obtained in the numerical
simulation in the static limit (• ery massive quarks).
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Electro weak interactions

Effect of the A(1232) on spectrum and asymmetry
in radiative imion capture on the proton
(H. W. Fearing; D.S. Seder, UBC)

In view of the current TRIUMF experiment on ra-
diative muon capture on the proton and of interest in
using this process to extract a precise value for the
weak interaction induced pseudoscalar coupling con-
stant gp we recently examined some contributions of
the A(1232) to the photon spectrum in this reaction.
In this work, now published [Beder and Fearing, Phys.
Rev. D 35, 2130 (1987)], we found that the A changed
the spectrum by amounts of the order of 7-8%. Such
effects, while not large, will still be necessary to obtain
a precision result for gp.

We now have extended this calculation in several
ways. First we consider an improved description of the
ANy vertex which properly generates both magnetic
dipole and electric quadrupole couplings as determined
from fits to pion photoproduction data. This new ver-
tex makes very little difference in the radiative muon
capture results, thus validating our original simplified
approximation. Second we examine the -nagnitude of
the A(1232) effects for various values of gp to see if
there is a correlation between the size of these effects
and the value of gp. Generally the size of these con-
tributions turn out to be pretty much independent of
gp except for some very interesting sensitivities in the
currently unmeasurable singlet spin combination. Fi-
nally we additionally consider the photon asymmetry,
to see if there is any increased sensitivity there to such
effects, and find that there A effects are very small.
These extensions of our previous calculations are cur-
rently being written up for publication.

Lepton-vector lepton mixings and unitarity bounds
(D. London, G. Belanger, J.N. Ng)

Vector leptons (JV, E) are present in both E6 and
SU(18) unified theories. We derive linear relations be-
tween the masses of these vector leptons and ordinary
leptons and their mixing angles. The amplitudes for
processes such as E+E —» boson pairs are calculated.
The mass mixing angle relations are crucial in free uni-
tarity considerations. Unlike the case of fourth genera-
tion leptons no bounds from perturbative unitarity can
be put on the masses of the vector leptons.

Anomalous moments of W bosons in broken super-
symmetric models (G. Couture, J.N. Ng; J.L. Hewett,
T.G. Rizzo, Iowa State)

The contributions to the anomalous magnetic dipole
and electric quadrupole moments of the W bosons in

broken supersymmetric-standard model are calculated.
It is found that supersymmetry is not likely to induce
anomalous moments larger than 0.1% which is smaller
than the upper bound of the contribution from the
standard model.

Axions in SU(2)xU(l)xUpg(l)xUM(l) and rare
decays (J.N. Ng; X.D. Jiang, TRIUMF)

Recently Peccei, Langacker and Yanagida con-
structed an extension of the standard model with two
additional global U(l) symmetries. If the breaking of
these U(l)'s are at the same scale it leads to Majorana
neutrinos and axions with masses in the range of a few
eV or less. We are calculating the rate of fi —> ea and
fj. —* eya as a probe of the symmetry-breaking scale in
this class of models.

The rare decay K —• X77
(J.N. Ng, J. Iqbal, S. Fortin)

This process is well known to be GIM suppressed and
hence is sensitive to the heavy quark masses. We cal-
culate the contribution of this by focusing on the short
distance effect. The effective s —> dyy Lagrangian is
constructed using a novel nonlinear gauge which sim-
plifies the calculation tremendously. The calculation
of the lowest-order QCD correction is under way. This
process is not only potentially important in looking for
new physics such as heavy quarks but also an impor-
tant background reaction to the K —• wv experiment.

Finite JV=1 supersymmetric theories
(X.D. Jiang, X.J. Zhou, Beijing)

Any N=l supersymmetric Yang-Mills (SYM) the-
ory which is finite at one loop is also automatically
finite at two loops. However, analyses of three loops
supergraphs have shown that two-loop finiteness which
automatically keeps the gauge superfield renormaliza-
tion is also finite at three loops and so gauge /̂ -function
vanishes at this level but the matter field self-energy
does have a three-loop infinity. All above discussions
are based on an implicit assumption that all Yukawa
couplings in the theories are proportional to the gauge
coupling constant g. In general Yukawa couplings may
be Taylor series in g. In tliis respect, recently some
people propose an algorithm to construct finite N=\
SYM theories to all orders by fine tuning the coeffi-
cients of the Taylor series of Yukawa couplings. Using
this algorithm we further investigate the conditions of
finite N=l SYM theories and obtain a large class of
finite in all orders N=\ SYM theories of representa-
tions of all classical groups based on our previous work
of tvvo-loop finite SYM theories.
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Muon spin rotation

Magnetic properties of high-Tc superconductors
(M. Celio; T. Riseman, VBC; J. Kosshr, WiUiamsburg)

The recent discovery of superconductivity at temper-
atures close or above that of liquid nitrogen (~ 90 K)
in a number of ceramic oxides has led to an extraor-
dinary number of measurements on these compounds.
The muon spin rotation (/iSR) group at TRIUMF has
been among the first to apply this spectroscopic tech-
nique to investigate the magnetic properties of these
ceramics, in particular to study the temperature de-
pendence of the London penetration depth A [Aeppli
et al., Phys. Rev. B35, 7129 (1987); Harshman et ai,
Phys. Rev. B36, 2386 (1987)], and to detect antifer-
romagnetic ordered states.

The analysis of most of these experiments is based
on the determination of the magnetic field distribu-
tion inside the probes, which turns out to be a diffi-
cult task due the fact that these superconductors are
both granular and anisotropic. Basically, one has to
solve the anisotropic London equations with appropri-
ate boundary conditions in the intermediate state, i.e.,
where the applied field H (Hn < H < Hc2) enters
the superconductors as an array of vorteces. A de-
tailed analysis of the field variation between the vorte-
ces yields an explicit distribution which is mapped
into the measured /iSR line shapes. First compari-
son of the theoretical models with the data leads to
London penetration depths of about 1250 and 600
A for Lai.s5Sro.i5Cu04 and YBa2Cu3C>7-«, respec-
tively.

Muoniuin states in semiconductors
(M. Celio; R. Kieft, VBC; T. Estle, Rice)

In the past months muon level-crossing resonance
spectroscopy has been successfully applied to describe
the electronic structure of the anomalous muonium
state (Mu*) in several semiconductors. In particular,
experiments on GaAs and GaP [Kiefl et al., Phys. Rev.
Lett. 58, 1780 (1987)] and silicon [Kiefl et al., submit-
ted to Phys. Rev. Lett.] have brought support to a

recently proposed model in which Mu" is a neutral in-
terstitial located close to the centre of the GaAs bond
or between two silicon atoms along one of the <111>
axes, respectively.

The theoretical analysis of these experiments was
carried out by solving a model spin Hamiltonian in-
cluding the nuclear hypernne tensor (nht) as a param-
eter. Direct comparison of the theoretical simulations
with the measured spectra has revealed that the nht
is axially symmetric along one of the <111> crystal
axes and has allowed us to determine the value of the
nuclear hyperfine interactions in GaAs, GaP and sili-
con. Finally, from these results we got estimates for
the spin densities on the nearest atoms, which are of
extreme interest in the field of hydrogen-like defects in
semiconductors.

Spin relaxation effects in muoii level-crossing
experiments
(M. Celio; H.K.Yen, UBC; B.D. Patterson, Zurich)

A few years ago I developed a model to describe the
spin relaxation of muonium in solids and liquids. The
model, which is based on a master equation approach,
was applied successfully to the analysis of fjSR experi-
ments in KC1 [Celio, Helv. Phys. Acta 00, 600 (1987)],
but had to be solved only by a tedious numerical pro-
cedure.

In the last months we have shown that the same
model can be derived within the framework of the Red-
field theory, which allows a deeper insight intc the
physics of the problem and leads to analytical solu-
tions. Moreover, the same idea has been applied to
describe relaxation effects in cases where a muonium
atom is used in level-crossing experiments. In this
case as well, analytical expressions for the field depen-
dence of the various relaxation rates could be obtained.
These results are currently being compared with /iSR
measurements on free radicals and it is hoped we will
be able to determine characteristic parameters, such
as correlation time and typical interaction strengths,
which describe the dynamics of the processes under
investigation.
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APPLIED PROGRAMS DIVISION

INTRODUCTION

There has been steady progress in Applied Programs
development as well as regular support of the day-to-
day group effort. For instance, the pion radiotherapy
group treated 29 patients and as well upgraded the fa-
cility in anticipation of 200 pA beam line 1 operation.
The radioisotope production team has maximized the
production of isotopes from the CP-42 cyclotron and
has also introduced new radiopharmaceuticals to their
product line. The PET group has developed UC-
labelled dopamine receptor agents while continuing to
supply 18F-labelled compounds. Detailed design has
begun on a large volume positron emission tomograph.
The gallium-arsenide microstructures laboratory has
developed and tested the operational characteristics of
their GaAs CCDs and has begun a collaboration with
Microtel Pacific Research to use the devices in nucleon-
ics applications. The usefulness of TRIUMF for topics
outside of pure nuclear and particle physics is becoming
more apparent and important. The progress described
in this section is a measure of the attention paid to the
Applied Programs.

BIOMEDICAL PROGRAM

After the repairs of last year, the pion radiotherapy
program resumed vigorous activities in 1987. A new
radiotherapy technician was added to the team for the
extra patient load. Twenty-nine patients were treated
for the year, bringing the total number treated to 144,
which includes 83 brain tumours, 53 pelvic tumours
and 8 others. A list of patient treatments for 1987
is shown in Table X. For the past year the cyclotron
output was reliable and stable with very little delay in
our scheduled treatments. Only a week or so of beam
time wta lost towards the end of August due to the
failure of the transformer in the TRIUMF rf system.
On the other hand, the hardware on the M8 channel
performed so well that not a single treatment day was
lost due to M8 channel failure for the entire year.

Early in January we were presented with two brain
patients with tumours right in front of the brain
stem. In order to sharpen the distal fall-off in
the depth dose profiles to reduce doses to these vi-
tal structures for these patients, it was decided to
reactivate the momentum-defining blades that were
installed in the M8 channel. These momentum
blades were initially designed for the modulation of
the pion depth dose profiles using dynamic control

during beam delivery. However, the use of these
blades led to a general reduction in pion flux, which
in turn increased the treatment time required. In 1980
the present range shifter was constructed, which can
be used to generate the uniform depth dose curves

Table X. Summary of TRIUMF pion patient treatments for
1987.

Run

Jan

May-
Jun

Jul-
Aug

Nov-
Jan

Patient

87-1 brain
87-2 brain
87-3 brain
87-4 pelvis
87-5 brain

87-6 brain
87-7 brain
87-8 brain
87-9 brain
87-10 brain
87-11 brain
87-12 brain
87-13 naso-

pharynx

87-14 pelvis
87-15 brain
87-13 naso-

pharynx
87-16 brain
87-17 brain

87-18 brain
87-19 brain
87-20 brain
87-21 brain
87-22 brain
87-23 brain
87-24 pelvis
87-25 brain
87-26 pelvis
87-27 pelvis
87-28 brain
87-29 brain

Fraction
finished/
intended

15/15
15/15
15/15
14/15
15/15

15/15
15/15
15/15
15/15
15/15
15/15
15/15
9/10

15/15
15/15
8/10

7/15
7/15

10/10
15/15
15/15
15/15
10/10
11/15
12/12
15/15
12/12
15/15
2/15

15/15

Total
Jays

22
20
20
19
18

19
18
18
19
20
20
20
10

26
19
13

9
9

12
17
20
17
23
15
23
23
24
24

2
23

Dose/
fraction
(IT" rad)

240
220
220
220
220

220
220
240
220
240
220
220
200

223
220
200

220
220

200
230
230
230
250
220
250
230
250
230
230
220
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required without losing any pion flux. The use of the
momentum slits was therefore discontinued. By 1987
the output of the cyclotron had reached 160 fiA, so we
felt that we could then afford to sacrifice some pions
to produce depth dose curves with a sharper fall-off,
which the range-shifter is unable to generate.

Although the use of collimators can sharpen the field
edge considerably, it has not been possible to have col-
lirnators for all of our patients in the past several years.
This is largely because the conventional collimators
have to be custom made (i.e. non-recyclable) and often
cannot be machined in time before the commencement
of treatments. In July a recyclable variable-size eol-
limator was constructed. It is made up of hundreds
of small pieces of copper and plexiglas 0.25 in.2 rods
that are packed together in rasters. For a given patient
the treatment field outlines are first digitized using a
graphic tablet into a computer, which calculates and
plots a plan for the configuration of assembly of these
copper and plexiglas rods. These collimators can be
adjusted to produce different field sizes as treatment
of a patient progresses, and at the end of the treat-
ment it can be taken apart and reassembled for the
next patient.

With the development of such a versatile collimator,
a large variety of treatment plans were devised to con-
form much closer to the shape of the tumour. In order
to verify these special plans, an auto.natic film densito-
meter scanning system was developed in late July. The
system is based on a small mechanical scanner which
moves a film in 2D so that the optical density over the
whole film can be read by a microcomputer. Using a
stack of films sandwiched between pieces of plexiglas
and using the axial depth dose measurements from an
ion chamber, the complete 3D dose profiles of treat-
ment fields can be displayed and compared with those
calculated in a, plan. Before the development of this
system the dose profiles had to be measured manually
using the densitometer and hence only a few strategic
points in the field could be verified.

In the middle of the summer run there was a week
or so of 200 fiA for the purpose of testing various com-
ponents for the operation of the TRIUMF cyclotron.
Since our treatment operation is largely dose-rate de-
pendent, this offered our team an excellent opportu-
nity for testing the adequacy of our present system for
operation at higher pion flux. At 200 fiA the radia-
tion background in the treatment room during patient
set up was 30% higher and hence staff had to work at
higher efficiency to reduce the time of exposure. On
the other hand, the mechanical scanning system, which
includes the couch and the range shifter, had to be in
motion for a longer fraction of time during each patient

treatment. All these were carefully monitored during
that special 200 fiA period and it was concluded that
the present staff and equipment would be capable of
handling this forthcoming higher flux operation.

Our "new" computer, an S-140 Data General, ar-
rived in September. With the help of the TRIUMF
computer support group it was installed before the
commencement of the November run, replacing the ag-
ing Nova II computer which had been working faith-
fully for over 14 years but unfortunately had only 32K
of core memory, severely limiting the size and com-
plexity of our control software. Several of the periph-
erals, such as disc drive and video monitor, will soon
be upgraded to enhance the performance of this new
computing system.

The year 1987 also marks the fifth year after the
commencement of our deep-seated tumour radiother-
apy program. This enables us to compile some survival
statistics. A complete analysis of patient response was
made in July, and some of the results are presented as
follows:

1) The brain study

The characteristics of the brain patients and the
treatment results are shown in Table XI, Figs. 84, 85
and 86.

From these results it is clear that younger patients
have significantly better survival than patients of 50
years or older. On the other hand, survival appears to
be improving steadily with increasing dose. For these
patients no dose-related acute reaction has been ob-
served during treatment. In general, the quality of life
after pion treatment is superior to that after conven-
tional radiation. Several patients were able to return
to full employment after pion therapy.

2) The pelvic study

The results of pelvic treatments are shown in Ta-
ble XII, Figs. 87 and 88.

It appears that local control is better with dose
greater than 30 Gy, with prostate cancer having the
best response. For bladder tumour the control rate is
about 40%. In particular, one of the first bladder pa-
tients treated in August 1982 can now be regarded as
cured as she has passed the fifth year mark without
any recurrence of her cancer.
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Table XI. Characteristics of 62 brain patients treated with pions.

Sex
Age
Karnofsky score
Pathology*
Surgery
Site

Presenting
Symptoms
CT type

Symptom
duration (months)

Male
<50 years
<70
Grade 3
Biopsy
Frontal
Occipital
Seizures
Focal
Solid
Mixed

Median

40
15
21
27
22
17
3

13
26
25

7

2

Female
>50 years
>70
Grade 4
Resection
Parietal
Temporal/other
I.C.P
Others
Cystic
N/S

Range

22
47
41
33
40
22
20
14

9
24

6

1-18

*2 ungraded patients.

Patients

Volume
irradiated

Planned
Dose

Group

A - 8

1982 - 1986

Group
B - 14

Fig. 84. Planned escalations of pion dose.
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Table XII. Age, histology and staging characteristics for 45 patients treated
with e.c. for pelvic malignancies.

Colo-rectum Prostate Bladder

Patient numbers
Age (years) Median

Range

Tumour <W. or M. Diff.
<P.D. or Anap.

Clinical stage

Post op resected
P/O non-resected

18
64

42-86

12
6

1(T3)

14
3(T4)

20
72

53-78

8
12

l(St.C)
18(St.D)

0
0

7
68

60-76

1
6

7(St.D)

0
0

<4?0 ccs. 500-999 ccs. I WOO * ccs.

"Dose, Local Control, Complications"-45 Pelvic Cancers

5 K> » J Nos. ol Patients

Volume

Local Relapse

Early Complic"

Late Complic"

<30Gy

30 Gy

<37.SGy

YES NO

SEVERE MILO I ML

EL ML

M patient had tady and late Mvtra compicalion*.

<4»cca. 5OO-M9CCS.

YES

m.o
NONE

<499 CCS. 500-900CCS.

NO

ML

ML

Volume

Local HeKPM

Early Compile"

Late Complic"

Volume

Local Relapse

Early Comptic"

Lale Compile"

Fig. 87. Treatment results at 3 different doses.

Site, Local Control, Complications-45 Pelvic Cancers

Patient No. C

L. Relapsem.
L Relapse

Ejrjy C.
TateC.

L Relapse
Early C.
TaleC.

1

si

YE'
S j

YES 1
iF^'f RP ' * 1 MILD

M l NH.

PBOJTATE

NONE

BLADDER
J 1 NO

MILD ! N S

IS

N O
N/S

: N/S

2

1 N/S
i N/S

* S>palient with severe complication* showed palhotoajc tumor recurrence.

Fig. 88. Treatment results at 3 different sites.
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42 MeV CYCLOTRON FACILITY

1987 was a very productive year for the 42 MeV cy-
clotron facility, with a total beam delivery of just over
one ampere-hour. This is 38% more than in 1986. Fig-
ure 89 shows the weekly beam delivery for the year,
which shows, as in the preceding years, that the cy-
clotron operated every week of the year. Even a major
repair to the dee assembly in July did not cause the
machine to be shut down for more than 2 days. Fig-
ure 90 shows the increase in annual beam delivery since
1983.

The main highlights for the year were:
• In April we installed one dee insulator of a totally

new design, to be followed by two more in July. So far
none of these insulators has failed and we consider the
insulator problem solved.

• In May we located a new supplier for carbon strip-
ping foils, which turn out to have a considerably longer
lifetime. At about the same time we changed the 4-foil
carousel on the 29 MeV fixed-energy extractor by a
15-foil carousel. Together, these improvements have
allowed us to change from a once a week maintenance
shutdown to a once every two to three weeks main-
tenance shutdown. This had a favourable effect on
production and reduced the radiation exposure to our
staff, particularly during the last quarter of 1987.

Improvements that made good progress during the
year are:

• A variable energy extractor that will enable chang-
ing the stripping foil carousel without opening the cy-
clotron. All moving parts are located outside the cy-
clotron, in a more friendly and easily accessible envi-
ronment, and thus less failure prone. The extractor is
suitable for a 15-foil carousel, such as already in oper-
ation on the fixed-energy extractor. The extractor is
presently 90% assembled outside the cyclotron vault.
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Fig. 90. 42 MeV beam delivery 1983-1987.

• A new dee assembly that will have eight O-ring
seals in the water passages, instead of the 80 in the
present dee assembly, which is thus very prone to de-
veloping leaks. It will also be more rigid a::J. have a
much better flatness tolerance.

There will be no copper parts in the median plane,
and therefore the dees will become far less radioactive
than the present assembly. The drawings are all com-
plete, materials have been received and construction is
about to start.

• A simultaneous beam extractor has been designed
and is under construction. It will strip a small beam
of about 26 MeV for extraction into the target cave,
where it can be used for certain PET irradiations, while
the main beam continues to run on an AECL produc-
tion target. The extractor is about 30% complete.

RADIOISOTOPE PROCESSING (AECL)

Production capacity wu reached on the CP-42 cy-
clotron during the year. The operation, which had
become profitable in 1986, exceeded the business plan
mainly due to an increase in 201Tl sales.

The production of 201Tl has virtually doubled over
the previous year. This has necessitated chemistry and
shielding improvements to reduce personnel dose to be
in line with TRIUMF's limits. An automated system
for plating and recovery is currently under develop-
ment.

During the year 252 123I production runs were re-
liably completed. The total number of 123I produc-
tion runs that have been completed successfully is 600.
The gas target window for the 123I process has re-
ceived a maximum of 50,000 //Ah before being changed,
which is another record. This window appears to be in
good condition. For the 123I process a programmable
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logic controller has been implemented, as well as a
mimic panel to allow operator interaction. The mimic
panel can be used in the manual mode and is intended
for operation training, process procedure development
and for pre-setting conditions for automatic or semi-
automatic processes. This technology package, to-
gether with the patented production procedure of 123I
from enriched 124Xe gas, has been sold to radioisotope
producers in Japan and the United States.

A number of radiopharmaceuticals based on 123I
have continued to be manufactured internally. The
first of these, 123I sodium-iodohippurate, was licensed
last year and is currently produced five days per week.
Clinical trials are currently under way with 123I N-
isopropyl-p-iodoamphetamine (IMP) used for brain
perfusion studies and 123I meta-iodo-benzylguanidine
(MIBG) which is used for the detection of pheochromo-
cytoma and neuroblastoma and for myocardial imag-
ing. Products currently undergoing development are:
quinuclidinyl iodobenzylate (IQNB), an agent that
could be used to study Alzheimer's, Parkinson's and
Huntington's diseases, and certain types of schizophre-
nia, and 123I Estradiol, an estrogen receptor binding
agent that could be utilized for the early diagnosis of
breast cancer.

A proposal for a second cyclotron and expansion of
the chemistry annex is currently being reviewed in or-
der to meet future commitments.

AECL continued their training interaction with the
Indonesian Atomic Energy Agency (BATAN). Three
individuals were trained in radioisotope processing as
well as a nuclear medicine physician who received
training at Vancouver General Hospital.

POSITRON EMISSION TOMOGRAPHY

The PET program entered its final year of support
under a Special Project grant (SP.7) from the Medical
Research Council of Canada in 1987. At year's end
a new Program Grant was submitted entitled "Inves-
tigation of Neuronal Abiotrophies by Positron Emis-
sion Tomography". With this grant the investigators
propose to study movement disorders and dementia.
In these conditions a common thread is the selective
premature decay of functionally related neuronal pop-
ulations which may have toxic, infective, nutritional,
genetic or other origins.

The research that made this grant application pos-
sible included the development of a primate model of
Parkinson's disease with unilaterially lesioned monkeys
using MPTP, a neurotoxin. These monkeys were stud-
ied with L-6-(18F)fluorodopa to assess the dose de-
pendence of the lesions. Work also began with UC-
labelled SCH23390, a known D-l dopamine receptor

Fig. 91. PET scans conducted with UC-SCH23388 (in-
active) and nC-SCH23390 (active) on the same monkey
which has a unilaterally MPTP-induced lesion (left side).
The two scans are normalized and the inactive has been
subtracted from the active, resulting in the third image
which represents the specific binding of the SCII'23390 to
the D-l receptors in the brain.

antagonist, and its inactive optical isomer SCII23388.
With these two compounds the specific binding sites
for the D-l receptors could be localized by a normaliza-
tion subtraction process. Preliminary work with UC-
raclopride, a D-2 dopamine receptor antagonist, also
began. Early results with the SCH23390 indicate the
D-l receptor may be largely located on the presynaptic
terminals, something that in vitro work did not. reveal
(see Fig. 91).

Also as part of the movement disorder program a
group of Parkinsonian patients from Vanderbilt Uni-
versity had tissue from their own adrenal medulla, a
dopaminergic rich tissue, transplanted in their brains
in an attempt to reverse the symptoms of Parkinson-
ism. These patients received fluorodopa scans before
and 6 weeks after the operations. They also received
68Ga-EDTA scans to assess the blood brain barrier
(BBB). The results indicated that the BBB is dis-
rupted from the operation, thus making interpretation
of the fluorodopa scan difficult to analyse. These pa-
tients will have follow-up scans next year when the
effects of the operation should have less impact on the
interpretation of the results.

More patients from the island of Guam were studied
this year in attempts to correlate symptoms with their
exposure to the neurotoxin found in their diet.

The Huntington's disease program continued to in-
vestigate at-risk individuals, trying to correlate results
from the DNA studies which have a 95% success rate of
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identifying those individuals who are carriers of genetic
disease. These at-risk individuals will have follow-up
scans to see if the (18F)fluorodeoxyglucose scans can
be used as an early indication of the disease.

The Alzheimer program continued follow-up scans
with patients who were originally only mildly affected
and had become progressively worse with time. Blood
flow scans using H2 15O were begun in attempts to find
a more clearly identifiable marker for the disease.

Several milestones were reached during 1987 includ-
ing patient scan number 500 and at year's end 550 pa-
tients plus an additional 58 monkeys had been scanned.
182 of these scans were performed in 1987 alone.

A new method for synthesizing (18F)L-6-fluorodopa
was developed which produces only the 6 isomer thus
improving both the purity and the yield for this ra-
diopharmaceutical. The synthesis of the n C Scher-
ing compounds (23388 and 23390) became routine
and development of the raclopride synthesis contin-
ues. Work on the automation of the U C chemistry was
also begun. The radiopharmaceutical chemistry group
has now produced more than 300 patient batches of
2-deoxy-2-fluoro(18F)-D-glucose (324) and more than
200 (lsF)-L-6-fluorodopa batches (209).

A method for incorporation of image edge detec-
tion into the standard reconstruction algorithm has
been developed and submitted for publication. The
results of this work are directed to the development of
improved methods for the calculation of radiation at-
tenuation corrections, as an alternative to our present
method of radiation transmission measurements.

Whole-body tomograph development

Following the completion of the PETT VI head scan-
ner five years ago the efforts of the Tomograph De-
velopment group were largely concentrated on design,
construction and testing of improved position-sensitive
gamma-ray detectors. More recently the scope of the
development effort has been expanded to include pro-
duction of a conceptual design for a new whole body
PET/SPECT tomograph. The commercial advantages
of combining single photon emission computed tomog-
raphy (SPECT) in the same instrument as PET were
described in a business plan which proposes the es-
tablishment of a local company, Quantagraphics, Inc.,
to build and sell tomographs. This business plan at-
tracted the interest of Canadian General Electric and
their parent company. Representatives of GE came to
TRIUMF in August and again in November to evalu-
ate our capabilities to produce a commercially viable
instrument. The visitors were very enthusiastic and we
are waiting to hear the results of deliberations within
the company which we hope will lead to an agreement

to share the cost of constructing a new tomograph at
TRIUMF. In the meantime a construction team has
been formed and mechanical, electronic and software
design is under way to convert the conceptual design
into a detailed tomograph design.

The principal features of the new tomograph design
which make it superior to other commercially avail-
able instruments are uniformity of gamma-ray detec-
tion sensitivity throughout the field of view and large
overall solid angle efficiency for detecting gamma rays
emitted by the subject being imaged. These features
enable the instrument to produce better quality tomo-
graphic slice images from the point of view of spatial
uniformity, freedom from artifacts, and statistical ac-
curacy for a given subject radiation dose. To obtain
these advantages has required advances both in the de-
tectors [as reported in Rogers et a/., IEEE Trans. Nucl.
Sci. NS-35 (in press)] and in the software algorithm
for 3d image reconstruction [as reported in Kinahan
et al, ibid.]. Three-dimensional image reconstruction
is also the topic of P.E. Kinahan's recently completed
Master's thesis in Engineering Physics at UBC.

To utilize the increased solid angle efficiency requires
a technique for rejecting scattered gamma radiation
which otherwise would produce a contrast-reducing
haze in the tomographic images. Extensive Monte
Carlo computer simulations of tomograph performance
have been carried out to study the effects of scattered
radiation detection on images. These computer stud-
ies are ongoing and are producing a new method and
apparatus for scatter correction in PET.

Canadian and U.S. patents were granted on "A
Method and Apparatus for 3d Encoding". A new
patent application to cover the use of lenses in detec-
tors with depth-of-interaction encoding has been pre-
pared for submission in Canada and the U.S.

BEAM LINE 2C AND TRIM

The radiopharmaceutical program of the TRIM
group this year concentrated on the development and
testing of radioiodine labelling kits for a variety of di-
agnostic agents. As in previous years, the objective
has been to provide the medical community with ever
more facile and reliable labelling procedures to encour-
age wider application of radioiodine compounds. One
emphasis has been on the clinical testing at Vancou-
ver General Hospital of procedures leading to the start
of their heart transplant program. Other projects are
described in the following.

Several heart research projects have been completed
using [I23I] phenyl fatty acids. Cardioplegic solutions
(used to stop the heartbeat to allow surgical repair)
normally are toxic to the heart. Fatty acids proved
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useful for assaying the toxicity in vivo; in this way su-
perior cardioplegic formulations are being identified.
In a second study a surgical procedure was used to
create chronic heart ischemia in dogs. The researchers
subsequently attempted to diagnose the disease by
various techniques, and found that they could detect
the chronic heart disease early with [123I] fatty acids
when there were otherwise few symptoms of ischemia.
A third study examined the ability to determine the
anatomical dimensions in infarcted regions using [123I]
phenyl fatty acids. Additional work of the latter type
will be carried out. In the immediate future heart re-
searchers will use [123I] fatty acids to assay physiology
pre- and post-heart transplantation. It is hoped to
identify key features of the heart transplantation pro-
cedure which can be improved.

[123I]MIBG iu routinely used in three Vancouver hos-
pitals, where it is made from kits. Nuclear Medicine
technologists are responsible for all aspects - i.e., kit
use and kit manufacture. Work is in progress develop-
ing kits suitable for no-carrier-added [123I] radiophar-
maceuticals. It is hoped to develop a chnical program
utilizing receptor-binding radiopharmaceuticals made
from the kits.

This year beam line 2C has been used to produce
some radioisotopes for use in the testing of the iso-
tope separator (TISOL). The solid target facility has
been operated at 100 MeV and 10 //A for several hours
to measure cooling system radioactivity and stray neu-
tron flux in preparation for high-power production. All
indications are that routine production can commence
as soon as the target transfer cell is completed on the
cyclotron vault wall. The remaining three production
target stations have not been tested, for lack of scien-
tific manpower and controls programming.

A large effort has been expended to measure the
physical and biological properties of the fast neutron
beam from branch-line 2C1. The work is a collabo-
ration between the TRIUMF Biomedical group and
TRIM. This line produces afast neutron beam of about
0.5 Gy/fiA. of 100 MeV protons from a beryllium tar-
get buried in vault wall. This dose is measured 1.2 m
downstream of the target in the BL1B experimental
area. The following sections describe the apparatus
and biological measurements. The status of this work
is that the biological effectiveness (RBE) is in hand,
but the oxygen effect (OER) has yet to be measured.
It is also hoped that the microdosimetry can be mea-
sured so that a better physical interpretation of the
biological data can be made.

Apparatus

In order to control the delivery of the fast neutron
beam available at the 2C1 port of BL2C, a computer-

ized irradiation system w^s constructed at 2C using

(1) an IBM compatible computer (Multiterm),

(2) a DAC/ADC card (Data Translations DT2801),

(3) a 0.5 cc thimble ionization chamber (Exradin),
and

(4) a 3D scanner (SHM).

The ionization chamber was calibrated using a stan-
dard 60Co therapy unit at the Cancer Control Agency
of B.C. During dosimetry measurement it was mounted
on the 3D scanner which in turn was mounted onto a
40 cm x 40 cm x 30 cm water tank with plexiglas walls.
The neutron field in the water phantom was mapped
in 3D with the above system and this information was
used for planning the biological irradiations.

Measurement

The typical strain V79 Chinese hamster cells were
used for the neutron irradiation studies because their
response to X-rays and gamma-rays had been studied
in detail in the B.C. Cancer Research Centre. Because
of the relatively low dose rate available (<30 rad/min),
the samples had to be kept in ice throughout the irra-
diation to suppress any repair of damage during irra-
diation. In order to obtain responses over a range of
survival levels, a large number of samples will have to
be irradiated separately to different doses. This would
require a large number of sample changes immediately
after termiration of each irradiation. However, it was
estimated that the induced activity in the irradiation
apparatus (mainly n C in the water tank) would yield
fields in excess of 100 mrem/h on contact. A remote
control sample change system was therefore used in
which samples were lowered into the irradiation posi-
tion from the top of the roof of BL1B cave through
1 in. diameter plastic hoses. The samples were tied to
threads which were used to withdraw the sample after
irradiation. Measurements were made at both 70 MeV
and 100 MeV proton energies on a 2 cm Be target. Re-
sults indicate that the relative biological effectiveness
at these energies are on the order of 1.3 at a survival
level of 1% (Fig. 92). This is in good agreement with
similar measurements published in the literature.

MICROSTRUCTURES AND ELECTRONICS

The laboratory has been engaged in three main
projects during this year:

1) The drift chamber system for Expt. 787

2) The GaAs CCD devices and system development

3) The construction of a planar GaAs detector.
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1) The 787 drift chamber system was completed dur-
ing the year and was shipped to Brookhaven during
the summer. The system comprises about 2000 head
amplifiers and associated support electronics, e.g.,
post amplifiers, shapers, discriminators and electro-
mechanical equipment. The group developed ampli-
fiers with broadband and dynamic range as presented
in Fig. 93. The system was developed at TRIUMF and
the manufacturing was done at Pachena Ltd. with as-
sistance from the TRIUMF design team.

2) The development of the GaAs CCD signal pro-
cessing electronics commenced in the fall of 1987 and
work proceeds. The GaAs CCDs were made at the 64
pixel level and devices were used to develop the signal
processing electronics. These devices are currently be-
ing modified and the project is proceeding into its next
phase during early 1988.

The original motivation for the GaAs CCD work was
to develop fast electronics for v+ identification in the
Brookhaven Expt. 787 system. A signal is captured in
the CCD with a time base of about 2 ns/pixel and then
presented to a standard silicon flash ADC at a rate of
several hundred ns/pixel on demand. Since the CCD is
an integrated microcircuit, the system production cost
is reduced to a range where several thousand channel
systems can be produced.

a) OUTPUT SIGNAL FOR
100 mV behind lpF

b)
OUTPUT SIGNAL FOR

1 mV behind lpF

c )

1 CROSS -

ADJACENT

Fig. 93. Output response of preamplifier into 50 f2 for a
(a) 10~13C input and (b) 10~14C input, (c) Crosstalk at
the output to adjacent channel for a 10~13 input.
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Two versions of 64 pixel CCDs are under develop-
ment. The first uses a l / i gate width for charge trans-
port and the second uses a 3 (i gate width with a
cermet layer. The latter is preferred since potential
charge traps are minimized as shown in Fig. 94. The
CCDs have been produced in the TRIUMF microcir-
cuits laboratory and a comparison of an input signal
with the CCD output is presented in Fig. 95. The de-
vices have been operated at frequencies between 1 GHz
and 1 MHz. Transient digitizer systems using these
CCDs are under development now.

3) The construction of the planar GaAs detector
commenced during the last quarter of the year and
initial positive results were obtained with alpha- and
X-ray sources. The GaAs detector uses an active 20 fi
epitaxial layer for charge collection. The charge de-
posited in the layer is drifted to collection wells with
fields as presented in Fig. 96. This experiment, an
M.Sc. thesis topic, is the first step in the development
of pixelized charged particle detector systems.

Laboratory facilities

During this year the laboratory acquired a Varian
200 kV ion-implanter. Also during the year some pa-
rameter (electrical) measuring equipment for device
characterization was acquired. This equipment is be-
ing commissioned. The new equipment will be used to
introduce FET stuctures into the TRIUMF microcir-
cuit library, thus allowing further circuit integration.
The group has also been awarded an NSERC Strate-
gic Grant to develop two-phase CCDs in GaAs. The
laboratory is committed, therefore, to device develop-
ment as well as system development using the devices
produced in the TRIUMF microcircuits laboratory.
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SQUARE WAVE INPUT

TIME DELAYED AND PIXELIZED
OUTPUT

Fig. 95. High-frequency analogue operation of a 32 pixel
4-phase GaAs CCD at approximately 100 MHz. The upper
trace depicts the input signal and the lower trace depicts
the resultant delayed («300 ns) output signal.
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CYCLOTRON DIVISION

INTRODUCTION

The cyclotron performed reliably during the first half
of the year, with records achieved in beam production,
beam intensity, high dee voltage and lower rf leakage in
the beam cavity. The benefits of recent installations,
such as the replacement of eight resonator segments
with better cooled and more stable units of new de-
sign, with substantially improved rf diagnostics, were
obvious. The availability of a higher accelerating volt-
age at the dee gap and of a new, more stable and in-
tense H~ cusp volume source in the new 300 kV ter-
minal made it possible to deliver 200 //A during a one-
week-long production test, and to demonstrate 400 fiA
peak current in a pulsed beam test at 50% duty cy-
cle. The vacuum improvement resulting from increased
H2 pumping through four newly installed cryopumps
(16,000 £/s total), in combination with the reduced
number of turns required for acceleration due to the
higher accelerating voltage, will allow increasing beam
production current by more than 20%, without increas-
ing cyclotron beam losses.

During the second half of the year the reliability
of beam production and the rate of progress toward
improved cyclotron performance could not be main-
tained at previous high levels. Firstly, a series of an-
noying breakdowns and failures in the rf power ampli-
fiers caused increased downtime. Failures occurred in
the intermediate power amplifier, in the transmission
line and in the output power combiner. Apparently un-
related, these all occurred at brief intervals from each
other, pointing out the need for improved fault diag-
nostics and controls within the system. Rf testing at
above routine power levels was suggested as a measure
of preventive maintenance. However, this requires ded-
icated cyclotron time, preferably during shutdowns, in
conflict with the necessity of reducing peak energy con-
sumption in shutdown periods to minimize operating
costs.

Problems culminated at the end of August when
the high voltage transformer feeding the rf system
was found shorted to ground. The breakdown was
attributed to the equipment having reached its esti-
mated lifetime, as explained in the report from the RF
group. The transformer, a 15-ton 3250 kVA 6-phase
outdoor unit, was lifted from site on the day following
the breakdown, taken to a local manufacturer for struc-
tural improvement and complete rebuilding, and rein-
stalled and tested on site within less than one month.
The fall shutdown was advanced so that overall loss of
beam production was limited to a few days. Neverthe-

less, the event was disruptive to the experiments on
the floor and to the beam schedule.

A second major problem occurred towards the end of
September during the shutdown in a tank lid-lowering
operation. One of the 24 jacks supporting the upper
tank and magnet structure developed a sudden failure.
The lower bearing which is a spherical roller thrust
bearing failed, allowing the jacking shaft to drop by
13 mm. After inspection another unit showed that fail-
ure of its bearing was imminent. Both jacks were re-
moved and rebuilt. The spherical roller bearings were
replaced with fail safe ball thrust bearings, and hard-
ened journal sleeves were introduced to react to side
loads. The repair was completed within the time al-
lotted for the shutdown and did not cause disruption
in beam schedule. Ideally, bearings should have been
replaced in all 24 jacks to prevent the dangerous failure
mode from occurring in any other unit during possible
future lid-raising operations. Due to lack of replace-
ment parts and in order not to interfere with the beam
production schedule, this could not be done during the
fall shutdown.

To minimize risks it was decided not to lift the lid
until the spring 1988 shutdown unless absolutely re-
quired for beam production. Rf resonator tip align-
ment and tuning were in progress when the failure oc-
curred in September, and one or two lid-up iterations
were still required in order to reach a stable electro-
magnetic configuration. The resonator tuning could
not be completed and the system was left to operate
in a slightly unstable and marginal mode for the rest
of the year.

Considering the above, it is astonishing that the
yearly integrated production current equalled the
record (331 mAh) achieved in 1985. The total num-
ber of beam production hours was 5194 (see Fig. 97).
The reliability factor, defined as hours produced, di-
vided by hours scheduled, was 88.5%, about the same
as in 1985 and 1986. These results could not have
been achieved without the commendable dedication of
operators and of many other groups and individuals.

Substantial progress was achieved in key major
projects. The Ion Source Injection System group
(ISIS) completed the installation and commission-
ing of the cusp volume source (13) in the new
300 keV terminal and achieved beam tunes along
the 50-m-long injection line corresponding to inten-
sities of 2 mA at the inflector entrance. At the
same time the new high-intensity optically pumped
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polarized ion source (14) was assembled in the terminal
and the connecting injection line completed and ready
for cyclotron injection at the beginning of 1988. Pro-
ton currents of 5 [J.A., with up to 80% polarization, are
expected up to 500 MeV during 1988. Higher currents
of at least 30 //A are planned for the following years.

The Alternative Extraction Task Force demon-
strated 90% H~ transmission through an extracting
electrostatic deflector, holding +55 kV, positioned at
450 MeV. A 66 fiA peak current was extracted with
1% duty cycle. The separation between transmitted
beam and circulating internal orbits was about 12 mm,
enough to insert a 1-cm-wide cooled magnetic septum.
The design of the septum magnetic channel to be in-
serted to further separate the outgoing H~ beam from
the internal circulating orbits was also completed. Fea-
tures of the design are minimal magnetic interference
with internal orbits, adequate mechanical rigidity and
stability, efficient water cooling, radiation resistance
and remote handleability. In a parallel effort, the "aux-
iliary accelerating cavity" or "rf booster", which will
facilitate H~ extraction and allow reducing cyclotron
beam losses by a factor of two to three in the high-
energy region, was designed, prototyped and tested at
intermediate power levels.

The newly formed "500 //A upgrade" task force was
successful in demonstrating the peak current reported
above. Figure 98 shows the history of record cw inten-
sities and record pulsed beam peak intensities so far
achieved. It is interesting to note that cw current and
peak current had, in the last few years, about the same
upper limit. This could have been interpreted as ev-
idence that the maximum current was limited at. low
energies by inadequate source efficiency or by space
charge. Establishing the 400 fiA current limit in the
pulsed mode has clarified that the ion source is not the
limiting factor and that space charge is not a problem
in the 200-400 /iA region. Thermal damage and radia-
tion limitations have to be overcome in various systems
in order to raise routine production currents further.
Systems include vertical injection line, central region,
extraction foil and supporting mechanisms, beam line
magnets, vacuum seals, target areas and TNF. The
task force will address the remaining problems in col-
laboration with the T2 Upgrade task force and with
the Remote Handling group, within the guidelines and
resources established by the next Five-Year Plan.

Another major project aimed at improving stability.
beam quality and beam reproducibility, as well as al-
lowing fast, switchover between polarized and unpolar-
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ized beams, was initiated. The project implies long
overdue improvements in controls and diagnostics. Be-
cause of the importance of controls and diagnostics not
only for this project but also for the high-intensity pro-
gram, for other developments and for reliable opera-
tion (e.g. reliable operation at 200 fiA routine), the
improvement of these systems has been given high pri-
ority.

A specific major project for the upgrade of the cen-
tral control system was initiated. The concept was
firmed up, a 4-year plan outlined and implementation
of the plan was started with initial action on a new cen-
tral database system and workstation-based consoles.

The Probes/Diagnostics group developed two new
high-intensity beam monitors and improved extraction
foil mechanisms, both for the low-intensity partially ex-
tracted beam in beam line 4, and for the high-intensity
totally extracted beam in beam line 1. Progress in
these areas is critically dependent on the availability
of the required resources.

Members of the Division collaborated with the
Accelerator Research Division on various aspects of
the KAON factory design being finalized. Design
and prototyping advanced, in particular on rf units,
magnet power supplies and control systems. Re-
sults are described in the report from the Acceler-
ator Research Division. In another possible future
direction the Division participated in a proposal for
an accelerating radioactive ions facility (ISOL) with
the design concept of a 2 MeV/n accelerator and
prototype work on an ECR source. This project

is included in the submission for the new Five-Year
Plan.

Finally, it is worth mentioning that at the beginning
of the year a few members of the Division brought for-
ward the conceptual design of a 12 MeV H~ cyclotron
for the PET group at the UBC hospital. The fund-
ing for this project did not materialize. But another
initiative, the design of a 30 MeV H~ cyclotron with in-
tensity up to 500 /zA to be constructed for AECL C.F.
on the TRIUMF site, seems more likely to be funded.
The involvement in this spin-off venture is expected to
be intensive but of short duration. The effort will be
a good training for the work which lies ahead toward
new facility developments.

BEAM PRODUCTION

Beam production in 1987 was 331.3 mAh (Fig. 99).
The previous record of 331.2 mAh set in 1985 was
equalled despite 706 h of downtime. Two record weeks
of 22,047 fiAh and 23,061 //Ah with 200 fiA extracted,
using the new ion source 13, were run at the end of
May. Following the fall shutdown there was very good
production with average extracted currents ~ 150 fiA.

In comparison with 1986 the two semi-annual shut-
downs were substantially shortened (2000 h vs 2600 h
total). As a result the cyclotron was operated for
5194 h, an increase of nearly 6% over the previous
year (Fig. 100). High-intensity operation accounted
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for 63% (3302 h); polarized beam was delivered for
1893 h. High-current polarized beam was requested
for only one week at intensities of 400 nA. For the
remainder of the time the intensity was from a fraction
of one nanoampere to several nanoamperes.

The downtime of 706 h was considerably higher than
the average over the last several years of about 500 h
(Fig. 101). The major problem was with the rf sys-
tem. In August the transformer feeding the system
failed, and the fall shutdown was moved ahead by one
month. The other problem was the failure of two jacks
in the cyclotron elevating system at the end of the fall
shutdown. This caused a cautious start-up and a re-
striction on the use of cyclotron probes, which deferred
the commissioning of the new low-energy probe. There
were also interruptions to the high-current operation
in the meson hall, due to damage to the 1AT2 protect
monitor, a vacuum leak in the 1AT1 target and several
water leaks in the secondary channels.

Table XIII shows the total beam delivered to each
experiment during the year. A brief summary of the
year's operation from Dec. 29, 1986 to Dec. 28, 1987 is
as follows:

Cyclotron ON
Beam to experiments
Development
Tuning

Cyclotron OFF
Shutdown
Maintenance
Downtime
Overhead, start-up, etc.

hours

4689
348
157

5194

2008
511
706
317

3542

CYCLOTRON

Cyclotron development

A number of programs aimed at improving the un-
derstanding of the cyclotron and at improving the qual-
ity of the beams were initiated in 1987. Enhance-
ments in the ability to acquire and display cyclotron
parameters were of considerable benefit to these pro-
grams, in particular the rf studies. An extensive log-
ging utility has been put to good use to investigate a
number of trends and correlations which occur over
long periods of time. For the first time the entire
three-dimensional TRIUMF cavity has been success-
fully treated, in which both the rf and beam gaps are
treated in a single coupled manner. New diagnostics,

including a new LE probe and a unique phase detection
technique, achieved success in 1987. These accomplish-
ments and others are described in the following.

Beam quality

A systematic study of the momentum spread of the
extracted proton beams was begun during the past
year. The usual method of determining the momen-
tum spread consists of measuring the beam width at
points of known dispersion in the extraction beam line.
During the past year, however, the vault section of
beam line 4 was realigned by 5° to provide space for
two superconducting solenoids to be used to produce
longitudinally polarized beams. As a result, it was
necessary to recalculate the dispersion for the beam
line. It was found that the TRANSPORT calculations
no longer agreed with measurements. The reasons for
this disagreement are still being investigated. A num-
ber of MRS development shifts were devoted to this
problem, and dispersed tunes were developed empiri-
cally at a number of energies. Measurements made at
400 MeV (where the most data had been previously ac-
cumulated) with a dispersed tune of 11 cm/%, were in
good agreement with the previous data, showing only
a weak variation with 14/11 split ratio, and Ap/p rang-
ing from 0.2% to 0.3% (width containing 90% of the
beam). Some initial measurements were also made at
200 MeV where Ap/p was found to be slightly higher,
ranging from 0.25% to 0.35%.

Increases in the dee voltage during 1987 have al-
tered the properties of the beam extracted from the
cyclotron. The higher voltage increases the phase ac-
ceptance, resulting in an extracted beam pulse with
a greater time width. During operation at 103 kV
in June (necessary for achieving the record 420 /JA
current), the pulse was observed to be 5.5 ns wide
(FWHM), and contained a double peak structure.
Counter derived fast timing signals from both the pri-
mary proton beam and the secondary meson beams are
used to sample the width and shape of the beam, from
which a phase profile is displayed in the control room.

rf studies

Both theoretical and experimental studies of the be-
haviour of the rf and beam cavities have resulted in
substantial improvement to the general tuning and op-
eration of the main cavity. To tune both the resonant
frequency and to reduce the amount of leakage into the
beam gap, a computer-controlled system of ground arm
tip actuators was installed. Tuning algorithms have
been developed in which tip adjustments necessary to
change the resonant frequency have minimal effect on



Table XIII. Beam to experiments for 1987.

Experiment*

182
182
249

249/365
268
286
286
287

291/292
292
300
304
304
306
319
325
327
328
329
331
340
340
344
349
349
352
355
359
359
361
362
367
367
368
370
371
371
371
372
374
375
378
381
384
385
393
394
395
396
397

Channel

4C
4A
M9
M9
4B
M15
M20
4A
M20
M15
4B
M13
M15
M9
4B
M13
M i l
M i l
M13
M i l
M20
M15
4B
M15
M20
4B
4B
4A
4B
M20
M20
M15
M20
4B
4B
M20
M15
M13
4C
M13
M i l
4B
4B
4B
M20
M i l
M13
M i l
M20
4A

h

208.0

567.0
495.0
92.0

221.0
46.0
47.0

127.0
79.0

622.0
346.0
382.0
23.0

265.0
126.0
382.0
497.0
865.0
404.0
11.0

174.0
127.0
127.0
162.0

104.0
127.0
553.0
196.0
23.0

115.0
393.0
12.0

138.0
70.0

313.0
265.0
81.0
80.0

150.0
46.0

127.0
402.0
346.0
58.0

Scheduled

h (pol)

493.5
185.0

128.0

92.0

46.0

186.0

115.0

81.0

^Ah

79380.0
56060.0

25820.0
1380.0

17780.0
11060.0

78570.0
42440.0
33070.0

37100.0
7770.0

33070.0
56340.0

115480.0
41270.0

1540.0

17780.0
17300.0

14560.0
17780.0
76500.0
21440.0

51780.0
1680.0

19320.0

43820.0
37100.0

6440.0
17780.0
63900.0
42440.0

8120.0

h

141.7

558.1
426.5
75.1

226.2
46.2
26.2

103.7
2.7

371.3
319.7
317.0
22.6

210.4
41.1

281.1
434.8
794.7
370.6
10.6

191.0
119.8
117.5
147.0

57.9
119.8
532.6
164.4

2.0
72.7

357.2

131.5
50.1

314.6
235.2
75.6
57.4

134.3
41.8
98.5

378,6
319.7
58.3

Delivered

h (pol)

289.1
92.1

101.2

76.1

27.3
0.8

176.3

90.3

72.9

4.8

/«Ah

75903.0
50831.1

25611.9
1290.6

15082.6
381.4

42275.3
43089.2
24535.6

26435.4
2685.2

20697.8
48708.1

109629.0
35989.4

1629.8

16407.4
14145.2

7430.9
16407.4
75830.8
19866.7

44362.8

19540.3

43400.6
34622.7

5929.9
12718.4
62271.1
43089.2
7714.0
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Table XIII (cont'd)

Experiment*

397
398
398
399
402
403
405
409
412
420
421
422
425
428
430
431
433
434
437
438
440
443
445
447
448
449
450
450
454
459
460
461
463
464
466
468
469
469
469
474

Dodds
DR.
HM

Longpol
MRSdev

n n i
npdev
TBA
TBA

Channel

4B
M15
M20
M13
M15
Mil
4B
4B
4B
M20
4A
M13
4B
4B
4B
4B
4B
4B
4B
4B
M13
M i l
IB
M15
M15
M15
M20
M15
M20
4B
IB
M9
M9
M15
4B
4B
M9
M15
M20
4B
M20
M15
IB
4B
4B
4B
4B
M9
M13

h

496.0
150.0
267.0
58.0

612.0
46.0
23.0

508.0
116.0

115.0
47.0

255.0
229.0
114.0
127.0
277.0
254.0

254.0
58.0

254.0
229.0
127.0
138.0

138.0
127.0
69.0

126.0
185.0
727.0
46.0

128.0
57.0

126.0
70.0

219.0

139.0
414.0
196.0

Scheduled

h (pol)

138.0

81.0
150.0

81.0

115.0
127.0

192.5

58.0
774.0

208.0
59.0

/iAh

69440.0
21000.0
16970.0
2580.0

85680.0

78740.0

38780.0
32320.0

35560.0
5800.0

49620.0
32060.0
17780.0
25760.0

19320.0
17780.0
2070.0

92540.0
6440.0

12800.0

7770.0
2100.0

48090.0
21440.0

h

458.7
155.3
280.5
59.0

543.7
52.4
13.2

451.8
58.1

76.0
17.3

162.9
208.1
46.3

110.0
259.0
225.7

172.0
37.7

243.7
194.5
103.7
131.5

131.5
103.7
68.9
87.4

165.0
643.9
46.2

136.5
49.6
41.1
75.1

3.0
138.0
14.9

105.0
272.1
164.4

Delivered

h (pol)

110.8

72.3
134.6

79.9

95.2
109.7

52.2

49.5
417.0

80.5
33.5

fiAh

57533.6
23222.5
19850.3
3272.5

71186.7

65786.6

38305.1
26024.2

21901.6
4468.8

40671.6
30862.3
15082.6
19540.3

19540.3
15082.6
3432.8

81831.8
4828.9

13362.5

2685.2
3055.0

34005.7
19866.7
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Table XIII (cont'd)

Experiment*

Tune
Tune

(iSRtest
W3tune

YS
YS

Channel

M15
M20
MIS
M9
Mil
M13

h

196.0
70.0
30.0

127.0

Scheduled

h (pol)

104.0

532.0
393.0

9870.0
2100.0

90.0
25400.0

h

68.6
27.5
32.2

122.8

Delivered

h (pol)

99.7

432.9
359.9

/iAh

3455.6
770.4
78.8

22761.1

*See Appendix C for experiment title and spokesman.

the leakage, and vice versa. These algorithms have
been incorporated into the control system, which al-
lows an arbitrary number of tips to be connected to
and controlled by any of 8 shaft encoder "soft" knobs.

In the spring shutdown 18 new rf leakage probes
were installed in the north half of the cyclotron (quad-
rants 1 & 2), bringing the total number of functioning
probes to 35. A VAX-based software utility, "LPU",
now acquires, normalizes and displays two leakage pro-
files measured along each of the dees at the front end
of the resonator strongbacks. Under normal conditions
the leakage in the north dee is much higher than in the
south dee, as shown in Fig. 102. During two tests it
was possible to substantially suppress the leakage, but
before rf and thermal equilibrium was achieved, the
system had to be brought back to the standard tune to
ensure uninterrupted beam production. By adjusting
specific ground arms, and using a procedure which had

been developed on the 1:10 model, a record low leak-
age has been achieved (Fig. 103). At the same time
the cyclotron pressure dropped to an all time low as
a result of very low heat dissipation in the resonator
strongbacks. The results achieved during the two low-
leakage tests clearly demonstrate benefits of running
with reduced multipactoring inside the beam gap.

A system for the automated measurement of the dee
voltage distribution along the dee gap has been com-
missioned and is now available for routine use. The
total of 60 newly installed probes, each with a cali-
brated peak detector, is scanned each time the pro-
gram acquires the data. Results can be displayed ei-
ther in a graphic mode, showing the voltage profile, or
in a numeric mode. With this system it is now pos-
sible to measure the effect of individual dee tuning or
temperature-induced cavity distortions in the dee volt-
age distribution.

LERKflGE PROSE SCflNu.M/m, S-QJ/W

RESONBTOR SEHIENT NURSE*

Fig. 102. Rf leakage into the beam gap under normal op-
erating conditions.

LERKRGE PROBE SCRN«.IB/<»,
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Fig. 103. Reduced rf leakage, after minimization by means
of ground tip adjustment.
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Fig. 104. 3-D calculation of the rf field in the beam gap,
including the coupling between the rf cavity and the beam
gap.

The MAFIA set of programs from DESY was in-
stalled in the VAX cluster and it is fully operational.
These are computer codes that calculate 3-d electro-
magnetic waves in an arbitrarily shaped cavity, and
they are now being used to study the coupling between
the rf cavity and the beam cavity in the cyclotron, in
order to understand and suppress the rf leakage into
the beam cavity.

Figure 104 shows the results of a MAFIA calculation
on a single dee, in which the rf cavity and the beam
cavity are treated as a single complex structure. Due
to misalignments in the geometry of the rf cavity a
net vertical rf electric field exists between the top and
bottom dee tips. This field acts as an rf source which
excites the nearby TM310 mode in the beam cavity.
Studies are in progress to determine how this coupling
depends on the frequencies of the parasitic modes and
other geometrical factors.

Diagnostics

Fiscal restraints during the past year slowed the di-
agnostics upgrade program. Nevertheless, a second low
energy probe, LEI, complementing the LE2 probe in-
stalled two years ago, was built and installed in the
cyclotron during the fall shutdown. The new probe,
located diametrically opposite LE2, has a probe head
identical to that on LE2 with three fingers for vertical
beam distribution measurement, and a 2 mm radial dif-
ferential width for radial beam density measurements.
Like the radial flag installed last year, the LEI probe
is completely remotely handleable; installation and re-
moval of the probe can be accomplished remotely with-
out anyone in the tank-

After shifting the vault section of beam line 4 by 5°
last year to allow for longitudinal polarization, proton
energies between 380 MeV and 420 MeV were tem-
porarily inaccessible due to travel limitations of ex-
traction probe 4. To addTess this problem, and also to
improve the reliability of the carousel foil changer, de-
sign modifications to the probe head and carousel were
made and new components built and installed. Ex-
traction at all proton energies between 200 MeV and
500 MeV is again possible down beam line 4.

A number of routine maintenance and rebuilding
activities for the cyclotron and beam line diagnos-
tics were undertaken during the year. These include
construction of a replacement beam line monitor at
1AM11, beam line 1 extraction probe and rebuilding
and installation of a gate valve for the beam line A
extraction probe.

A prototype phase probe detection system was built
and tested. The system uses the second harmonic
(46 MHz) information in the beam to reduce the noise
from Tf pickup. Due to the non-constant nature of the
background picked up in the phase probes, a feature
was added to the detection circuit to continually mon-
itor and remove this rf or "no-beam" signal from the
beam phase signal. It was possible to detect a beam
phase signal when the beam current was above 5 nK
peak. After further measurements of the long term
stability of the detection system, a series of internal
phase probes will be installed in the cyclotron, permit-
ting the measurement of the entire phase history of the
beam inside the cyclotron.

A digital image processing board was installed in a
VAX work station for image enhancement of periscope
views. Initial usage has proven worth while, but some
development work needs to be done to commission a
user friendly software package for general use in TIll-
UMF video applications.

The tank thermocouple system has performed sat-
isfactorily. Only six out of the 250 thermocouples
required replacement during the year. Failures were
caused by rf-induced burning or overheating which re-
sults in the creation of a second junction. Two ther-
mocouples are irreparable as they are built into equip-
ment, and they will be replaced when the devices are
removed from the tank. OnJy two thermocouples have
rf pickup causing unstable readings. The thermocou-
ple system has been used to capacity for the last two
years, and an expansion is planned for the next year.

Data analysis and display

During 1987 there has been a steady increase in the
number and complexity of tbe VAX 11/730-based cy-
clotron computer programs- The heavy use of the
rf thermocouple display program warranted a major
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rewrite; the program now monitors and displays short-
term (5-min) and long-term (1 h) trends in the tem-
peratures. Changes were made to the leakage probe
display program to include the newly installed probes
and to correct for ths different probe calibrations.

An extensive software utility was developed on the
VAX 730 to log the values of a large list of cyclotron
parameters every 5 min. This data is stored on disc
so that it can be directly accessed. A simple proce-
dure can be used to strip out logged data in a format
that can be easily manipulated by analysis and plotting
package OPDATA. This utility has been very impor-
tant in the study of long term trends in the cyclotron,
such as the heating of the rf strongbacks, and for deter-
mining correlations between parameter settings, such
as for the development of new tunes.

In the past the emittance measurement system for
the cusp ion source represented a heavy demand on the
VAX 730. To reduce the demand on the CPU, a micro-
processor system has been developed for data acquisi-
tion. The VAX 730 downloads the microprocessor and
when the data is ready the VAX reads and analyses the
results. A new workstation provides the analysis and
a graphics display. Two computer graphics worksta-
tions have been installed in the vicinity of the control
room. One of these has been connected to the cen-
tral control system's CAMAC. The probe scan utility
that is normally run on the VAX 730 has been moved
to the workstation, and now has the ability to plot
and display data as the data is being acquired. This
greatly decreases the turn around time on probe scans.
A project using the commercial database product Ora-
cle is under way on this workstation. This development
is intended to gather cyclotron-related device informa-
tion into one place so that device details can be easily
retrieved and a variety of realtime databases extracted.
The ion source 4 laser control system is under develop-
ment using a workstation and CAMAC. This system
will provide a fast, friendly interface, with the work-
station providing all the functions of the console. The
CAMAC and the workstation are in place and con-
nected. Devices are actively being integrated so that
the initial goals of laser frequency stability and control
can be handled.

Systems

rf operation

The low downtime of the rf system achieved in 1986,
following the rather extensive repairs of late 1985, con-
tinued up to mid-1987, at which time a four-month
long-series of major unrelated faults started:

• Severe arcing in combiner No. 1 due to components
damaged by a water leak.

• A leak in the sodium nitrate electrolyte of waster
No. 2 caused by erosion of the piping.

• Damage to the third harmonic loop caused by a
water leak.

• Failure of the IPA tube 4 CW 100.000E (after
82,000 h) led to overheating and subsequent damage
to heater contacts in the socket.

• Sparking in the main transmission line near the
resonator burned a polystyrene spacer-insulator. The
cooling air flow carried the resulting soot throughout
the approx. 60 m transmission line up through the com-
biners and into the power amplifiers. While the dam-
age was not great, the time and labour to clean the
entire rf system was extensive.

• A kapton insulator failed in the IPA socket requir-
ing the socket to be rebuilt.

• The driver amplifier tube failed (after about 80,000
h).

• In August the main power transformer of the
2.6 MW high voltage power supply developed a ground
fault inside the windings. Wismer and Rawlings, a
Vancouver transformer firm, were commissioned and
the transformer was completely rebuilt with improved
bracing ready for reinstallation by September - a su-
perb achievement. The lifetime of the transformer is
limited by the large stresses generated in the wind-
ings whenever a crowbar occurs, which throws a short-
circuit on the power supply for the few milliseconds
until the main 12.5 kV breaker operates. In the orig-
inal design the estimated lifetime was 9200 crowbars.
The logs show that approximately 8700 had occurred,
the majority of which were in the early days of the
cyclotron during commissioning.

• In the period preceding the transformer failure
the number of crowbars and the number of times the
system dropped out for unknown reason were much
greater than during the earlier period.

Following the fall shutdown significant downtime
was caused by the instability in operating frequency
that always occurs after start-ups. The recognized
problems and their solutions are listed in the follow-
ing:

The tuning range of the resonator is inherently too
small using the water pressure to expand/contract the
segments. The servo tip tuning system is designed
to increase the range, but a development program is
required before it can be fully operational since tip
adjusting not only affects the frequency, but also the
leakage and dee-voltage distribution.

The rf control system is incomplete in that the order
of events leading to tripping the rf cannot always be
traced. A set of detectors with a first event detector
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will increase the knowledge of where a particular fault
arises,

Waster erosion, due to age of system, requires re-
placement of the wasters.

Sparkover damage can be reduced or prevented with
spark detectors tied in to fast trip circuits. Where
possible, components should be modified for quicker
access to cabinets, transmission line, etc. to shorten
repair times.

Cooling circuits should be redesigned to minimize
leaks. It is clear that sufficiently long periods desig-
nated for rf measurements, in particular for leakage
reduction and tip tuning, are needed to achieve an
understanding of system behaviour that would allow
reliable operation.

Inflector and correction plates

The inflector was removed for service in the spring
shutdown. In preparation for 200 /JA tests additional
diagnostic skimmers were added, and the mechanical
alignment of the exit slits was improved, resulting in
a better assured 19 mm vertical aperture centred at
the injection gap. The inflector performed well dur-
ing the high-current tests, with spills on the exit slits
typically less than 0.5 p.A per plate at 200 /JA beam.
Calculations of the heat load due to beam power losses
on these plates indicate that spills must be kept below
2 (tk per plate. Operation throughout the year was
good; no service of the inflector was required in the
fall shutdown.

Cyclotron operation at generally reduced rf leakage
has resulted in a very good performance of the cor-
rection plate system. In the fourth quarter, however,
some plates were shorted inside the cyclotron tank but
it was possible to maintain a good tune due to the
redundancy built into the system.

In the fall shutdown new power supplies were in-
stalled for the inner correction plates as part of an up-
grade that will be completed in 1988. These supplies
are of an improved design, will be serviced on site, and
have additional diagnostics in the readback of output
current.

Extraction systems

Design of the new 2C extraction probe which will
allow beam extraction at all energies in the 68 MeV to
120 MeV range has reached the prototype stage. The
probe head assembly, with a rotary carousel has been
built, and it will undergo reliability testing in January
1988. The quick-change horizontally mounted carousel
contains 6 foils of varying widths, which are exchanged
by fully cycling the z-motion. The selected foil swings
down into the beam plane to serve as the extraction

foil. A full scale mock-up of the probe support and de-
ployment frame is under construction, and will be used
for remote handling tests in the course of the design,
which will allow for remote removal or installation of
the entire probe assembly.

Vacuum

The vacuum system operated well during the year
with minimal downtime. Some problems were expe-
rienced with B-20 service intervals, but these were
solved.

A number of possible suppliers of equipment to re-
place the B-20 refrigerators were identified and bud-
getary cost estimates obtained. The approximate cost
of units to replace one B-20 is $600,000. Further
progress awaits funding.

Main magnet power supplies

During 1987 a variety of activities was performed to
improve the power supply system.

A thermally stabilized current readback was pro-
vided for the main magnet power supply to be used as
a reference for data logging of the trim and harmonic
power supply settings which will be used to analyse
variations in cyclotron parameters.

A new Fluke 732-A reference for the main magnet
power supply was purchased and installed to enable
servicing of the old unit, as well as to provide a back-
up unit.

Further calibration of trim and harmonic supplies
took place in an effort to improve the reproducibility
of set points.

The flexible leads for the trim and harmonic coils
on the vacuum chamber lid were partially replaced be-
cause the old conductors suffered radiation damage.
This activity will continue next year.

Elevating system

At the end of the fall shutdown, when the cyclotron
lid was being lowered, the lifting jack B in station
No. 9 developed a serious problem, observed following
the disable signal from the elevating system controls.
Smoke was coming from the vent hole of the reduc-
tion gearbox driving that particular station, and mea-
surements indicated that lifting shaft 9B had dropped
approx. 13 mm relative to its partner jack 9A. It had
caused the lower shaft cover to shear from the casing,
indicating a serious internal failure. With great diffi-
culties the lid was lowered by overriding the controls,
the failed unit was removed along with unit 11B, which
had suspicious deposits of metal particles in the grease.

Upon disassembly of lifting jack 9B, the lower bear-
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ing supporting the drive sleeve and gear was found to
have failed, and hence the full load of the jack (approx.
100 tons) was not supported. This type of bearing had
been introduced into all 24 gearboxes in 1981 as a re-
sult of a previous lower bearing cage problem. It is a
spherical roller bearing and replaced the original ball
thrust bearing. The failure caused the rollers to be
ejected and the upper race to fall 13 mm on to the
lower race. The failure itself was a result of bearing
overload. It was possible to lower the lid only by over-
coming the greatly increased friction of the drive sleeve
and gear sliding on the outside of the upper race.

Lifting jack 11B was found to have the lower bear-
ing in very poor condition. The upper race and all
roller contact surfaces were badly damaged well into
the substrate and failure was imminent. Both gear-
boxes were rebuilt with a new lower bearing of the
original ball thrust type, two new additional hardened
journal sleeves were pressed into the housing to react
side loads, and reduce the drive sleeve and gear lat-
eral displacement, and a much heavier duty grease was
introduced to ensure against lubricant breakdown at
high contact stresses.

Both lifting jacks 9B and 11B had the drive sleeve
and gear damaged to the point that they were unus-
able. Since no spares were available, the pieces had to
be cast and machined locally along with two spares.
The two rebuilt units were reinstalled, and the system
was resynchronized and tested under no-load condi-
tions.

The remaining 22 lift jack units will be rebuilt us-
ing bearings of the original type slightly modified to
accept higher side loads. For this programme, four re-
placement jack units (of different manufacture) were
ordered such that overhaul or maintainence of original
units can be accomplished four at a time.

ION SOURCES AND INJECTION SYSTEMS

For the first time all three sources (the intense II, po-
larized 12 and CUSP 13) were used for beam production
in 1987. The largest portion of the charge accelerated
in the cyclotron was delivered by II, which continued
to run with the proven reliability. During the year the
filament power supply, which had been the most trou-
blesome electronic equipment in ISIS, was redesigned
and rebuilt. This modified supply has been installed
and meets the requirements of increased reliability.

The reliability of the polarized source was enhanced
before the fall run by improvements to the source vac-
uum. The high voltage sparks which had been caus-
ing frequent beam interruptions, interfering with con-
trols and destructing the source electronics, were elim-
inated.

13 came on line only shortly for the record-breaking
run in January (318 fiA equivalent extracted beam)
and for one full week of successful 200 ft A cw operation
in June, followed by a high-current test with a peak
current of 420 fiA at 50% duty cycle extracted for one
hour. This source was, however, used extensively for
study purposes by the ISIS development group.

In the injection beam line all the remaining diffusion
pumps have now been replaced by cryopumps. The
benefits are a "clean" vacuum and the elimination of
liquid nitrogen supply for ISIS.

Owing to efficient preventive maintenance, the
breakdowns were infrequent and were easily handled.
They did not contribute significantly to the total
cyclotron downtime. A significant improvement to
the ISIS profile monitor (wire scanner) system was
achieved. An analog-to-digital converter, along with
a personal computer, now allows saving and retriev-
ing beam profiles digitally, as well as extracting accu-
rate beam positions and widths. Additionally, time-
dependent effects in the few microsecond range can be
studied. This is possible because the ADC has been
synchronized to the ISIS 1 kHz pulser with an ad-
justable delay between sampling time of only 4 fis.
This feature is especially useful in studying space
charge neutralization, pulser performance and power
supply transient loading.

Optically pumped polarized ion source

The optically pumped polarized ion source is ex-
pected to produce polarized beam suitable for injection
into the cyclotron in early 1988. The design and per-
formance of the source are outlined in the 1986 annual
report.

One of the factors affecting the H~ polarization is
the electronic polarization of the optically pumped
sodium vapour in the first charge exchange cell, where
incident fast protons pick up polarized electrons from
sodium atoms via the reaction

H+ + Na(T) Na+ .

The sodium polarization depends on the polarization
rate due to the optical pumping and the depolarization
rate due to wall collisions and effusion of sodium from
the vapour cell. In 1987 accurate measurements were
made of sodium polarization wall relaxation rates on
stainless steel, copper and "dry-film" walls, using a
time-dependent Faraday rotation method.

Dry-film walls are effective nondepolarizing but are
destroyed by the ion beam. Copper walls were found to
allow 4 nondepolarizing collisions on average, at high
magnetic fields, an improvement over stainless steel
walls which depolarized sodium with every collision.
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Fig. 105. Applied magnetic field dependence of sodium
polarization. Laser power = 0.6 W, cell diameter = 5 mm.
(D) dry-film coating, sodium thickness = 3.8xlO13 atoms
cm-2; (•) copper wall, sodium thickness = 3.2xlO13 atoms
cm"2; (o) stainless steel wall, sodium thickness = 3.2xlO13

atoms cm~2.

Figure 105 shows the steady-state sodium polarization
for the different wall materials, showing that without
the possibility of using dry-film copper is the material
of choice for the charge exchange cell.

A superconducting solenoid has been designed, or-
dered and is scheduled for delivery in the spring of
1988. The resultant doubling of the magnetic field to
~2.5 T will allow the H~ beam polarization to be in-
creased from ~60% to ~80%. This is because at higher
fields there is less loss of polarization as polarized hy-
drogen atoms formed in an excited state decay to the
ground state.

The effort this year has concentrated on the con-
struction and installation of the source in the high volt-
age terminal, together with the associated laser sys-
tem which is located in a clean, temperature-controlled
room next to the terminal. 1988 will see a large effort
devoted to developing computer control over the source
and lasers, based on a VAX workstation situated in the
laser room and connected to Ethernet. More control
will be transferred to the control room as working ex-
perience with the system grows.

Al! the major supporting systems (vacuum, refriger-
ation, rf at 28 GHz, dc power supplies, 300 kV isolation
transformer, laser room, power, cooling and air condi-
tioning) are in place. The 14 source proper is now in
place and being tested; the accelerating column is in-
stalled and being prepared for a 300 kV test, and the
assembly of the 14 injection line is nearing completion.

PRIMARY BEAM LINES

During the past year work continued toward further
improvement in the reliability of operations of the pri-

mary beam lines. Most components and subsystems
operated smoothly. Although downtime was accept-
able, work will continue toward its reduction.

The major accomplishment was the operation of
beam line 1A at 200 M for a period of one week. This
run, part of a test of the capability of the cyclotron, was
to identify the weak components of the beam line sys-
tem. During the test most components performed as
expected. However, not unexpecterf/y, existing beam-
monitoring equipment was shown to be inadequate at
high current. An upgrade is necessary to allow rou-
tine extraction of beam currents above approximately
170 /tA. Immediately following this high-current run,
a beam current of 420 fiA at a 50% duty factor was
extracted into beam line lA.

The other major accomplishment was the comple-
tion of the installation of the longitudinal polarization
equipment in the vault section of beam line 4. This
project was completed very smoothly, thanks to the
dedication of many people-
Beam line 1A

Efforts to increase the reliability of beam line 1A en-
compassed several areas. In the vacuum system a new
radiation-hard valve was installed in the vault section
of the beam line. A section upstream of the 1AT2 tar-
get has been redesigned to incorporate a window-valve,
an additional collimator and spill monitors. These will
be installed in the spring of 1988. A pump-out port
was added to the monitor upstream of the TNF. This
improved the vacuum in that region and has resulted
in consistent readings from the TNF protect monitor
at higher beam currents. The window at the TNF was
replaced with one of smaller diameter in order to im-
prove the effectiveness of its edge cooling at high beam
currents.

In an effort to minimize the breakdowns of individ-
ual magnets a water hose replacement program has
been started. Of 27 magnets in the primary beam lines
19 were completely refitted, 3 were partially refitted
and 5 were found to need no refitting. All filters were
changed on the cooling system supplying these mag-
nets. Thermocouple readings of the temperatures of
22 beam line magnets were made available in the con-
trol room. In addition, 5 vacuum flanges in the 1AT1
and 1AT2 areas were fitted with thermocouples and
their readings made available to the control room.

The major operational problems in the year were
water leaks in highly active areas. One occurred in
the first quadrupole of the M9 channel and another in
the first two quadrupoles of the M20 channel. In order
to fix the latter it was necessary to move the doublet
package into the warm cell of the Remote Handling
group. At another time the first quadrupole down-
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stream of the 1AT1 target developed a leak in a ce-
ramic insulator. Fortunately it was possible to repair
this leak in situ. It is hoped that the program noted
above, together with ongoing maintenance, will reduce
the number of cooling problems in future.

Thermal neutron facility

During the past calendar year 186 mA h of beam was
delivered to the thermal neutron facility. With this
beam the AECL Radiochemical Company irradiated
63 CsCl targets and produced 40 Ci of 127Xe.

A new irradiation facility was installed for the Nova-
track Company. Called the "rotating thimble", this fa-
cility allows large volume (5.3 cm diameter by 17.5 cm
long) samples to be irradiated, and it is expected to
come into operation in 1988.

Beam line IB

The beam line operated well during the past year.
For one experiment it was used to produce a 294 MeV
deuteron beam. The success of that experiment has
led to a proposal to produce cleaner deuteron beams
in the energy region between 200 and 300 MeV.

Beam line 2C

Beam line 2C has operated for extended periods this
year for the production of fast neutrons for biology
and, to a lesser extent, that of 24Na for off-line mea-
surements in TISOL. The beam has been limited to
extracted energies of 70 and 100 MeV because of the
lack of a variable energystripping mechanism, and to
currents less than 10 /xA in order to control radioac-
tivity in the ancillary systems.

Only two of the five target stations have been tested,
but the delivered beam has produced the predicted ra-
dioactivity or neutron flux within an accuracy of 20%.
There have been three component failures, of which
only one was beam related. Fortunately, these oc-
curred close to the end of a high intensity running pe-
riod so that only a few days of requested beam time
were lost. Two of these events offered an opportunity
to test the remote handling capabilities that were in-
cluded in the design. Crew radiation exposures were
well below those predicted in the safety study.

At the present time operations are hampered by the
lack of programmed procedures for controlling produc-
tion processes. Safety requires that operations be au-
tomated to minimize the possibility of on-line target
failures. All devices are currently operated manually
from a terminal in the control room. Thus improper
operation is detected only after the fact. It is hoped
that control manpower will be available this year to

complete and test command arbitration procedures.
As is reported elsewhere, a prototype of the vari-

able energy stripping mechanism is under development.
This design calls for a six-foil cassette which will allow
extraction of beams from 70-120 MeV and whose in-
tensities are variable from a few nanoamperes to the
full-intensity circulating beam in the cyclotron. The
mechanism will be thoroughly tested in the mock-up
facility before it is installed in the cyclotron.

Beam lines 4A and 4B

The vault section of these beam lines was reconfig-
ured with the installation of the two superconducting
solenoids required for the production of longitudinal
polarization. This system has been commissioned and
beams with longitudinal polarization are now available
to experimenters in each of beam lines 4A and 4B.

On beam line 4A the ISOL test facility was installed.
It is currently being used to measure the beam prop-
erties of extracted 20 keV ion beams.

CONTROL SYSTEM

As in previous years the majority of control system
work in 1987 has been in support of new TRIUMF
projects and installations, and in transparent improve-
ments to the system infrastructure to achieve greater
reliability and in improvements requested by operators,
physicists and support groups. In addition, some steps
have been taken towards the goal of updating the cen-
tral system - which is, after all, fifteen years old and
showing its age. The following sections mention repre-
sentative activities in each of these areas.

Maintenance

Most of the Controls group budget of both manhours
and of dollars is devoted to maintenance of the existing
system in order to provide as reliable operation as pos-
sible. In 1987 the control system was held accountable
for 55 h of cyclotron downtime, or approximately 7%
of the total unscheduled downtime for the year. This is
somewhat worse than our record in previous years, al-
though no single identifiable cause can be found, other
than aging. In particular, some older CAMAC crates
are known to be sagging and causing intermittances.
It can be expected that without a considerable invest-
ment in replacement hardware, the excellent reliability
record of the control system will deterioriate with time.

Support for new systems

The implementation of the new carousel mechanism
for stripper foil exchange in beam line 4 required sup-
port from the Controls group for the addition of new in-
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terlocks, and enforced procedures implemented in both
hardware and software. These changes, as well as the
requirement to add a new stripper mechanism for beam
line 2C, have led to the initiation of a project to replace
completely the present "tank" motor control system
with one based upon an in-house developed intelligent
motor controller, and logic implemented with commer-
cial programmable logic controllers.

A mishap which resulted in some equipment damage
in the high-intensity beam line led to a request for a
number of new thermocouple readouts. In a Controls
group tour de force, and with the help of a number of
other groups and individuals, this complete new system
was configured from spare parts and installed in less
than one week.

The M15 secondary channel control was integrated
into the central system in 1987, and work began on
the inclusion of the fourth ion source and its beam
line. Data tables have been added for these devices,
and new crates added to the ISIS serial highway to ac-
commodate the needed control modules. An associated
group has begun development of the intelligent system
necessary to control the laser-based polarizing mecha-
nism, which will in due course be integrated with the
central system. Also, in the ion source system (as well
as for the correction plates) control system hardware
and software were modified to support a new type of
power supply.

System improvements

A major accomplishment during 1987 was the in-
stallation of a new computer dedicated to program de-
velopment and maintenance of the Nova-based system.
This was necessary because the turnaround time even
for relatively simple program upgrades had become in-
tolerably long, and only one or, at most, two iterations
were possible in a regular maintenance period of 4-6 h.

The program development computer was upgraded
to an MV 7800 - one of a family of Data General 32-
bit machines. The 4 Mb system includes two Fujitsu
Model 2333 330 Mb disc drives, a Storage Technology
Model 2920 6250 bpi 50 ips tape drive, as well as 8 com-
munication ports and a console. The system has been
installed on the local control system Ethernet segment,
which is independent of the TRIUMF sitewide LAN,
as well as on the proprietary high-speed parallel direct
memory access interprocessor bus which connects all
the Data General computers. In addition, the system
has full access to the central CAMAC system through
the executive crate.

At the same time a new standard development
framework and procedures for program updates have
been instituted, which take advantage of the fea-
tures of the Data General Advanced Operating System

(AOS/VS). Use of this system has made a significant
improvement to the development cycle. In particular,
the time required for a complete relink of all Nova pro-
grams has been reduced by a factor of ten - from an
hour to about 6 min. Improvements for other opera-
tions range between factors of 4-6, but the net effect is
that programmer's time on maintenance days is spent
primarily in debugging, rather than just waiting, as
had previously been the case.

In addition to the incorporation of the new pro-
gramming system, a number of other system improve-
ments, intended to be transparent to the user, have
been made. Most notable has been the rearrangement
of the control room racks, as well as of the comput-
ers, peripherals, and interfaces which they contained.
The racks were rearranged into a "U" configuration,
the principal motivation being to shorten I/O cable
lengths to the executive crate and interprocessor com-
munications (MCA) cable lengths between the com-
puters. Both of these had been constraints to further
expansion. The new arrangement will make it possible
to expand the executive crate once again (to 4 crates!!)
so that planned Vaxen and workstations can be added.

Another improvement in the computer room re-
sulted from the addition of a one megabyte printer
buffer, which multiplexes up to six inputs to one Print-
ronix printer. The replacement of the venerable "Tel
Term" displays by emulators running on IBM XT
clones, described last year, was completed and ex-
panded in 1987 with the addition of two new stations
intended primarily for diagnostic purposes - one in the
Controls hardware group laboratory and one located
close to a concentration of controls equipment in the
accelerator annex basement.

Closer to the front end a number of improvements
were made to the CAMAC system. A new CAMAC-
to-CAMAC communication module which links a 128-
word CAMAC memory in one system to a similar mod-
ule in a second via an SDLC fibre optic link has re-
placed the clumsier and more expensive method in use
heretofore. A word written (with a single CAMAC cy-
cle) in one memory appears automatically in the other.
The memory is limited to 128 words to permit single-
cycle addressing, thereby avoiding the need for reserva-
tion flags in our multisourced system. Approximately
20 of these modules have been installed. A version of
this memory has also been used on the CAMAC end of
a new STD-based multiplexed ADC system, which is
replacing al! of our large older systems. Three systems
were replaced in 1987.

Central control system upgrade

In July a presentation was made to the Accelera-
tor Planning Committee in which a four-year plan for
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the upgrade to the central control system was outlined.
This proposal was endorsed in the report of this com-
mittee. Important elements of the proposal include im-
plementation of a central data base used by all control
system computers; replacement of the present pushbut-
ton, knob and LED-based console by one based upon
commercial workstations; the use of 32-bit computers
for new high-level applications, including the knowl-
edge and use of some accelerator physics for beam tun-
ing and diagnostics; evaluation of VME and serial CA-
MAC as possible replacements for some or all of the
existing parallel CAMAC system; and the use of Eth-
ernet as a means of extending the control system to
include other site computing systems.

Although this program is scheduled to begin in 1988,
a start on the data base project was made in 1987. Or-
acle has been purchased to run on a VAX workstation,
and development has begun on the design of a central
data base. This data base will include addressing infor-
mation, engineering unit conversion constants, physics
information (such as magnetic lengths), as well as ca-
bling data, etc. From this off-line relational data base
will be generated several run-time data bases which
will be distributed throughout the system. The first
target run-time data base will be the tables now stored
in a multiported memory (MPM) which is accessed by
all the Novas. Thus far, over 50 tables have been im-
plemented, as well as over 70 forms, including menus
for user interaction. Generation of a subset of the
MPM table has been simulated, vith over 1000 ana-
logue readback channels being produced in less than
one minute.

A first step was also taken in the direction of the
use of workstations for consoles. In collaboration with
Los Alamos National Laboratory evaluation of a VAX
station-based control system was begun. This system
was developed for the Argonne Beam Expanding Tele-
scope and was based upon an earlier design used for
the Proton Storage Ring. It is hoped to install the sys-
tem on TRIUMF workstations in January 1988, and to
adapt it to run in the TRIUMF executive crate envi-
ronment.

Both of the above developments are consistent with
the initial design philosophy approach to a control sys-
tem for the proposed Canadian KAON factory, out-
lined in TRIUMF report TRI-87-1. That proposal
suggests workstation-based consoles distributed over a
segmented Ethernet LAN and having VME-based &8K
series processes for local equipment control, readback
and analysis. A number of further studies was sug-
gested in that report, one of which - a comparison
and evaluation of multitasking real time kernals for
VME-based 68K series processors - has been initiated
in collaboration with the University of Victoria.

PROJECTS

Alternative extraction task force

The highlight of the alternative extraction program
this year was the successful beam test in the April shut-
down. During the test 90% of the circulating H~ beam
was deflected by the electrostatic deflector (DCD) for a
current equivalent of 66 fiA cw. The year also brought
a severe curtailment of funds for the program which
slowed down the design and construction plans. The
lion's share of the available funds was utilized by the
rf booster cavity and amplifier, with minimal funding
for magnetic channel and DCD design and testing.

DCD

Development work in the simulation chamber indi-
cated that the Mo foils used in the initial design were
causing breakdown due to the sharp jagged edges of
the foils. When these foils were replaced with stainless
steel ones with polished edges, the breakdown volt-
age rose from +40 kV to +70 kV over the 13 mm gap.
The improved version of the DCD was used in the April
beam test, but carbon tracking of an insulator resulted
in a disappointing performance, a stable +40 kV with
+55 kV for limited operation. The improved drive sys-
tem worked without incident.

After extensive testing in the simulation chamber
design changes were made to the DCD. A sheath was
added to insulators to shield them from rf voltages,
and to trap electrons originating in the vicinity of the
foils preventing them from reaching the insulator. The
coolant for the main body of the device was changed
from nitrogen to water so that nitrogen is used for the
antiseptum only. The DCD modifications have been
completed and simulation chamber tests will be carried
out before a possible beam test in the spring of 1988.

Magnetic channel

The main change to the design of the magnetic chan-
nel was in the geometry of the septum coil ends. They
were modified to be symmetric vertically (Fig. 106) to
avoid Br fields on the midplane. The coil ends were
designed to fit within the size constraints of the re-
mote handling equipment for installation and removal.
During the spring shutdown a survey was taken of the
vacuum tank floor in the area of prototype installa-
tion. A prototype base plate was used which was a use-
ful remote handling exercise. The radiation-resistant
channel design uses ceramic insulators, metallized on
one side. Two methods of vacuum brazing these met-
allized ceramic insulators to stainless backing plates
were successfully tested on site. A decision on whether
to actually construct this channel or not has yet to be
made.
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Fig. 106. The modified design of the prototype magnetic channel. The ends of the septum coil have been
arranged symmetrically with respect to the median plane in order to eliminate the Br component in the
median plane.

Further work has started towards magnetic chan-
nel designs intended for actual extraction of H~ ions
as opposed to prototype testing only. Various options
have been discussed for the various extraction elements
including iron-compensated channels or coaxial cos0
channels.

rf booster system

A unit with improved tuning elements has been in-
stalled into the cyclotron simulation chamber and oper-
ated under vacuum at peak voltages of 50 kV using the
rf amplifier described below. The cavity, coupling loop
and tuning system performed as expected and the de-
sign of the final system is in progress. A sophisticated
computer code for heat transfer and coolant flow in
the complicated piping system in the cavity walls was
written for optimizing the cooling of the highly stressed
system. It is exected that one cavity will be installed
in the cyclotron in 1988.

92 MHz power amplifier

Tests of the transmitter at medium power levels have
been done with the prototype cavity as load. With the
8 kW power amplifier configuration, using the driver
stage of the final assembly, 50 k V cw was obtained in

the cavity and 80 kV in a pulsed mode. The amplifier
has recently been changed to a 17 kV configuration
and work is under way to optimize performance. The
transmission line parts have been ordered and laid out;
some detailing is still needed.

500 fiA upgrade

In December 1986 a task force was set up to in-
vestigate the possibility of increasing the intensity of
routinely extracted proton currents from 150 fiA to
500 j/A. The task force addressed three principal ques-
tions:

• Is operation at 500 pA at all possible or are there
any fundamental limitations intrinsic to the individual
systems (viz. space charge effects) that preclude such
operation?

• Can the present systems continuously operate at
the desired beam intensities and, if not, which changes
are necessary to achieve safe and stable performance?

• What will be the impact of the increased radiation
fields on the management of radiation dose to person-
nel?

The answers had been sought firstly by analysing the
facility status and identifying problems expected to re-
sult from operation at two or three times the present
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beam intensity. Secondly, an experimental production
run at 200 f<A continuous and a short trial run aimed
at extracting the maximum possible instantaneous cur-
rent in a reduced duty cycle were scheduled for mid-
year. The results from the studies and experimental
data from the very successful beam tests formed a base
for a report and presentation to the Long-Range and
Accelerator Planning Committees. Both endorsed the
programme and strongly recommended its continua-
tion.

The main conclusions are summarized below:

• There are no intrinsic limitations due to space
charge effects below 400 ^A.

• Safe and reliable operation at beam currents
<170 /iA is presently possible.

• Beam parameters (pulse width, time structure)
change with beam intensity; further studies and tests
are needed. Booster cavities (described elsewhere in
this report) should correct for most adverse effects.

• Routine operation above 170 ^A requires hard-
ware upgrade of several cyclotron systems. The most
important is to achieve stable and reliable operation of
the dees at or above 100 kV, substantially improve the
diagnostics all along the beam path, and upgrade the
high intensity stripper mechanism. The high-intensity
beam line and targets must be modified for operation
above RS200 fiA. This problem is also addressed else-
where in this report.

• The often-requested beam-split ratio of 105 be-
tween beam line 1 and beam line 4 is not easily
achieved with sufficient stability at increased circulat-
ing currents. Either a substantial improvement in cy-
clotron systems' stability is achieved or simultaneously
run experiments must be scheduled for better compat-
ibility.

• A study of the radiation impact of high-current
operation revealed several areas of concern. The most
important is the air activation along beam line 1 and
the need for increased remote handling capability.

It is intended to continue the task force activities in
stages over a few years with the aim of gradually in-
creasing the extracted currents with improved stability
and high reliability. Two major projects -one for the
cyclotron, the other for the target areas - are proposed
in the new Five-Year Plan.

30 MeV cyclotron

During the course of the year AECL indicated inter-
est in obtaining a second cyclotron for isotope produc-
tion, with basic specifications:

Output energy
Beam particle
External beam intensity

>30 MeV
proton

>200 uk

It was the feeling of a number of TRIUMF personnel
that since all the specialized design skills are available
at TRIUMF, a cyclotron meeting these requirements
should be built locally. A small study group was there-
fore set up to develop a cyclotron conceptual design
and make cost and manpower estimates for its con-
struction.

A high-intensity, low-emittance H~ ion source is the
key to the design of a high-current cyclotron for iso-
tope production. The conceptual design that evolved
during this study, therefore, is naturally based on the
very successful high-intensity H~ cusp ion source tech-
nology recently developed at TRIUMF. A source ca-
pable of H~ currents up to 5 raA with a normalized
emittance of 0.35TT mm.mrad would be used in this
case.

The cyclotron itself would be a four-sector compact
design with 45° radial ridge hills, as illustrated in Fig.
107. Two dees located in opposite valleys operate in
0 mode at 44 MHz, the second harmonic of the orbit
frequency. Coaxial stubs to resonate the dees at the
operating frequency penetrate the yoke through four
20 cm diameter holes. To maintain magnetic symme-
try there are four additional holes through the yoke in
the unoccupied valleys. Two of these holes in the lower
yoke would be used as vacuum pump ports, while the
other two in the upper yoke allow convenient installa-
tion and operation of two stripper foil mechanisms for
simultaneous extraction of two external beams.

The design illustrated minimizes the cyclotron hard-
ware around the mid-plane where it might be activated
by spilled beam, thus making servicing easier.

Unlike many small cyclotrons, the final rf power am-
plifier is not close coupled to the dees. Instead, the
entire 50 kW rf system is located outside the cyclotron
vault for easy access and maintenance. A 15 cm flex-
ible coaxial line connected to the drive loop near the
end of one of the coaxiai stubs delivers the rf power to
the dees.

Some principal parameters of this preliminary con-
ceptual design are given in Table XIV.

OPERATIONAL SERVICES

Electrical

During 1987 the ac power supply systems required
only regular maintenance. The only exception was the
air circuit breaker to the rf transformer. Inspected
after the rf transformer failure, it was found that its arc
chutes were severely damaged and needed replacement.
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Fig. 107. 30 MeV H~ cyclotron TRIUMF design.
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Table XIV. Principal parameters of the TRIUMF 30 MeV H~ cyclotron.

Beam

Magnet

rf

ion
energy
beam current
ion source
No. of external beams

overall diameter
weight
pole diameter
No. of sectors
hill gap
valley gap
•Save

Bun
power

frequency
power

n
15-30 MeV
>200 /(A

external H~ cusp source
2

2.18 m
36 tonne
1.33 m

4
4 cm
18 cm
1.45 T
2.18 T
27 kW

44 MHz
36 kW

Their service life was 8000 operations vs the expected
life of 12,000. They were replaced in the fall shut-
down, and both main magnet and rf breakers, and re-
lated protection devices, serviced. To moreevently dis-
tribute the cumulative number of operations between
them, the breakers were interchanged. The main mag-
net transformer was inspected and coolant sample tests
indicated normal conditions.

The energy consumption for the site amounted to
51.5 GWh. The peak power demand in the year was
9069 kVA with a power factor of 0.96.

Mechanical

The air-conditioning system for the control and com-
puter rooms was studied and the enthalpy controller
found to be acting in reverse. This device selects out-
side or return air depending on which of the two has a
lower heat content. Selecting 100% outside summer air
would mean impossibly high conditioning loads. This
was corrected and the air supply rebalanced in the
computer room to reflect the relocation of heat sources.
One of the existing acoustic walls was removed to aid
air circulation, and Venetian blinds were installed to
cut down the light entering the master control room.

Remote handling

Routine operations

Routine remote handling procedures were performed
much as usual. In the cyclotron major responsibil-

ities included the installation of four new resonator
segments, the electrostatic deflector for the alternative
extraction test, replacement of the gate valve in beam
line 4, and both the high-energy and back-up beam
spill monitors. In the beam lines typical requests were
for the installation or exchange of components and re-
pairs due to vacuum or water leaks.

Development

Several improvements were implemented, and new
techniques were developed in the course of the year.
In the cyclotron the first two diagnostic devices can
now be remotely removed and reinstalled for servicing
- the new first turn radial flag in the second resonator
quadrant, and the new low-energy probe commissioned
in the fall. The installation of the cyclotron shadow
shields, repeated once or twice each shutdown, is now
possible from the Remote Handling operations room.
As a result the radiation doses to personnel are re-
duced.

A major effort is directed towards developing the
capability to remotely cut openings in the 22 mm thick
cyclotron lid and floor to enable installation of new
ports for the rf booster in 1988.

In the beam lines several components were re-
designed and upgraded for better performance and ease
of installation. The vacuum box with modified flanges
in the front end of the M8 channel, the Mil septum
magnet box upstream flange, and the relocation of the
beam line 4 vault section are typical examples.
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Hot cells

The demand on component servicing continued at
an increased level, and the work proceeded smoothly.
Later in the year the hot cell was cleaned out and de-
contaminated in preparation for cell relocation. The
modular cell was then moved to the meson hall ex-
tension, and an independent crane rail structure for
servicing the entire hot cells facility was erected. The
hot cell is now fully operational.

Liquid helium plant

The liquefier required major unscheduled mainte-
nance twice in the year, once due to oil contamination
and once due to a helium leak into the cryostat. These
problems made it necessary to purchase liquid from
outside sources on two occasions, and also liquid had
to be purchased to satisfy demand in excess of capac-
ity. A total of 4500 £ was purchased as liquid out of a
total of 55,595 £ delivered.
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EXPERIMENTAL FACILITIES DIVISION

INTRODUCTION

Several major projects were completed during 1987
which provide new capabilities in the experimental fa-
cilities available at TRIUMF or enhance existing ones.
In the proton hall the project to produce longitudi-
nally polarized proton beams on beam line 4B was
the major activity. During the spring shutdown the
two superconducting spin-precision solenoids were in-
stalled in the rearranged vault sections of the beam
line. The solenoids were successfully commissioned,
and using the new polarimeters in beam lines 4A and
4B the production of polarized protons in any of the
three directions (horizontal, vertical or longitudinal)
was demonstrated and the first experiments using this
facility were run.

The MRS spectrometer had a busy year and the
completion of the vacuum vessels and beam dump,
together with the new open-sided quadrupole on the
spectrometer, now permits high resolution scatter-
ing experiments down to 2.2°. Other improvements
in shielding and detectors have made currents up to
500 nA possible when operating in the CHARGEX
mode.

The TISOL (test isotope separator on-line) facil-
ity was installed on beam line 4A during the spring
shutdown. The facility consists of a target/ion-source
front-end followed by a QQD analysis system. Sepa-
rated beams of radioactive heavy ions were produced
using the 500 MeV proton beam and different ion
source configurations were tested. The beam from TI-
SOL is now being bent through a further 90° and trans-
ported to an area where more shielding exists. This
will allow the facility to be used for an initial physics
program as well as for source development studies.

The second arm spectrometer (DASS/SASP) design
continued to be developed throughout the year and
by year-end the detailed design of the dipole was well
under way. The SASP spectrometer, once installed,
will essentially complete a diversified nuclear physics
facility in the proton hall. In addition to the longitu-
dinal polarization project completed this year, other
components which make up this unique facility are
the 4B twister which allows the beam to be dispersed
in the vertical direction for momentum matching, the
MRS spectrometer with a focal plane polarimeter and
the nucleon charge exchange facility which enables the
spectrometers to be used for (n,p) and (p,n) studies.

Over in the meson hall significant progress was made
on the superconducting muon channel project on M9
which is a collaborative effort between TRIUMF and

the University of Tokyo. The compressor building was
completed and the compressor, cold box and associated
services installed. Initial tests on the refrigeration sys-
tem were carried out using a dummy load. Many of
the TRIUMF-supplied beam line components are de-
livered or well along in fabrication. The solenoid will
be shipped here from Japan next April at which time
the installation of the beam line will begin.

The /iSR facility project is now complete with the
delivery and commissioning of the dilution refrigerator
which is capable of operation down to about 10 mK.
Other items constructed as part of this facility include
the Omni and Omni' spectrometers, the high field ap-
paratus and some specialized rf equipment. Some of
the exciting developments in this area are described
elsewhere in this report. The M20 channel was im-
proved for /iSR research, with the replacement of the
high voltage supplies on the dc separator with new
400 kV supplies with considerably better stability.

With the completion of studies for the RMC exper-
iment using the rf separated beam on M9, the rf sep-
arator was removed for improvements and the short
dc separator installed in its place to provide a clean
surface muon beam. The Chicago magnet was disas-
sembled in preparation for the RMC experiment.

The QQD spectrometer was used in a large number
of experiments, in many cases in conjunction with an-
other detector arm for coincidence experiments. A new
high rate chamber developed by the detector group was
tested on the Mil channel at rates to 30 MHz/cm2

and has been used successfully at the dispersed focus
in the channel as an active slit. It is planned to replace
the front-end chamber on the QQD with one of these
high rate chambers. Other plans include the use of
the PACMAN magnet as a high acceptance spectrom-
eter for use in low cross-section experiments. Also in
progress are feasibility studies on a new large accep-
tance detector (CLASS) for pion experiments based
on a superconducting split pair solenoid.

In other experimental support activities progress
was made on the new VAX-based data acquisition sys-
tem for the MRS although there are still some pieces of
the software to be developed before initial testing early
in the new year. The Instrumentation Pool could not
be funded at as high a level as desired, putting some
constraints on the beam scheduling and limiting the
number of new modules which could be brought in for
evaluation. The meson hall service annex extension
(MESA) area of the detector facility was improved with
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the addition of a gas shack for counter gas distribution
and the clean room was used for several months for the
stringing of the Brookhaven 787 drift chamber. The
main floor of the MESA was the site of the calorimeter
construction for the SLD detector.

Both polarized targets were used for a number of
experimental runs during the year. The polarization
direction of the deuterium target was rotated to the
vertical from the previous horizontal directions. The
liquid deuterium neutron production target will be re-
placed with a new target flask which will allow opera-
tion at higher proton currents.

In addition to engineering on the projects already
mentioned the Engineering group was kept busy with
a number of experimental support projects, such as
modifications of the PACMAN and Chicago magnets,
a new water door for beam line 4A and improvements
to beam line 1A. Several members of the Experimental
Facilities Division were members of a task force which
prepared a report on the upgrade of the meson hall
target stations and beam lines for 500 /zA operation.

All components for the 80 m long HERA transfer
line were completed at TRIUMF and shipped to Ham-
burg during the summer. Except for the commission-
ing work at DESY this project is now complete.

EXPERIMENTAL SUPPORT

Nucleonics and IAC

A total of 170 new modules were added to the In-
strumentation Pool database during 1987, of which the
Pool purchased 82. This is the lowest number acquired
since 1980.

The report of the December 1986 Long-Range Plan-
ning Committee recommended that the Instrumenta-
tion Pool funding be restored to 1985/86 levels and
also placed a high priority on the hiring of an additional
technician. However, due to the fiscal restraints the In-
strumentation Pool was funded at the lowest level since
1983 and no additional personnel were hired. The In-
strumentation Pool nucleonics upgrade major project
received zero funding for 1987/88, as in the previous
year. Therefore, no progress was made in the evalua-
tion or acquisition of programmable trigger logic mod-
ules; nor were any additional CAMAC parallel branch
highway systems implemented.

A Work Study student performed a site-wide inven-
tory of the Pool modules early in the year. Two-thirds
of the 4500 modules on the database were found and
their location codes updated on the database. This al-
lowed easier reallocation of modules during the year.
To enhance the security of the Instrumentation Pool
repair and storage areas, the locks on the doors were

changed. Experimenters now have to obtain a key from
the main control room for access outside normal work-
ing hours. This has greatly reduced the number of
undocumented withdrawals of modules from the Pool.

Nucleonics requests continued to be a constraint on
beam scheduling. During unpolarized beam periods
over 95% of the Pool modules were typically in use.
This is the highest level of usage of any major North
American Instrumentation Pool.

M. Comyn and VV. Miles attended the Pool Heads'
AFREP meeting at Brookhaven National Laboratory
from June 1-15. The meeting began with informative
one-day visits to LeCroy Corporation and Phillips Sci-
entific and a half-day visit to Jorway Corporation. The
remainder of the week was spent at BNL discussing
matters of mutual concern to the Pools. Quality con-
trol problems were discussed in detail as they have been
of immediate concern to the TRIUMF Instrumentation
Pool over the last year.

The major evaluation undertaken during the year
was the selection of a new Pool Standard NIM bin
and power supply to replace the obsolete 200 W
B.L. Packer NB-10/1002 combination. The LeCroy
1403/1002A, Grenson 7N/VU5/NPU-11, Grenson
6N/VU3/NPU-8A, Ortec Black Max 4001C/4002E
and Tennelec TB4/TC911 Turbo units were tested and
compared with the B.L. Packer NB-10/1002. Electri-
cal and thermal operating characteristics were studied
extensively and the overall standards of electrical and
mechanical engineering were compared. The Tennelec
unit was first evaluated during a visit to TRIUMF by
Tennelec Inc. personnel in June. Extensive discussions
with the Tennelec engineer, both during and after the
visit, resulted in modifications to TRIUMF specifica-
tions and improved performance of the unit. After
equally exhaustive testing of all of the units, the Ten-
nelec unit was considered to be equal to or superior
to the others with regard to performance and, due to
novel electromechanical engineering, easier to maintain
and repair. The TB4/TC911 Turbo delivers 336 \V dc,
451 W total including 115 V ac. It was therefore de-
fined as the new Pool Standard. After acceptance of
the first production unit in November, ten of an or-
der for twenty units were delivered in December. Once
in service these new NIM bins should relieve an acute
shortage that has existed for the last two years.

The other new Pool Standard defined in 1987 was
the Jorway Model 71B-1 Options 2 and 3 Type A-
2 Master or Auxiliary Crate Controller with Mailbox
Memory and LAM Mask options.

A TRIUMF-designed Prescaler NIM modulo was
evaluated and improvements suggested. A second pro-
totype with revised, enhanced specifications was under
final assembly at the end of the year.
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Several modules were loaned for use in TRIUMF-
related experiments off site during the year. All re-
quests were considered under the new guidelines sug-
gested by the Instrumentation Advisory Committee
and adopted by TRIUMF at the beginning of the year.

Technical seminars related to new products were ar-
ranged during the year with presentations by represen-
tatives of Tennelec Inc, Tektronix and LeCroy Corpo-
ration.

Data acquisition software

The year's progress on completing the outstanding
parts of the VAX software for the new VAX-based MRS
CAMAC data acquisition system was slower than an-
ticipated due to the unexpected departure of the only
programmer working on the project, in April, and her
eventual replacement in October. Despite the loss of
manpower significant progress was made on complet-
ing the outstanding parts of the general software sys-
tem and beginning a new PC-workstation project. An-
other VAX-11/750 was added to the ranks of the data
acquisition computers to service users in the Mil area
of the meson hall.

The outstanding software items at the end of 1986,
namely a shareable, dynamic histogram system and a
graphics system to display the histograms, were com-
pleted this year and subject to extended tests. The his-
togramming system provides for the dynamic creation,
filling and deletion of histograms and their storage in
VAX disc files. In addition the system allows on-line
histogram data to be obtained by any other VAX pro-
cess, for display on graphics devices. The Atari graph-
ics display system, developed by Ron Jeppesen, was in-
corporated into the acquisition software to provide for
the display of histograms at a significantly higher rate
than with existing display software packages. In his
design the histogram data is transmitted to the Atari
personal computer, which then transforms it into the
usual display form with axes, titles and data values,
etc. It is possible to obtain a screen dump of the Atari
display by attaching an HP LaserJet printer to the par-
allel port of the Atari.

The VAX MULTI system from Fermilab was modi-
fied and interfaced to our buffer management scheme,
used to transfer data between all analysis processes in
the VAX host. The modifications took only a few days
and will give the present group of RSX/MULTI users
a familiar environment to work within when the new
system becomes operational in 1988.

A project to investigate the utility of PCs as a graph-
ics workstations for the MRS data acquisition system
was begun in the spring. This project is complemen-
tary to the Atari-based graphics system but is intended
to reach higher display speeds at lower VAX CPU-time

for colour displays. A PC-AT clone was purchased with
a 30 Mb disc, an ATI EGA compatible display adap-
tor, a 3Com Etherlink card for Ethernet attachment,
Turbo Pascal and DEC's DECnet-DOS. A Turbo PAS-
CAL program was designed with a VMS DCL-like com-
mand interface that emulated the commands available
to ufers of the VAX-based data acquisition system, for
the display of graphics. The PC was attached to the
site-wide Ethernet and is recognised as a DECNET
node by several VAXes. The program establishes a
DECNET connection to a server program on a VAX
and uses the link to obtain display data from VAX
analysis programs, in real time. The data are format-
ted and displayed in colour on the PC. Screen dumps
will be available by returning the screen bit-map to the
VAX for printing on a laser printer. At year's end the
PC software was essentially complete but for test pur-
poses the VAX software returned self-generated display
data rather than true histogram data from an analy-
sis task. The completion of this latter task will take
place after extensive testing of the two software compo-
nents. Tests demonstrate that the continuous repeti-
tive display of a 1000-channel histogram on the PC can
be achieved every 1.5 s (a data transfer rate of about
2000 bytes/s) and imposes a CPU load of 4%. The
equivalent data transfer rate (approx 19.2 Kbits/s) to
a terminal requires 40% of the CPU time due to the
nature of RS232 interface boards. This confirmed the
expected display rates for the project and the expected
reduction in CPU usage for displays. The scope of the
project will now be widened to encompass more func-
tions expected from a workstation software package,
such as data storage and retrieval, curve fitting, inte-
grations, etc.

Two papers were presented to the IEEE Real-Time
Computer Conference in May covering the graph-
ics workstation concepts and the buffer management
scheme for analysis process on the VAX. Another pa-
per was presented to the IEEE Nuclear Science Sympo-
sium in October on the TWOTRAN data acquisition
language used in the Starburst front-end processor of
the VAX.

On the hardwaie front the present TPC750::VAX-
11/750 was moved from the TPC shack to the Mil
counting room as the VAX host for meson hall exper-
iments in the M13/1B/M11 areas. It was equipped
with a System Crate-based CAMAC system compris-
ing a high powered crate, a VAX PTI-11 interface, an
AMC-11 unibus DMA transfer unit and an MX-CTR-
3 System Crate controller. A Starburst, its SCI inter-
face, a branch coupler and one crate on a 30 ft branch
highway were also added to provide a test system for
the front-end electronics. A HP LaserJet printer was
added to the TPC750:: for compatability with other
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VAXes on site. In November the data acquisition sys-
tem was installed on the TPC750:: for a one week test
on this host. The tests revealed data transfer problems
between the Starburst and the VAX which have been
traced to hardware faults.

A micro VAX system was purchased for the data ac-
quisition needs of the RMC experiment. This was
equipped with a tapedrive and 300 Mb disc, similar to
all of the three other data acquisition system VAXes.

In conjunction with Peter Green a specialized ver-
sion of the data acquisition system is being prepared
for the MRS spectrometer. The specialized version
will relieve users from programming standard forms of
analysis required by most MRS experiments and pro-
vide histograms of relevant parameters of interest to
users. Users will interact with a continuously running
analysis program via a terminal server program. Us-
ing the terminal server program users will be able to
modify the analysis performed on MRS events and to
view the results of histogramming the analysed data.
At year's end the software was well advanced and tests
should be anticipated early in the new year.

In the meson hall a version of the data acquisition
system will be prepared to resemble MULTI and inter-
ested experimenters will be coerced into using the new
system.

Outstanding at year's end is the debugging of Sys-
tem Crate hardware involved in data transfer between
the Starburst and the VAX. With this out of the way
an operational system can be pressed into service.

Detector facility

The new MESA area of the detector facility is now
fully operational. The gas shack, mixers and distribu-
tion piping is in place. The testing area on the main
floor is already fully occupied, with several experiments
awaiting space to install and test their equipment.
This area will expand in size in early 1988 when the
calorimeter construction for the SLD is finished. On
the second floor the clean room has been used by many
groups, and has been particularly useful for the assem-
bly and stringing of the drift chamber of Expt. 787 at
Brookhaven. The office space is now fully occupied and
a new terminal/computer system has been installed.

This year we have built more than 200 scintillation
counters of many types and sizes including 30 scintilla-
tors for other Canadian laboratories. The construction
of wire chambers and parts for wire chambers also in-
creased this year to a total of 26.

A spectrometer was purchased and refurbished and
has already helped to determine the optical quality of
light guides used in our detectors. It will also help
to determine the optical properties of scintillators pur-
chased in the future.
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Fig. 108. Development work on the fast chamber.

The development activities of our group have in-
creased significantly. We have finished construction
and initial testing of a very fast gas proportional wire
chamber (Fig. 108). This device was operated in Mil
at a rate of 70 MHz with efficiencies of about 90%,
making it one of the fastest wire chambers in exis-
tence. It operates with a gas mixture of CF4 and
isobutane and uses an individual wire readout PCOS
system. This chamber is now installed as a semiper-
manent feature in the F2 focus of the Mil channel,
and construction of three more similar chambers for
use in other secondary channels and in Expt. 787 at
Brookhaven is under way.

Extensive studies have been done regarding the ag-
ing process in gaseous detectors. This is a very im-
portant problem, especially in laboratories with high
intensity machines or where particle fluxes are very
high. The topic has been neglected in the past but is
now flourishing in several laboratories, and it is related
to our efforts with the fast chamber mentioned above.
A bench-testing device with several similar one-wire
chambers is being used for measuring the damage in-
duced by high fluxes as a function of gas mixture, gas
gain, gas rate and materials contained in the chamber.
Several analyses are used to establish the type of dam-
age and to understand the process involved. Results
from this work and from the fast chamber tests have
been presented at this year's Nuclear Science Sympo-
sium. In order to improve our work on wire chamber
damage, we have written and presented, together with
TEO Research Company, an industrial grant request
which would allow us to obtain a gas chromatograph
and mass spectrometer, as well as pay the operating
costs of this device and others to further this research.

Work on position-sensitive photomultipliers and fi-
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bre scintillators which began some years ago is con-
tinuing and one of us has visited the manufacturers of
these devices in Japan early this year.

We have begun work on a Bragg Curve spectrome-
ter. These devices are drift chambers for heavy ions,
allowing the determination of mass and energy simulta-
neously by measuring total ionization and track length.
These new devices are very useful for some of the ex-
periments done now at TRIUMF, and our first pro-
totype has already operated successfully, measuring
5 MeV a-particles with a 80 keV resolution FWHM.

This year we instituted two important changes in
our charging procedures. We have eliminated the
labour costs of manufacturing wire chambers which
now makes the process the same as for scintillation
counters. However, in either case we would expect
the experimental group to pay for manpower if ad-
ditional personnel have to be hired to carry out the
work. On the other hand, we are now charging the us-
age of gas obtained from the detector facility (with the
exception of TRIUMF-supported facilities) for exper-
iments at TRIUMF. This has reduced somewhat the
gas wastage and we hope it will induce conservation
measures (gas recirculation systems, etc).

These two changes have had several consequences.
First, the budget is now a better reflection of the costs
of detector construction and operation, both to TRI-
UMF and to the users. Second, it gives the user af-
fordable wire chambers which has already shown in an
increased request for chamber construction, straining
the manpower of our group.

MWPC facility

The major activity during the first quarter of 1987
was the construction of chambers for Brookhaven
Expt. 787. We constructed three planar chambers for
beam monitoring and assisted with stringing the cen-
tral drift chamber.

A second large project this year was the construc-
tion of 4 delay line readout wire chambers for the QQD
spectrometer. For this project we developed the abil-
ity to produce large printed circuit boards so that the
chamber frames could be fabricated in one piece in-
stead of aligning several sections together. We can now
produce 60 cm x 90 cm pc boards.

Three prototype drift chambers were constructed for
the radiative muon capture (RMC) group. Also for
RMC the four large TPC veto drift chambers were
restrung. We have raised the ceiling of a section of
the clean room so that the RMC drift chamber can be
strung vertically. This will allow us to use crimp pins
to hold the wires instead of soldered connections.

Cleaning and repair of the MRS front-end chambers
continues to be an ongoing project. Other projects

were fabrication of a delay line readout for a mi-
crochannel plate, repair of broken wires in Expt. 331
chambers, fabrication of a prototype VBCS cham-
ber, stringing wire planes for HERA profile monitors
and assembly of a high-pressure wire chamber for the
charge exchange facility.

MESON HALL

M9 channel

1987 marked the end of an era for the M9 channel.
In May the last beam was taken by the TPC facility,
completing data and calibration runs for radioactive
muon capture on nuclei (Expt. 249) and the search
for tetraneutrons by 4He(7r"ir+)4N (Expt. 365). Fol-
lowing a short period of studies with cosmic-rays the
work began to dismantle both the detector and the M9
channel.

On the detector side the TPC itself and all the trig-
gers were removed from the Chicago magnet so that
work could begin on modifying the magnet. Changes
to the magnet include increasing the gap, reconfigur-
ing the coil, adding holes to the end plate for light
guides, and rebuilding one of the 200 kW power sup-
plies. This is in preparation for the installation of a
new drift chamber, with trigger system and liquid hy-
drogen target being developed for a study of radiative
muon capture on hydrogen (Expt. 452).

On the channel side the first steps were taken to-
wards the new two-legged M9 upgrade, one leg of
which incorporates the superconducting solenoid from
the University of Tokyo. The rf spectrometer was re-
moved to begin work on a new transmitter and control
system. Most of the channel outside the beam line 1A
shielding was removed and replaced by a temporary
short extension incorporating the short dc separator
which was used for surface muons as well as some ion
beams.

When the major work on the M9 upgrade is under-
taken next spring and summer, one leg will replace the
old M9 and incorporate the rebuilt rf separator relo-
cated to optimize cloud muon beams in the momentum
range 60-70 MeV/c required for Expt. 452 in the re-
built Chicago magnet. The second leg will produce low
momentum polarized /x~ using the new superconduct-
ing solenoid. This major project is reported elsewhere.

M9 channel upgrade

This has been a very busy year for the M9 upgrade
project. The compressor building was completed and
the compressor, supplied by MYCOM of Japan, was
installed and grouted in place. The Sulzer cold box ar-
rived in May and was placed close to its final position
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on the meson hall floor. Prior to this installation the
Mil cabling and water services were moved to a new
north-south service corridor. The high pressure refrig-
eration piping interconnecting the compressor and cold
box was installed, pressure tested and registered. All
control and interlock connections between the refriger-
ator elements were made.

Initial tests of the refrigeration system were carried
out in September with engineers from Sulzer, MYCOM
and Nippon Sanso in attendance. During these tests
the solenoid was replaced by a dummy load supplied
by the University of Tokyo. The system met or ex-
ceeded all of its design cooling requirements and op-
erated very smoothly. Unfortunately, during the 72 h
acceptance test it was discovered that the cold box was
being plugged and that this was due to a high water
content in the helium gas. The source of this water re-
mains unknown; however, after much effort the system
gas and components have been dried and a successful
72 h test is expected to take place in January 1988.

The solenoid being constructed by the Mitsubishi
Electric Corporation was delayed due to funding and
scheduling problems. However, all of the major com-
ponents were fabricated this year and assembly and
testing are expected to take place in early 1988 and
the solenoid should be delivered in April.

There has been significant progress on the remainder
of the beam line during this year, A new optics design
was completed for the A leg (rf separator leg) in which
the separator was moved upstream to make the opti-
mum separation range 60-70 MeV/c (Fig. 109). The
design and fabrication of all major components is well
under way. The fabrication and assembly of the front-
end doublet is now substantially complete, the new
extraction bender for the B leg has been constructed
and field mapped, the A leg triplet magnets are being
modified and the existing Bi magnet has been removed
from the beam line for required modifications. In ad-
dition, the six quadrupoles for the B leg triplets have
been designed and ordered for delivery in April 1988.

The vacuum system design is now substantially com-
plete and many of the associated vacuum boxes have
been designed and fabricated. In particular, a pro-
totype length of Star pipe was successfully fabricated.
The control and interlocking of the vacuum system will
be done using a Modicon Programmable Logic Con-
troller which has been installed at the 264 ft level in
the meson hall. The interlock logic has been written
and there remains to program the controller.

The majority of the radiation shield required for the
new beam line was designed during this year. The de-
tailed design of both steel and concrete shielding blocks
was completed and it is expected that bids for their
fabrication will be solicited early in the new year.

This project will continue on a very tight schedule
toward an installation date beginning in April of 1988.

Mil channel

Mil has operated well this year with a busy sched-
ule. The largest blocks of time were utilized by po-
larized deuterium target users, with Expt. 331 (Spin
transfer in the 3rd —> pp reaction) utilizing beam
in May and June, and Expt. 375 (Few-body physics
via the ird break-up reaction) in December. Experi-
ment 403 (pion absorption on 6Li,12C) completed data-
taking with runs in January and July.

Shorter blocks of time were used by Expt. 327
((n+, TT+TT") reaction on 16O,28Si and 40Ca), Expt. 443
(ir+d —» Tr~ir+pp), Expt. 328 (Multi-nucleon modes
of pion absorption in flight on 3He and 4He) and
Expt. 395 (Search for a dibaryon in d(ir~,ir+)X.

The channel components ran reliably this year. New
pancake coil sections were installed early in the year
in the coils of the dipole 11B2 due to a pin-hole water
leak which caused a ground fault failure in the previous
year.

QQD spectrometer

Numerous experiments were successfully performed
on the QQD spectrometer during the course of 1987.
Many of these experiments made use of a second arm
in coincidence with the QQD. For the (7r,2jr) experi-
ments the second arm consisted of a large solid angle
stack of scintillators and wire chambers dubbed the
CARUZ. For another experiment, involved in a search
for a vNN bound state, the second arm consisted of
a small, twelve-element scintillator stack. The QQD
was installed in beam line IB for an experiment with
incident protons as well. Reports on these and other
applications of the QQD appear elsewhere in this re-
port.

Improvements to the QQD itself consisted primarily
of the development of fast wire chambers for the spec-
trometer front-end. A prototype chamber was built
and operated directly in the pion beam at rates exceed-
ing 40 MHz for a five-week period with no noticeable
degradation of performance. The chamber is read out.
wire by wire using the PCOS system. The wire spac-
ing in this chamber is 0.8 mm. A chamber of this type
will be used in the QQD WC1 position. Installation is
expected early in 1988, and will allow QQD operation
at higher beam intensities and more forward angles.

Also in 1988 we expect to replace the aging trig-
ger scintillators downstream of the spectrometer focal
plane. Furthermore, plans are in motion for the im-
provement of the PACMAN spectrometer for use in
low cross-section pion experiments. These improve-
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Fig. 109. Layout of the superconducting muon channel on M9 and modifications to the rf separator leg.
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ments consist of the acquisition of larger focal plane
wire chambers to match the larger pole-face gap, new
front-end wire chambers, a helium enclosure, and air
pads to facilitate angle changes.

Finally, design and feasibility studies are in progress
on a novel pion spectrometer facility, CLASS, which
will be used for future pion experiments on Mil and
M13.

Ml5 channel

The only significant development undertaken on the
M15 channel in 1987 was to tune for fi~ between 22
and 29 MeV/c at the request of Expt. 304 (Muonium-
antimuonium conversion). Neutron background stud-
ies of the various surface muon channels indicated
that M15 is the optimal channel for Expt. 304, if
it can deliver even a modest flux of n~ for calibra-
tion purposes. The permanent magnet quadrupoles
of M15 and the lack of polarity switches on the re-
maining 21 magnets create some obstacles. How-
ever, a tune established by changing the polarities of
only 6 magnets (the four benders, of course, and the
quadrupole in the middle of each bender pair) gave
about 90% of the flux achieved with all magnet po-
larities changed (except for the permanent magnets!):
about 3000 s"1 at 28.5 MeV/c with 100 fiA primary
beam. Measurements with a solid-state detector indi-
cated that the optical quality of the beam was simi-
lar to the positive muons of M15 in terms of momen-
tum dispersion, resolution, spot size, etc. This flux
is within a factor of two of what is expected without
the complication introduced by the permanent magnet
quadrupoles.

M15 operated with high reliability in 1987. About
10 h of beam were lost due to an intermittent ground
fault in the B3 magnet, which fortunately is easily ac-
cessible. The exact location of the fault was never iden-
tified, but the electrical isolation of the coil leads and
headers was improved and appears to have cured the
problem. The very thin (1.5 fi) fixed separator win-
dow failed due to an improper venting. This event
presented the opportunity to examine these windows
for aging and no beam was lost, as this occurred dur-
ing a shutdown. No visible deterioration due to ra-
diation, vacuum or heat radiated from the hot sepa-
rator cathode was apparent after over 18 months of
service by this window. Some improvement in cool-
ing the transformer diodes of the separator magnet
power supplies was required for sustained operation
at 95% of the design output for 90° muon spin rota-
tion; these supplies have performed well since being
modified.

facility

The (iSR facility project was started in 1984 to de-
velop specialized facilities for /iSR experiments on the
M15 and M20 channels. The main items in the facility
are the dilution refrigerator (DR), the Omni and Omni'
spectrometers, the high field apparatus, the residual
gas analyser and the rf apparatus.

The dilution refrigerator (DR) has been commis-
sioned and the first experiments have begun. The DR
has a base temperature of 7 mK which allows studies on
magnetism and diffusion in a temperature region which
are of fundamental importance in solid-state physics.
For example in the first experiment completed in late
December we were able to show for the first time that
the diffusion of the positive muons in copper slows
down below 50 mK. This new and surprising result
will be used to test Kondo's theory on the diffusion of
light interstitials in metals.

A 7 T superconducting magnet, purchased from an
equipment grant from NSERC, will be the heart of
the new high field apparatus. It is scheduled to arrive
on site early in 1988. At TRIUMF the development
of level crossing resonance as a spectroscopic tool in
chemical physics and solid-state physics has been pio-
neered, using a magnet borrowed from the University
of Tokyo. The results from TRIUMF were the high-
light of the Fourth International Conference on Muon
Spin Rotation in Uppsala, Sweden. The new magnet
will give us more than twice the magnetic field capabil-
ity of the old spectrometer and will operate at a small
fraction of the cost. This apparatus will be used to
fully exploit this new technique to obtain information
on free radicals and hydrogen in semiconductors not
accessible through other conventional techniques.

In recent months the positive muon has been shown
to be an ideal microscopic probe of internal fields in
high temperature oxide superconductors. The new
high field apparatus will also play an important role
in studying magnetic penetration depths and critical
fields of these exciting and technologically important
new materials.

Two multipurpose spectrometers Omni and Omni'
have now been commissioned and are being used rou-
tinely in most of the condensed matter physics and
chemistry experiments at TRIUMF. These spectrom-
eters feature conventional Helmholtz coils and a very
adaptable array of plastic scintillation counters which
can be configured to perform most types of rmion spin
rotation experiments.

Muon rf resonance is a novel and exciting new
method to probe electronic structure of matter. A
high-powered rf amplifier, purchased from an NSERC
equipment grant, has been commissioned and is in the
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trial stages. One of advantages of the technique, which
is of great interest to the chemists as well as physicists,
is that it allows one to study states of the muon which
form too slowly to be observed by conventional muon
spin rotation.

Fundamental aspects of chemical reactions are being
studied in the gas phase using muon spin rotation. One
of the important new technical improvements in these
experiments has been the incorporation of a residual
gas analyser purchased from the /uSR facility account.
This provides a precise and direct measurement of the
gas mixture. It should be noted that other (non/zSR)
users such as the Targets group and Expt. 304 have
also used this device.

All of the original goals of this major project have
been completed except for some developments noted
above which are being supported by NSERC funds. A
major concern, however, is the lack of technical sup-
port to effectively operate and maintain this equip-
ment.

Beam line IB

There were no major additions to the beam line
hardware in 1987, but existing apparatus was used in
two novel configurations:

1) A secondary deuteron beam of good momen-
tum resolution was produced using beam line IB as
a magnetic channel. Deuterons were produced via the
pp ~+ dx+ reaction, in a CH2 foil, separated from the
primary beam by a first beam line bending magnet,
and further analysed in the final bender of the beam
line. The beam was used by Expts. 190 and 301 to
measure reaction losses of deuterons stopping in Nal
detectors.

2) The QQD spectrometer was installed for the first
time in BL1B cave, for Expt. 460. Fortunately, it
proved possible to shoehorn the QQD into the area
without having to remove either the LH2 superstruc-
ture or the "steelhenge" of shielding around the neu-
tron irradiation facility.

PROTON HALL

Beam line 4B

The major activity in 1987 was the installation and
rearrangement of beam line components to provide
longitudinal polarization in beam line 4B. The ini-
tial studies had shown that two 2.4 Tm superconduct-
ing solenoids and a "rotating" quadrupole 4VQ3 were
needed to produce complete longitudinal polarization

in beam line 4B. "Rotating" quadrupole means that
for a specific longitudinal tune this quadrupole will be
rotated about the beam axis to a certain angle to ac-
commodate the appropriate phase space rotation.

At that time there was no space available to install
the two superconducting solenoids and it was clear that
the vault section of beam line 4 had to move an addi-
tional 5° to make the necessary room. This in turn
made it necessary to redesign and rebuild the extrac-
tion 4 stripping mechanism.

During the fall shutdown of 1986 the vault section of
beam line 4 was disassembled. First the bender 4VB1
was moved to its new location. After that, rebuild-
ing of the line continued toward the combination mag-
net which was heavily shielded to reduce the radiation
fields in the work area. A new pneumatically driven
wire chamber monitor 4VM2 was installed. A new
quadrupole was used in the assembly of 4VQ3 and its
rotating mechanism. The poles of this quadrupole were
aligned to high accuracy prior to installation. Again
due to space restrictions a C-shaped steering magnet
that carries the vault beam blocker in its vacuum ves-
sel was designed. To increase steering capability a
novel 4-pole steering magnet was installed upstream of
4VQ3. Although the superconducting solenoids were
ordered early on it was clear from the beginning that
they would not be on time for the fall 1986 shutdown.
Therefore, beam line 4 resumed operation without
them. New extraction port properties were established
and new theoretical tunes were produced. Indications
are that they are adequate at the higher energies while
there appear to be discrepancies at the lower energies.
These discrepancies are determined by starting with
a theoretical tune and measuring the resolution using
the MRS and then improving the tune empirically by
changing the quadrupole fields. The causes of these
discrepancies are not yet fully known.

In the spring shutdown of 1987 the two supercon-
ducting solenoids were installed (see Fig. 110). Two
vault shielding blocks were modified to create a small
gap for the lines transferring cryogens from outside the
vault to the solenoids over a distance of about 17 m.
The installation was followed immediately by the com-
missioning of the solenoids which showed that they will
exceed the initial specifications. The remote control
system was tested and proved satisfactory. Two new
polarimeters, one in beam line 4A and one in line B,
now allow the determination of all components of po-
larization. During operation of beam line 4B two com-
ponents (normal and sideways) are monitored contin-
uously. With the task completed on time and within
the budget the new facility now allows the production
of longitudinally polarized proton beams on beam line
4B. All other modes of operation of beam lines 4A
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Fig. 110. The two superconducting solenoids installed on beam line 4 for longitudinal polarization.

and 4B have been maintained. The first experiment
(Expt. 431) to successfully use longitudinally polarized
protons finished its data-taking run in November 1987.

MRS

The proton spectrometer system, still known as the
MRS, has had another busy and productive year. This
is evidenced by the number and variety of MRS mea-
surements described in the Science section of this re-
port. Demands for unpolarized beam time on the
nucleon charge exchange configuration of the facility
(CHARGEX) have become at least as pressing and
those for high- resolution operation with polarized
beam. There have been continued efforts toward max-
imizing the efficiency and productivity of the facility.

Proton scattering measurements at the smallest
scattering angles now enjoy an energy resolution sim-
ilar to that available at larger angles 100 keV or bet-
ter. The completion of the vacuum vessels and well-
shielded beam dump associated with the new open-
sided quadrupole magnet for the spectrometer now al-
lows a central spectrometer angle as small as 4° result-
ing in the edge of the acceptance being at 2.2°. Since
the quadrupole position is the same as in large angle

configuration, the optics remain optimized for resolu-
tion and solid angle acceptance. The borated water
shielding tank for the beam dump reduces the room
background from thermal neutron capture, to which
the delay line wire chambers in the focal plane po-
larimeter are particularly sensitive.

The efficiency of the front-end chambers in the pres-
ence of large fluxes has been improved with the con-
struction and installation of additional new electron-
ics. Previously, the most significant constraint was the
170 ns pulse pair resolution of the 4291B drift cham-
ber TDCs. This particular factor has been eliminated
by the new alternating routers designed and built at
TRIUMF. They share the signals from each wire alter-
nately between two TDC channels. To take advantage
of this, the pulse-shaping filter networks were modi-
fied to permit triggering at least on every second beam
burst. The result was more than a factor 2 reduction
in the inefficiency at high rates of the wire planes sep-
arating the CHARGEX (n,p) target layers.

In combination with additional collimation on the
beam-sweeping dipole, these improvements have made
it possible to use a beam intensity of 500 nA at
200 MeV or 100 nA at 460 MeV with single-plane ineffi-
ciencies less than 1%. Also, the programmable prompt
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OR signal available from the routers have made it pos-
sible to retire some obsolete modules from the event-
trigger electronics.

The high-resolution solid angle acceptance of the
spectrometer was increased by the installation of mag-
netic shims along the edges of the dipole pole faces.
Such additions, called Rose shims, are normally fas-
tened to the pole faces. In the case of the MRS, this is
impossible because of the unfortunate design of the
vacuum vessel. It was found empirically that they
would work almost as well inside the vessel if they were
displaced further from the pole edge. It was found that
a pair of shims, each 1/16 in. thick by 1/2 in. wide,
when properly positioned would extend the uniform
field region of the dipole by several centimetres at each
edge. This results in an increase in useful solid angle
acceptance of approximately 25% at negligible cost.

The software system for data acquisition, known as
DACS, continues to evolve despite the aging computer
hardware upon which it is based. In addition to a
variety of user conveniences, improvements include a
substantial increase in the rate at which data may be
transferred from the CAMAC electronics system.

The code for the CAMAC front-end processor has
been rewritten to take advantage of the pipelining fea-
ture installed in the branch driver some years ago. The
system can now read 700 typical MRS events per sec-
ond with event losses due to dead times Jess than 50%.

This throughput exceeds the bandwidth of the 1600
BPI magnetic tape system which is capable of only
280 events per second. Work is proceeding on imple-
menting an Ethernet link to the MRS VAX so that
data may be recorded on high-density tape.

A segmented high-pressure gas cell for
(n,p) charge exchange experiments

The Expt. 474 group has constructed and tested in
beam a high pressure gas cell/detector which serves
as a secondary target in the (n,p) CHARGEX facil-
ity at the MRS. The primary motivation for building
this cell was the measurement of {n,p) cross sections
for gaseous isotopic targets of 82Kr and 130Xe which
might explain the retardation of the experimentally
observed rates in double (5 decay. As a first test of
the system we have observed the 20Ne(n,p)20F reac-
tion at En - 198 MeV and angles of 0° and 6°. This
reaction, which involves a less expensive isotope, is in-
tended to verify the systematic variation of Gamow-
Teller strength across the (sd) shell predicted by large-
scale shell model calculations. Other proposals involv-
ing gaseous targets of 3'4He and 15N have been sub-
mitted to the December session of TRIUMF's Experi-
ments Evaluations Committee.

The gas cell is shown schematically in Fig. 111. The
neutron beam from the primary 7Li(p, n)7Be reaction

C e l l 2 C e l l 1
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steel windows.
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Fig. 111. Schematic side view of the high-pressure gas cell used in the measurement of the 20Ne(n,p)20F reaction.
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enters the cell from the right through a 0.5 mm thick
stainless steel window. The hit pattern from five ac-
tive detectors (V,A,B,C,D) are used to subdivide (n,p)
reactions occurring in different parts of the cell. Each
wire chamber consists of 16 vertical wires separated
by 2 mm. The horizontal positions are determined to
an accuracy of 4 mm (the wires are joined in pairs at
present) and compared to the traceback from the stan-
dard front-end wire chambers downstream of the gas
cell. The detector gas consisting of a mixture of 90% Ar
and 10% CO2 at 295 psi absolute flows through the gas
box at a typical rate of 150 cm3 STP per minute. The
operating voltage of the counter gas was determined to
be 4.90 kV at 295 psi and 1.68 kV at 15 psi. Detector
efficiencies of typically 99% have been observed.

The two 3.8 cm long internal gas cells containing the
isotopic gas are hermetically sealed from the counter
gas with 25 fx thick welded stainless steel windows.
A positive differential pressure of 7 psi above that of
counter gas ensures a positive curvature of the win-
dows.

The incident neutron flux is continuously monitored
using (n,p) reactions in two CH2 foils sandwiched be-
tween the extreme detector pairs (V,A) and (C,D).
As already adopted in the CHARGEX set-up for seg-
mented solid targets, accurate cross sections relative
to that for the well-known elementary H(n,p) reaction
are obtained.

Three separate runs have been used at each angle to
separate the spectral contributions of reactions from
the isotopic gas in the cell, and from background pro-
duced by the solid materials in cell windows and de-
tector planes, and by the counter gas. For the two
background runs the gas box and the inner cells were
filled with counter gas at the same pressures of 295 or
15 psi absolute, respectively. From the on-line spec-
tra obtained in early January 1988 peaks arising from
Gamow-Teller transitions in the 20Ne(n,p)20F were
clearly identified.

TISOL

A small prototype isotope separator has been in-
stalled onto beam line 4A (in the proton hall) and used
successfully to extract separated radioactive heavy ion
beams produced with test 500 MeV proton beam. This
test isotope separator (TISOL) is used to perform re-
search and development studies related to the proposed
accelerated radioactive beams facility as well as appro-
priate applied and nuclear physics studies.

TISOL lias been designed and constructed to pro-
duce separated (A,Z) radioisotopic heavy ion beams at
TRIUMF. It consists of a thick target/ion source front
end which operates at a high tension of up to 20 kV
followed by a vertical magnetic analysis system com-

posed of two magnetic quadrupoles and a vertical 90°
dipole to bring the extracted beams above the shield-
ing blocks. An elevation view of the installed TISOL
facility is presented in Fig. 112 (the section after the
first focus will be installed in 1988), while a plan view
of the TISOL area on beam line 4A including the con-
tainment room is shown in Fig. 113.
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Fig. 112. Elevation view of the installed TISOL facility.

Fig. 113. Plan view of the TISOL area showing the con-
tainment area.
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The milestones for the TISOL facility in 1987 were
installation on to beam line 4A (May), operation off
line to produce ion beams of Rb, Ca, K, and Na us-
ing a heated rhenium surface ion source, and then to
produce ion beams of 3aK (7.4 m) and 25Na (59 s) in-
dicating successful operation of the TISOL facility in
an on-line mode with the 500 MeV proton beam. Fol-
lowing a series of runs with this limited type of ion
source, a (Bernas-Nier type) plasma ion source, de-
signed and built together in collaboration with scien-
tists from McGill (Foster Radiation Laboratory) and
ISOCELE (Orsay), was installed and successfully used
both in an off-line and an on-line mode. Measured
yields of various radioisotopes extracted as ion beams
at the focus of the TISCI, facility are presented else-
where in this annual report (Expl. 421).

Time was devoted in 1987 to designing and build-
ing an extension to the ion beam line TISOL to a'low
the beam to be bent 90° and refocused at a position
where more shielding exists. This would allow exper-
imental measurements while the proton beam is on,
such studies now inhibited by the neutron flux near
the first focus. This extension is composed entirely of
electrostatic elements and is expected to be installed
early in 1988. This would complete the first phase r>f
the TISOL facility and allow it to be used to prop-
erly measure and optimize yields for a wide range of
radioisotopes of varying importance, while assessing
what improvements would be required to upgrade for
a state of the art physics program.

Dual arm spectrometer system/second arm
spectrometer

During 1987 the second arm spectrometer (SASP)
moved closer to becoming a reality. The spectrome-
ter will be located at the 1AT2 location on beam line
4B, and will be able to operate simultaneously in a co-
incidence mode with the existing MRS spectrometer.
The nuclear reactions which can be studied with such
a system are (p, 2p), (p, TTZ), (p,p'n), etc in the energy
region from 200 to 500 MeV. The energy resolution of
such a dual arm spectrometer system (DASS) would be
on the order of 160 keV. This type of experiment is not
yet possible to do anywhere else in the world. In addi-
tion the SASP spectrometer could also be used by itself
to expand the current experimental programs studying
the (p, jr),(p, n), and (n,p) reactions. The large size of
the solid angle and momentum acceptance of the in-
strument will greatly improve the data rates for these
reactions.

The updated design specifications of SASP are given
in Table XV and an illustration of the DASS/SASP
facility is shown in Fig. 114. The current specifications
listed in the table are now very close to those of the

Table XV. SASP specifications.

Designed central momentum
Maximum central momentum
Momentum acceptance
Solid angle at -10% Ap/p

- 5% Ap/p
0% Ap/p

+ 5% Ap/p
+10% Ap/p
+15% Ap/p

Resolution at 660 MeV/c
(FWHM) (with 2 mr multiple
scattering at focal plane)
D/M
Flight path at 600 MeV/c
Angular acceptance:

bend plane
nonbend plane

Focal plane tilt
Total bend angle
Angular range
Angular resolution
(1 mm beam spot with no
front-end chamber
Maximum target spot size
(full acceptance)

vertical
horizontal

Minimum opening angle
with MRS
with the beam line

660 MeV/c
759 MeV/c

-10% to +15% Ap/p
11.2 msr
13.0 msr
13.5 msr
12.8 msr
11.6 msr
10.0 msr

0.02% Ap/p
4.70 cm/%

7.02 m

±103 mr
±42 mr

44.3°
90°

14°-156°

2 mr

10 cm
4 cm

40°
14°

finished instrument as the design is now quite hard-
ened.

The design of SASP is built around a dipole
with wedged pole pieces resembling the opening of a
clamshell from which the dipole derives its name, the
"clamshell". There are in addition two quadrupoles in
front of the clamshell wii,h shaped pole faces to induce
high-order multipoles to correct for unwanted optical
aberrations. The configuration of the design is referred
to as a QQ-Clam. The minimum opening angle be-
tween the MRS and SASP is 40°. This opening angle
with the MRS is achieved by a novel design which al-
lows SASP to rotate on its own set of circular tracks
entirely independent of the MRS pivot. The quads are
fixed in place by an overhead cantilever support which
allows the quads to pass over the MRS frame without
interference.

The ability to detect protons up to 340 MeV
will make the spectrometer useful as part of the
(n,p)/{p,n) facility. Using SASP instead of the MRS
will increase the solid angle of the detector from around
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2 msr to 13.5 msr. The effective target area will also
increase by about a factor of 4 (the SASP target area
measures approximately 10 cm vertical x 4 cm hor-
izontal). For (n,p) physics, the combination of both
factors means that the data rate for the (n,p) reaction
using the SASP spectrometer could be 27 times the
data rate using the MRS.

The large solid angle and the large beam spot accep-
tance are notable features of the SASP design. How-
ever, other features should be noted as well such as
the 2 mr scattering angle resolution which is possible
without using a front-end chamber (FEC), the small
second-order aberrations involving source position, and
the small D/M (5 cm%) ratio. The ability to dispense
with a FEC will allow better use of the intense polar-
ized beam.

The detector system for the SASP can be concep-
tually separated into two basic subsystems: the tra-
jectory measurement and the trigger definition. The
trajectory will be determined by three vertical drift
chambers (VDC) near the focal surface and an op-
tional front-end drift chamber (FEC). The trigger will
be defined by several plastic scintillators for the dE/dx
and TOF, some drift chamber planes and a Cerenkov
counter for the fast pion identification. The design of
most of the system is determined by the envelope of
trajectories emerging from the exit of the dipole which
is shown in Fig. 115 superimposed on a layout of the
detector package. The detector system encompasses
the momentum range from —10% to +15% of the cen-
tral momentum.

The three VDCs and the FEC will be based on the
design of similar devices currently operating on the
MRS. The basic event trigger will be a coincidence
between the 6-paddle scintillator hodoscope and the
upper scintillator. It will be augmented by a prompt
signal derived from a selectable region of the i-plane
in the lower VDC and, if desired, a prompt signal from
the FEC.

In 1987 an application to NSERC for total funds re-
quired to build SASP received thorough reviews from
two outside referees as well as an on-site visiting com-
mittee. The reviews were all strongly unanimous in
favour of the project. Unfortunately NSERC did not
have the funds to support the application. Starting
next fiscal year it is anticipated that TRIUMF will
now attempt to build the SASP dipole, stand and
quadrupoles. Thus NSERC is being asked for funds
to purchase the SASP instrumentation such as wire
chambers, counters and fast electronics. In the mean-
time the detailed design of SASP is proceeding. It is
expected that the dipole design can go out for bids
in the first quarter of 1988. The current schedule for

SASP (dependent on funding) has the spectrometer as-
sembled and ready for commissioning on Jan. 1, 1990.

The proceedings of the DASS/SASP workshop held
March 17-18, 1986 are now available as TRIUMF re-
port TRI-86-1. Copies can be supplied on request.

TARGETS

Polarized Targets

(1) Large frozen spin target
The target was operated in beam line 4C for three

runs of Expt. 182 in January, March and June. Pro-
ton polarizations of 80% were routinely obtained with
polarizing times of four to six hours. The decay times
at 40 mK and 0.25 T holding field were 500 h for pos-
itive polarization and 400 h for negative polarization.
Following the June run the target was removed from
the proton hall and set up in the CRM lab for some
repairs and testing aimed at decreasing the polarizing
time without significantly increasing the decay rate in
frozen spin operation.

(2) Polarized deuteron target
The target was operated in Mil for two runs of

Expt. 331 during January and June. In these runs
the target polarization was either longitudinal or trans-
verse sideways with respect to the incoming pion beam
and maximum polarizations of +33% and —42% were
achieved.

Following the June run the target was removed from
Mil. The superconducting magnet was rotated to the
vertical field configuration, permitting a vertically po-
larized target. The refrigerator was modified to allow a
target ladder to be mounted in the microwave cavity.
This allowed one the ability to place either the po-
larized target or a dummy target in the beam, with a
changeover time of about five minutes. During dummy
target running the polarization could be kept frozen
with a decay time constant of about 200 h. This tar-
get was operated in Mil for Expt. 375 during Decem-
ber. Maximum polarizations achieved were +28% and
—35%. These are less than those achieved for longitu-
dinal polarization, presumably because in the vertical
configuration mode the target extends into more inho-
mogeneous regions of the magnetic field.

A target basket and NMR could have been fabri-
cated to allow protons to be polarized in the target,
this being required by Expt. 441 in January 1988. Tar-
gets at 4.2 K indicated that a reasonable thermal equi-
librium signal could be achieved using the NMR system
from the large frozen spin target.
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Cryogenic Targets

(1) Liquid deuterium neutron production target
The target was operated for the three runs of

Expt. 182 carried out in the first half of the year. The
target has a serious cold leak during start-up which
causes the insulation vacuum pressure to rise almost
to the point where the target will not operate. Exten-
sive leak checking at room temperature has revealed
nothing.

Fabrication of the new target flask, intended for use
at 5 jiA, is nearing completion and will be installed in
February 1988. It is hoped this will cure the insulation
vacuum problems.

(2) Liquid hydrogen targets
There are three liquid hydrogen targets at TRIUMF,

with services to operate these targets permanently in-
stalled in BL4A, BL4B, BL1B, Mil, M13 and M20.
The targets were operated for a total of six experi-
mental runs during the course of the year, using either
liquid hydrogen or liquid deuterium.

Late in the year design work for a new liquid hy-
drogen target for the RMC experiment recommenced.
The refrigerator and the bulk of the vacuum system
components required have been ordered.

(3) Liquid helium target
This target can be operated with either helium-3 or

helium-4 in Mil or M13. During the course of the year
it was operated for three experimental runs in these
two beam lines.

EXPERIMENTAL FACILITIES ENGINEERING

Magnets and beam lines

In the spring shutdown the two superconducting
solenoids made by Cryogenic Consultants were in-
stalled r.nd commissioned to complete the beam line
changes required to achieve longitudinal polarization
in beam line 4.

During the year work has continued on the TISOL
beam line. The permanent magnet sextupole was re-
ceived from Krupp and built into the ECR source.
Work has continued on the design of an electrostatic
beam line which will bend the particles into the hori-
zontal plane. Some components of this extension have
been fabricated. A new water door has been designed
and ordered for the entrance into beam line 4A to re-
duce neutron levels originating at the LD2 target. This
will be installed in January 1988

Considerable effort has gone into the M9 supercon-
ducting muon channel. The compressor station and
transfer piping has been installed and tested together

with the controls in preparation for the solenoid op-
eration next spring. Thi. new M9Q1 has been com-
pleted and tested as has the dipole M9BB2. Six 12-inch
quadrupoles M9BQ3-8 with square probes have been
ordered for delivery in the 1988/89 fiscal year. The new
steel and concrete shielding blocks to complete the in-
stallation are currently being designed. Vacuum boxes,
beam pipes and slit box designs are all completed and
these components are being fabricated.

Work has continued throughout the year on the
DASS/SASP dipole and preliminary ideal field distri-
bution by up to 1% were studied and found to be cor-
rectable by software corrections in the Raytrace rou-
tines. Deflection studies using a Finite Element anal-
ysis showed a reduction in the dipole gap of 0.0006 in.
due to magnetic forces and 0.001 in. due to vacuum
forces.

The effects of rose shims and field edge contours were
investigated to reduce the weight. It was not possible
to reduce the weight below the 100-ton crane limit,
without compromising the design. The preliminary
drawings have been sent to prospective suppliers for
comments on tolerances and manufacturing methods
prior to going to final tender early in 1988. Concep-
tual designs for the front-end quadrupoles have been
proposed but these remain to be detailed.

The PACMAN magnet stand was modified for two
proton hall experiments and its gap has now been in-
creased to 30 cm for experiment by using removable
shims. The stand has been modified for this new
height.

The Chicago magnet has been disassembled and the
end plates sent out for modification in preparation for
the RMC experiment.

On the M20 channel new high voltage supplies have
been installed for the dc separator. The supplies are
400 kV, 1 mA Glassman. These are voltage and cur-
rent regulated and should be much more stable than
the previous units. Full remote control will allow com-
puter conditioning during maintenance periods. The
separator vacuum controls are also being upgraded.

The M9 channel is in a temporary state due to the
M9 rebuild in progress but has the short dc separator
installed at F2 with slits and a triplet downstream.
This arrangement is optimized for providing a clean
surface muon beam.

On beam line 1A thermocouple temperatures of 22
magnets have been supplied to the central control sys-
tem. Also, 5 vacuum flanges in the 1AT1 and 1AT2
areas have bad thermocouples installed for improved
diagnostics. A section of beam line upstream of 1AT2
(including a window) has been redesigned and will be
installed in spring 1988.
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Fig. 116. Beam line equipment
provided by TRIUMF being in-
stalled at DESY.

HERA transfer line

All components supplied by TRIUMF on behalf of
IPP were delivered to Hamburg in July and Septem-
ber. The magnets and beam monitoring stations were
installed in the tunnels (Fig. 116) in September. Com-
pletion of the vacuum tube and commissioning will
take place in early 1988.

Earlier in the year all 20 quadrupoles, 2 dipoles and
8 X-Y steering magnets for the beam line were assem-
bled and field mapped. All magnets met the necessary
specifications. The wire harp monitors and their actu-
ators were assembled in beam monitoring stations and
tested. Except for the commissioning work at DESY
this project, initiated in 1985, is now complete.

T2 target upgrade

A task force chaired by A. Otter prepared a report
on the upgrade of the T2 target station for 500 /J.A op-
eration which was presented to the December meeting
of the Long Range Planning Committee. The central
mandate of the task force was to make a conceptual
engineering design study and cost estimate for the up-
grade of the target station and secondary channels at

T2 but it was found that there were additional changes
to beam line 1 and the Tl target area needed for
500 fiA operation and these were included as well.

Several new design concepts were considered for the
target shield and arrangement of the first elements of
the beam lines. Figure 117 shows the present arrange-
ment and Figure 118 shows one of the proposed ar-
rangements for the magnets and other components.

It was established that development work must pre-
cede a final detail design. This would establish better
radiation-hard vacuum seals, alternative magnet de-
signs, better beam line diagnostic devices, higher cur-
rent targets, etc. The experimenters should establish
the required arrangement of beam lines at an upgraded
target and whether the existing channels should be re-
produced with larger acceptances or new channel de-
signs considered. The task force concluded that M8
should be redesigned with a horizontal plane exit from
the target to ease the servicing problems.

Improved shielding and remote handling techniques
are required to cope with higher radiation levels and
air activation problems. A new hot cell capable of ac-
cepting magnets is necessary.

For 500 fiA operation the whole of beam line 1A in
the meson hall should be rebuilt from the vault wall to
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Fig. 117. Present arrangement of the T2 target area.
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Fig. 118. One of the proposed arrangements of the T2 target area.
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the TNF. The schedule and cost estimates reflect this
recommendation. It was considered that at least one
year of development work would be necessary before
a detail design could be started. The detail design
procurement and installation would require 3.5 years
with a six-to-nine month installation schedule.

The cost was estimated to be $13,590,000, including
development, new components and 60 man years of
professional and technical manpower.

Magnet development

Amongst the many magnets surveyed and tested
were 18 quadrupoles and some steering magnets for the
HERA transfer line at DESY. The new portable survey
equipment was used for the first time, to survey in situ
at Brookhaven the large 787 solenoid magnet. Fabrica-
tion of the two longitudinal polarization superconduct-
ing solenoids was completed and they were installed
and commissioned in beam line 4A. They have been
cooled down and run several times now but there are
still some problems in the cooldown procedure which
need to be resolved. Several studies were completed
on increasing the gap of the Chicago magnet and of
putting rings of holes in the end caps.

Calculations were completed on the design of a triple

superconducting solenoid system, with a cold iron
yoke for the optically pumped ion source. A contract
has been let with Oxford Instruments to manufacture
this magnet. The schedule for the superconducting
solenoid being manufactured by Cryogenic Consultants
for the //SR. group is about a year late.

Pole tip field calculations and engineering design for
the Ql and Q2 multipoles for the SASP spectrome-
ter were completed, but recent changes to the speci-
fication for these magnets may mean they have to be
redesigned.

Further cryogenic heat transfer measurements were
completed to see if a superconducting surface would
have a zero emissivity and to test for the proximity ef-
fect. The superconducting surface measurements were
spoiled by vacuum problems and will be repeated. We
found no evidence of the proximity effect at 4.2 K down
to an approximate distance of a third of a millimetre.
In summary our measurements indicate that between
77 K and 4.2 K it is best to not use any layers of su-
perinsulation but to have minimum emissivity surface
which can be as close together as tolerances will al-
low. This means that superconducting magnets can
be made both cheaper and more compact. We are
working on some other ideas to improve the design of
superconducting magnets and expect to try these out
on a small superconducting solenoid next year.
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ACCELERATOR RESEARCH DIVISION

INTRODUCTION

Although activity this year has been dominated by
the KAON Factory there have been other important
achievements too - acceleration of 400 ftA current in
the cyclotron with an improved ISIS tune, demonstra-
tion of 90% extraction efficiency for H~ ions at 66 //A
equivalent current, and the first operational use of the
fibre-optic link to UBC.

For the KAON Factory, this has been a good year,
starting with the approval of the project in principle
by the government of British Columbia (a commitment
to fund the buildings and tunnels at $87 M) and fin-
ishing with good news about the prospects for foreign
contributions to the funding.

The government of B.C. has given strong support
to the project throughout the year. Premier Van-
der Zalm and the ministers responsible (at first the
Hon. Grace McCarthy and later the Hon. Stan Ha-
gen) have emphasized that ii is the province's highest
priority among possible federal projects for B.C. The
Premier personally launched a Public Awareness cam-
paign with a "Gala Evening" in September, premiering
a special promotional video and triggering the flood of
letters which is reported to be deluging Ottawa.

On the federal side the Minister of State for Science
and Technology, the Hon. Frank Oberle, has agreed to
a joint federal-provincial study of international fund-
ing, additional provincial and university participation
and economic benefits. A Steering Committee was set
up to oversee this at the deputy minister level, and a
Canadian delegation was appointed to travel abroad
exploring the potential for foreign financial support.
A first set of visits by this group has revealed the pre-
paredness of at least four countries to consider signifi-
cant contributions to the construction cost. Mr. Oberle
himself invited other nations to participate in a speech
to the OECD in Paris.

On the technical side a full-scale magnet power sup-
ply circuit has been assembled using magnets from the
dismantled British NINA synchrotron to test the dual-
frequency concept. A full-scale prototype rf cavity is
also under construction. Theoretical studies have in-
cluded the effect of space charge on longitudinal mo-
tion in the Accumulator and Booster, the use of helical
snakes for polarized beam in the Driver, and the design
of a 99.9% efficient slow extraction system for the Ex-
tender. The latter system, requiring 3 extraction ele-
ments, is incompatible with the reference lattice; race-
track designs seem to be feasible and would provide

150 m long straight sections within the same circum-
ference, with some advantages for the C and D rings
as well. A secondary beam design study has shown
that the use of rf separators may be advantageous for
3-6 GeV/c kaon beams. Major studies have also been
completed on the KAON Factory control system and
on various aspects of project management.

A number of technical consultants joined us during
the summer and a very useful KAON Factory Accel-
erator Workshop was held in August. Major topics
discussed included rf systems, vacuum pipes and rf
shields, and space charge and painting. The workshop
also led to an agreement on closer collaboration be-
tween the LAMPF and TRIUMF accelerator design
groups. Initial topics are PSR commissioning and rf
cavity design. A good start was made during the
fall with rf measurements at Los Alamos and several
rf meetings, and participation in PSR commissioning
runs.

On the cyclotron a record high current of 420 //A
(50% duty factor) was achieved with the help of a new
ISIS tune, computed to take account of the extra space
charge. The observation of a space charge effect - en-
ergy broadening - within the cyclotron is also reported
in a separate measurement. In support of the 500 ftA
upgrade, a comprehensive review of the central region
has begun, to include space charge and third harmonic
operation. One contribution already complete is an
upgrading of the computer codes which analyse low
energy probe data. The GOBLIN code is also being
upgraded to take account of electric focusing of the
dee gaps more accurately. A number of MSU codes
have been implemented and used in preliminary de-
sign studies for a 30 MeV H~ cyclotron. The possibil-
ity of accelerating polarized and unpolarized beams to
500 MeV simultaneously has been explored and various
schemes analysed.

A new milestone was reached in tests of H~ ex-
traction from the cyclotron when 90% efficiency was
achieved in passing a 66 fiA equivalent beam through
the electrostatic septum (the remaining 10% being
stripped and safely extracted as protons upstream of
the septum). Progress has also been made in design of
the magnetic channels.

Beam line studies included the use of beam line IB
for deuterons, the design of new proton lines for can-
cer therapy, studies on the new M9 channel for ra-
diative muon capture, and the resolution of some tun-
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ing problems with the LAMPF stopped-muon channel.
Beam Line Diagnostics developments included testing
a prototype scanning monitor, analysing the coating
observed on MWIC Harp wires, various calibrations,
and design of a test facility to be installed on beam
line 4B. A capacitive pick-up is being considered for
measuring beam current at the TNF.

Computing Services have put considerable effort into
supporting the now ubiquitous Atari; installation of
the remote PAXC shelf has provided sixteen 9600 bd
ports to UBC, making the first regular operational use
of the optical fibre link; another fibre pair has been
successfully tested at 1 Mbd for the TRIUMF arm of
BCnet; real-time displays have been developed for the
cyclotron control room to show the effects of trim coil
tuning on particle phase and vertical beam profile; and
a secretariaJ training programme has been provided in
LATEX and has proved popular and successful - as
exemplified by this report.

Eleven papers were presented in February at the In-
ternational Workshop on Hadron Facility Technology
in Santa Fe. Ten papers were presented at the Par-
ticle Accelerator Conference in Washington, D.C., in
March. In addition a number of presentations were
made to the Accelerator Planning Committee, which
had its first meeting at the end of July, and to the
Canadian Accelerator Conference which had its fourth
meeting at TRIUMF in September.

BEAM DEVELOPMENT

Cyclotron

ISIS

A new record of 420 //A equivalent (50% duty factor)
was extracted from the cyclotron. This was achieved
using the new high intensity "cusp" source (at 1 mA)
and transport line. The transport line consists of four
matching quadrupoles followed by a periodic section.
The computer code TRANSOPTR was used to find
strengths for the matching quads. Profile monitors
confirmed that the calculated settings indeed matched
the beam to the periodic channel. TRANSOPTR is
more useful in this application than TRANSPORT
since it is capable of finding fits in the presence of space
charge forces. At an intensity of 1 mA, space charge
has a significant effect on the beam optics: it depresses
the phase advance per cell in the periodic section to 76
from 90.

Space charge neutralization

The H~ beam from the cusp source has been used
to study space charge neutralization at 15 keV. Emit-

tance figures have been measured as a function of back-
ground gas pressure at either end of a drift regi i. The
data show that for a pressure of a few 10~7 Torr, the
neutralization is near 90% while for pressures greater
than 10~4 Torr there is overcompensation, i.e. a net
focusing effect occurs.

Inflector matching

With an ion source emittance of better than 0.2w
mm-mrad (normalized) it is, in principle, possible to
achieve a momentum spread of the extracted beam of
0.06% full width. In fact, during high intensity run-
ning, we have never achieved a spread better than 0.2%
in beam line 4; values of 0.3% are more typical for
split ratios (BL4 current/BLl current) less than 10~5.
This means that the emittance of the beam circulating
in the cyclotron is more than an order of magnitude
worse than that of the beam from the source. Emit-
tance growth occurs in the spiral inflector because of
the strong coupling between the two transverse sub-
spaces and because of the entry of the beam into the cy-
clotron magnetic field. Moreover, if the injected beam
is not matched to the cyclotron eigen-ellipse, a very
large emittance increase will occur because particles
at different rf phases take different amounts of turns
to reach extraction. With a view to redesigning the
optics in the region just before the inflector, we have
begun a study on minimizing emittance growth due to
these three effects.

Central region

The installation of a second improved low energy
probe (LEI) in the September shutdown provided an
additional probe for centring work in the central re-
gion. Measurements were made of the inner limit of
travel for the probe (as it was installed in the tank) to
ensure accuracy of the radial position measurements in
the first few turns. The data for this probe has been
included in the cyclotron VAX programs, which aid the
centring of the beam in the first 20 turns. In addition,
these programs have been upgraded to be less sensitive
to noise when determining the location of the peaks in
the turn pattern, and the ability to delete or add peaks
interactively has been added.

A program of centra! region calculations, required
to support the goal of 500 fiA operation has been de-
veloped. The aim of these calculations is to examine
the beam dynamics of the central region for possible
impediments to operation at 500 //A, and to examine
the consequences of such operation on the cyclotron,
and on the beam delivered to the users. Some of the
items in the program include:

• effects of space charge on the cyclotron acceptance,
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• bunching in the ISIS line,
• effects of increased dee-voltage (in particular

on the time structure in BL1A),
• effects of 500 fiA operation on Ap/p in BL4B,
• use of cooled slits in the central region at

high current,
• studies of unbunched operation,
• third harmonic operation,
• reduction of beam dynamics related spills

in the cyclotron.

Short-term beam stability

The proposed KAON Factory accumulates the TRI-
UMF beam over periods of 20 ms. During e£xh period
the beam is steered to populate different regions of
phase space. Should the beam be absent, or should
significant intensity fluctuations occur for periods of,
say, 1 ms then the final accumulated distribution may
be significantly distorted.

The beam current in beam line 1A was measured
by employing dc restoration and filtering to the signal
from a capacitive probe. The amplifier rise and fall
time was 25 /JS. Data were taken for sampling periods
of 4 (is, 100 fis and 1 ms synchronized to the ISIS
beam pulser. Intensity ripple of ~ 1 % was observed.
Deep dropouts lasting ~50 ms occurred roughly once
every 5 min (Fig. 119); operators felt that these were
due to steering changes through the ISIS skimmers.
Plasma oscillations were induced in the ion source but
no fluctuation in extracted beam current was seen at
frequencies less than the 25 /is resolution.

Revised stripped beam trajectories

During the spring shutdown the vault section of
beam line 4 was rotated 5° about the combination mag-
net in order to provide a longitudinally polarized beam
facility. The location of the beam line 4 stripper foil
positions was recalculated and the operating transfer
matrix parameters of the new beam line remeasured.
In addition the field outside exit horn 2, which was
measured for the Alternative Extraction Systems Task
Force, was incorporated into the STRIPUBC program
and new calculations made for beam line 2B extraction
between 100-200 MeV.

Cyclotron orbit codes

The general orbit tracking code GOBLIN has been
thoroughly reviewed. Some historical irrelevancies
were removed, some errors in logic corrected, and some
useful new features were added. Proper documentation
is almost complete. In addition, up to 10 user-defined
(R,0) windows have been added. Their immediate use

BLlfl CURRENT 1 ufl)
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Fig. 119. Example of a beam dropout originating in the
ion source or injection system. The beam was steady at
137 iiA for more than 5 min before this event.

is to model the behaviour of extraction elements. Each
window region may contain local electric and magnetic
fields that are defined by a user-written subroutine. As
well, the R-K integration step size may be varied within
a window to accommodate rapidly varying fields.

A cross comparison was made of the revised GOB-
LIN calculating orbits in the MSU K500 cyclotron field
for 30 MeV/amu 12C3+ and SPRGAPZ calulating or-
bits in the TRIUMF field. The difference in the cal-
culation of the radial position at any azimuth was less
than 0.05 mm. The height of a 25 mm vertical oscilla-
tion differed by 0.15 mm. This was ascribed to different
procedures used for the interpolation in the magnetic
field, and the calculation of the field derivatives.

Simultaneous polarized and unpolarized beams

A preliminary study was made of the feasibility of
running the cyclotron in a mode where polarized and
unpolarized beams are interleaved. Since the present
cyclotron operating limits are set by average current
considerations, increased facility use could perhaps be
achieved by running polarized and high intensity un-
polarized beams simultaneously. It should be noted
that these schemes do not increase the available beam
time, but rather allow the possibility of trading unpo-
larized running in beam line 4 for polarized running in
that beam line. Thus to proceed with such a scheme it
would be necessary to show that there is a much larger
demand for polarized time than unpolarized time.

Two different time structures were identified. The
first would involve interleaving on a bunch-to-bunch
basis, the second on a much longer time scale, say, a
millisecond. The selection of the switching frequency
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Fig. 120. Computed median plane shifts as each of the
seven deflectors is switched on in turn.

is limited at the low frequency end by, among other
things, the thermal rating of the targets and the strip-
ping foils. At the high frequency end it is limited by
such considerations as the tuning time of the bunches.
Therefore a switching frequency in the range of a
few kilohertz to a few hertz is preferred. Methods
that would interleave bunches were also examined. In
this case the fifth harmonic operation of the cyclotron
means that the only possible bunch sequences are pp
blank pp or pp blank pp. These would both result in
a 20% reduction in duty factor. Also such a scheme
would require an rf deflector in the cyclotron tank and
an rf deflector in the ISIS line, both of which would be
costly and difficult devices to build. For these reasons
the low frequency switching is preferred.

The separation of the two beams at extraction would
be done by shifting the polarized beam off the median
plane of the cyclotron. This could be done in a number
of ways, but to avoid degrading the beam quality the
best method would be using a vertical electric deflec-
tor in front of the stripping foil. Fig. 120 illustrates
that a median plane displacement of >0.2 in. can be
achieved with an electric field of 15 kV/in. extending
over 4° azimuthally at the extraction radius. By using
a set of seven overlapping plates, extending from r =
230 in. to r = 300 in., beams in the operating range
of 200-480 MeV could be extracted. Design of such a
resonant deflector does not appear to be a very difficult
technological problem.

If, in the future, the scheduling of beam time could
benefit from such a system, then further work would
be necessary to determine the optics required at the
location of the ISIS deflector. The details of this study
are presented in TRI-DN-87-32.

Alternative extraction

Experimental tests

A further set of experiments using the vr = 1.5 res-
onance driver and the electrostatic deflector with pos-
itive deflecting voltage were performed in the spring of
1987. The layout of the equipment in the cyclotron
vacuum chamber was the same as for the measure-
ments reported in previous years. They had been af-
fected by a damaged insulator limiting the maximum
voltage on the resonance driver and by a broken drive
mechanism for the electrostatic deflector which con-
strained the position of the septum to a less than op-
timum miminum in density. The measurements were
made with a 0.66 fiA beam at 1% duty factor (peak
intensity of 66 /J.A). A radial scan with the differential
probe HE2 (Fig. 121) shows the beam intensity mod-
ulation produced by the resonance driver, the gap in
the beam caused by the septum protection foil and the
septum itself, and the deflected beamlet representing
about 30% of the total circulating beam. The DCD
maximum voltage was +55 kV, but maintaining this
proved to be more difficult as the tests progressed.
The tranmission measurements with electrostatic sep-
tum alone and protection foil removed allowed us to
estimate an effective septum width of 0.5 mm.

Improvements to the electrostatic deflector

The septum of the electrostatic deflector is made of
tensioned metal strips 0.25 in. wide, spaced 0.05 in.
apart to ensure flatness and uniformity. Originally,
molybdenum strips cut by an electron beam technique
were used. The edges were found to be very sharp,
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Fig. 121. Differential and integral probe scans made at the
exit of the electrostatic channel. The curve DI/DR is the
current seen on a 1.25 mm finger. This drops to zero in the
shadow of the septum and rises as the finger intercepts the
extracted beamlet.

135



explaining the observed high electron current load to
the DCD originating from field emission. A two-
dimensional relaxation code was used to investigate
this problem and the results showed that a strip ge-
ometry with an edge radius of curvature of 0.04 mm
would give a peak field of 0.2xlO6 V/cm. This is well
below the field emission criterion of between 106 and
10T V/cm. Consequently stainless steel foils with well-
polished edges were installed and have operated at
much higher voltages.

Magnetic channel

The field produced by the magnetic channel has been
calculated by means of the three-dimensional code
GFUN. This code includes effects of iron with varying
permeability. It was shown that this has little effect on
the details of the field produced by the channel; how-
ever, the code was retained for Biot-Savart calculations
because the program structure allows coils of compli-
cated shape to be described in terms of model segment
parameters. Calculations made in planes above or be-
low the channel were compared to fields calculated by
expansion of the mid-plane field. The aim was to test
the range of validity of the expansion in the steep gra-
dients of the channel. Large local discrepancies were
traced to two errors in GFUN routines applicable to
racetrack coils. One error was corrected and the other
circumvented by the use of an alternative description of
the coil geometry. The field and expansion now agree
to within 0.2 mT.

Orbit calculations in the now-accurate fringe field
showed a vertical beam excursion of 15 mm. This
was sufficiently gradual so as not to distort the emit-
tance but is too large to be acceptable. Consequently a
coil with a revised, symmetric design has been pursued
(Fig. 122).

The trim coil conductors were moved closer towards
the cyclotron centre to reduce the dBzs/dr component
at the vT — 3/2 resonance. The relative strengths of
the septum coil and cancellation coil were balanced to
minimize the field gradient in the fringe field and also
within the channel to provide an acceptable change
in emittance ellipse shape. Horizontal phase space is
stretched by 'z0%, while vz is reduced from a minimum
0.2 with no channel to 0.16 with the channel powered.
The vertical equilibrium orbit shifts by <2.5 mm for
a 6.3 mm vertical displacement of the channel and the
phase slip is not more than 3° in the fringe field of the
channel.

Two-dimensional calculations were performed to de-
termine the mechanical specifications for manufacture.
The positioning of the septum conductors near the me-
dian plane is the most important parameter and the
tolerance on horizontal position with respect to each

/SERVICE BRIDGE

FEEDTHROUGH

V ""--BEAM PLANE

BOTTOM OF
BRIDGE
I I

o) ASYMMETRIC

I £3

b) SYMMETRIC

Fig. 122. Cross section through the septum coil of the
magnetic channel showing the service bridge arms, (a) Old
asymmetric coil, (b) new symmetric design with 20% re-
duction in vertical extent.

of the other conductors is 0.5 mm in order to avoid
excessive local BT fields.

Beam dynamics of extraction

The beam optics associated with the beam crossing
the fringe field of the cyclotron and passing into the
exit horn has been investigated with GOBLIN. In one
scheme four magnetic channels were used to lead the
H~ beam into the extraction line (Fig. 123). In the
initial study the magnetic channels were assumed to

TION
HORN I t

CIRCULATING
BEAM

Fig. 123. Trajectory of the extracted H beam, showing tie
magnetic channels (MC1-4) and the auxiliary accelerating
cavity (AAC2).
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add no gradients or Br components to the existing cy-
clotron field. Several particles were tracked through
the channels and exit horn II. The particles defined
a radial and vertical emittance of 2JT mm-mrad each
with an energy spread of ±0.7 MeV. Strong radial
defocusing forces were observed as the beam crossed
the main magnet excitation coil. The addition of a
strong (20 mT/cm) radially focusing gradient in the
fourth magnetic channel precompensates this defocus-
ing force. Some additional focusing will be required
downstream of the exit horn to help match the beam
to the transfer line to the post-accelerator. This work
must now be combined with a design study on the
higher-strength magnetic channels to determine what
gradients are possible and also co-ordinated with the
design of the transfer line.

Primary beam lines

Deuteron production on beam line IB

Early this year a group of experimenters required a
deuteron beam on beam line IB. Their goal was the de-
termination of nuclear reaction losses when deuterons
were stopped in scintillation detectors. The optics of
the beam line were revised and, with a crude produc-
tion mechanism, a 294 MeV deuteron beam was pro-
vided. The success of the experiment and the agree-
ment between theoretical and experimental data led to
the proposal for the production of a cleaner deuteron
beam on the beam line.

It is proposed that a thin CH2 target be located in
a monitor box upstream of the first dipole in the vault
section of beam line 1. With that dipole set to trans-
mit deuterons to beam line IB, upstream quadru- poles
are adjusted to focus the primary proton beam on a
beam-stop located in a monitor box downstream of the
dipole. The subsequent quadrupoles and (two) dipoles
are tuned to transmit the secondary deuteron beam
to the 1BT1 target location. Because the deuterons
have slightly higher momentum than the secondary
protons, the latter may be stopped in a second beam
blocker located at a focus between the two dipoles. For
a 0.5 mm CH2 production target the calculated flux of
294 MeV deuterons at the 1BT1 target is 88/s/nA of
primary beam; that of 200 MeV deuterons is estimated
at 38/s/nA of primary beam.

Possible proton therapy beam lines

The success of the pion therapy program at TRI-
UMF has led to a renewed request for a study of the
feasibility of a proton therapy beam line. Such a study
was begun in mid-year and is continuing. Although ini-
tial ly aimed at the treatment of eye melanoma (which

would require beams of 70 MeV or less), provision of a
beam whose upper energy is in the region of 250 MeV
is being investigated.

For lower energy beams (<120 MeV), the existing
beam line 2C is ideal. Such beams can readily be ex-
tracted into the beam line IB cave with no changes to
the beam line configuration. (Indeed, this beam line is
currently being used in preliminary studies of the use-
fulness of high-energy neutrons in therapy.) Assuming
a treatment facility for eye tumours similar to that at
Harvard and SIN were available, a suitable beam line
to that facility would require only the addition of a
quadrupole doublet and safety and monitoring items.

Provision of higher-energy beams which would be
available on demand to a treatment area is somewhat
more difficult. One possibility which has been consid-
ered is the use of beam line 2B. It has been shown
that proton beams of energies between 100 MeV and
200 MeV can be extracted from this port. However,
beam line 2B is located between beam lines 2C and
2A and the latter is the extraction port from which
the KAON factory will be fed. It is not yet clear that
extraction of the H~ beam to the KAON factory is
compatible with extraction of variable energy beams
from extraction port 2B. Were this possible, however,
several schemes have been devised by which beams
ranging from 70 MeV to 200 MeV could be directed
to one location in the beam line IB cave.

Because of the uncertainty of the requirements for
extraction of beam to the KAON factory, consideration
is also being given to the extraction of a beam of energy
fixed between 200 MeV and 250 MeV; this beam would
then be degraded to the energy required for treatment.
In addition, because of the conflict with physics exper-
iments in the IB experimental area, schemes are being
developed to deliver proton beams to an external ther-
apy facility.

H~ extraction on beam line 2A

The original design for beam line 2A was based on
the assumption of the extraction of a proton beam.
With the decision to feed the KAON factory with an
H~ beam it became necessary to redesign this beam
line because extraction properties of H~ ions differ
from those of protons and electric stripping of the H~
beam in beam line dipoles now becomes a problem.
This year calculations of the properties expected of the
extracted H~ beam became available and redesign of
the beam line began. In order to avoid the extracted
H~ beam striking either the yoke of the cyclotron or
one of the jacks used to lift the vacuum tank, a mag-
netic channel is placed inside the extraction horn. Two
schemes, one internal and one external to the vault,
were found to transport the beam to the Accumulator
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ring. These are shown in Fig. 124. Each of these de-
signs provides a doubly achromatic beam at the exit
of the second dipole.

The merit of the internal line is that it does not in-
terfere with physics experiments in the beam line IB
area. Further, it requires fewer elements and is there-
fore less costly. On the other hand, the first dipole
of the beam line must be of a design such that the
jacking post may be cleared. In addition, should the
extraction energy be raised above (the design energy
of) 450 MeV, the dipole fields, and not their lengths,
must be increased because of the lack of space in the
vault. This will increase beam loss caused by elec-
tric stripping. The beam line which passes through
the vault wall into the IB experimental area has more
components but there is sufficient space available that
the lengths of the dipoles can be increased should the
extraction energy be raised. Thus beam loss from elec-
tric stripping may be kept low. However, installation
of this beam line would clearly restrict, if not prohibit,
experimentation in the present IB target room.

Because of these objections an attempt has begun
to design a beam line of which the first section passes
through the magnet yoke and/or between it and the
jacking post. The merit of such a beam line is that
significantly smaller bend angles are required to direct
beam to the Accumulator. Thus both the dipoles and
their fields can be smaller reducing both beam spill
from electric stripping and cost.

The region in the horn area required by the magnetic
channels in the configurations shown in Fig. 124 covers
the region required for extraction of all but 200 MeV
from extraction port 2B. An extraction line for beam
line 2A which passes through the magnet yoke would,
in principle, allow simultaneous extraction from each
of beam lines 2A, 2B and 2C.

Secondary channels

M9 channel

The proposed M9 channel has two legs. One leg con-
tains a superconducting solenoid for the production
of a low-momentum polarized negative-muon beam.
The other leg coincides with the present M9 after the
present B2 and contains an rf separator used to de-
liver a clean cloud beam to the TPC at 77 MeV/c.
This leg will in future be used mainly for radiative
muon capture in hydrogen. A lower momentum of
65 MeV/c turns out to be advantageous. The rf sep-
arator has to be placed further upstream in order to
obtain the proper time-of-flight relationships between
electrons, pions and muons at 65 MeV/c. A tune has
been made for a new layout for this situation which
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Fig. 124. Possible transfer lines to the Accumulator ring.

gives as good beam characteristics as the layout re-
quired for 77 MeV/c.

Stopped muon channel a t L A M P F

The stopped muon channel at LAMPF was origi-
nally designed to produce decay muon beams and was
later adapted for the transport of surface muons. The
channel will now be used for the MEGA rare decay ex-
periment which aims to bring the branching ratio for
the decay fi —* e+y down to the 10~13 level. A high-
quality surface muon beam is required. Therefore, a
big effort was made to understand the optics of the
channel at a high level of sophistication. Recent tun-
ing runs in parallel with our theoretical calculations
have now advanced the understanding of the channel
to the point that one can simply set the magnet cur-
rents to the theoretical values in order to obtain a small
beamspot at the final focus. This is possible for two
different tunes. The experimental spot sizes agree with
the theory. However, the experimental momentum bite
for one of the tunes seems substantially smaller than
the theoretical prediction.

The influence of the interplay of the proton beam
and the shape of the production target has also been
investigated. It was found that proper positioning of
the proton beam can improve the intensity by 30%.
However, in this case about 15% of the proton beam
misses the target. A future effort to decrease the size of
the proton beam on the target will therefore be useful
and will increase the intensity even more. At present
there are about 108>z+/s for a 1 mA proton beam.
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Fig. 125. Sketch of scanning wire mechanism.

BEAM LINE DIAGNOSTICS

Scanning profile monitor

The measurement of the secondary emission current
from a wire or blade scanned through a beam can give
a more accurate description of beam profiles than the
static harps currently employed. A suitable mecha-
nism, which fits into existing monitor boxes, is shown
in Fig. 125. An aluminum blade, 10 mm long and
0.25 mm wide, gave profiles with a spatial resolution of
0.5 mm and electrical noise equivalent to <1 nA beam
current. The noise was reduced to this level by utilis-
ing RG174/U coaxial cable inside the monitor box to
eliminate electrostatic noise generated by wire flexing,
and by removing bias wires adjacent to the signal wire
and replacing them by a stationary ring before and af-
ter the blade to provide a clearing field. 60 Hz noise
was cancelled by the use of shielded twin-ax cable and
a balanced differential amplifier. A 60 Hz filter could
not be used since a 300 Hz bandwidth was required.
The mechanism illustrated in Fig. 125 has operated in
the beam line on several occasions and on the bench
under vacuum for 5 x 105 cycles.

For the more intense beam currents the blade was re-
placed by a 0.125 mm gold-plated molybdenum wire.
Profiles were measured at beam intensities of 150 ^A.
The first scans thus made displayed a broad base un-
der the expected narrow peak. The behaviour of the
background is much more strongly affected by the bias
voltage and is ascribed to low energy (~100 eV) ions
from residual gas, which will be collected by the wire
with 100% efficiency. Profiles taken as the beam line
pressure was allowed to rise (Fig. 126) confirmed that
the beam component stays the same while the back-
ground rises. These studies also show that the clearing
field from a 300 V bias is necessary at the usual oper-
ating pressure.

For the case where harps cannot readily be replaced
for some time a software program has been written
which scans the beam across a single stationary wire.
Provided that the beam is small enough to be steered
clear of the wire on both sides, a profile measurement
may be obtained. Unfortunately this can only be done
at relatively low currents to avoid excessive spill. Data
have been obtained at ~10 ftA intensity.

Radiation effects

The wires of the harps eventually develop a coat-
ing in a time which is proportional to beam exposure
and general radioactive environment. The coating ap-
pears to act as an insulator, charging up and deflecting
ions to neighbouring wires. A scanning electron mi-
croscope was used to obtain X-ray spectra of the wire
and coating. Samples of gold-plated tungsten wires
showed a 7 /im deposit of chlorine and silica. Gold-
plated molybdenum wires showed a 3 /xm deposit of
aluminum, chlorine and tin.

A gas-filled ion chamber situated just outside the
cyclotron vacuum tank and used as a backup to the
scraper-foil spill monitor eventually showed a resis-
tance to the flow of the working gas, which was 90%
50
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Fig. 126. Scanning wire beam profiles at different gas pres-
sures. The lower trace was taken with +350 V at less than
15 mTorr, the upper trace with +200 V at 18 mTorr, 3 «A
cw beam.
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argon and 10% carbon dioxide. When the ion cham-
ber was removed for servicing it was found that cop-
per gas lines and brass fittings were encrusted with
a blue-green deposit which impeded gas flow. Analy-
sis showed the presence of beryllium, indium, zinc and
cobalt. The encrustation is assumed to be enhanced
by the beam-induced breakdown of carbon dioxide into
chemically active carbon monoxide or OJ. During the
next running period helium will be tried as a working
gas, since radiolysis products are less severe. It may
be necessary to flush such a monitor clear of helium
before doing any leak checking in the vicinity of the
monitor during maintenance periods.

Equipment development and test facility

The development of beam-diagnostic concepts and
their engineering design has been retarded by the lack
of adequate "with beam" test facilities. This, in turn,
has reflected on the ease of operation of the cyclotron.
To date, tests of low-intensity devices have been con-
ducted at 4BT1; these are affected by experiments at
4BT1 and by installation of the solenoid. High-current
equipment is developed in beam line 1A between 1AM6
and 7, and here high radiation levels and lack of access
slow progress. In addition other groups, e.g. beam
lines, vacuum, are affected by equipment installation
and removal.

A facility has been designed for installation in beam
line 4A which will provide a controlled environment
and basic facilities for general equipment development.
Beam line 4A was chosen since, to date, access is fre-
quently available for periods of several days, there is a
long section of unoccupied space between the last dou-
blet and 4AM8 (the old FERFICON location), and the
line and dump have the ability to handle 10 fiA.

The vacuum vessel size can accommodate the beam-
sensing head of the largest existing monitor and also
the T1/T2 production target vessels. A rapid pump-
out would permit fairly frequent venting, a controlled
gas leak and window valves would allow operation at
pressures from atmospheric to ~10~6 Torr. There is
provision to install coils to provide 50 G fields, per-
manent feedthroughs and cabling for thermocouples,
32-way RG174, twisted pairs, HV bias at <1 kV and
6 kV and possibly optical fibres, also for water-cooling
and heating coils. The aim is also to provide perma-
nent amplifiers, multiplexing, etc. connected to the
CYCVAX serial-CAMAC highway.

Line density

A TDC and TRIMAC have been installed in the
meson hall to give convenient display in the Control
Room of the beam distribution within an rf pulse. The

standard input is from the Tl Cerenkov; however, the
electronics are located adjacent to the fan-out of sec-
ondary channel and other rates. The information pro-
vided has been available for many years but required
the set-up of a TAC and PHA in the Control Room.
The cyclotron VAX is being used until the Control
Room microVAX is operational. The TRIMAC rou-
tines rlso replace those HLL routines in the Eclipse
computer displaying the secondary channel rates, and
are expandable.

COMPUTING SERVICES

Hardware

Currently TRIUMF has at least 8 HP-Laserjet print-
ers. Their proliferation is due to many factors, but
mainly their low cost (<$2500), their high quality, and
the availability of software which allows the full in-
tegration of graphics with TgX. The success of the
Atari 1040ST personal computer at TRIUMF (now es-
timated at 50 units) has also mushroomed due to its
low cost (<$1000 for a complete system) and its versa-
tile graphics terminal emulating software (ST640) writ-
ten at TRIUMF. Some of the secretarial staff prepare
text for TgX documents off-line on their Atari and then
transfer the text to the VAX cluster for processing and
printing on the laser printers.

To enhance colour graphics hardcopy support a
180 dpi 7 colour inkjet printer, the HP-Paintjet
(<$1200), has been added to the array of graphics de-
vices and is predicted to enjoy the same success as the
HP-Laserjet.

A remote PAXC shelf connected via one pair of the
three-pair optical fibre cable has been installed allow-
ing 16 bidirectional 9600 bd terminal connections be-
tween TRIUMF and the UBC Computing Centre. The
reliability of the optical fibre cable has been good ex-
cept for the costly breakdown of some of the inferior
splices that were made in the original installation. The
proposed BCnet linking the three B.C. Universities,
TRIUMF and the Advanced Systems Institute adja-
cent to BCIT. has been funded and should be com-
pleted by mid-1988. It will provide for 2.048 Mbaud
(T-l) Ethernet-to-Ethernet links. Modem tests over
a pair of the optical fibres connecting TRIUMF to
UBC have already been successfully conducted. The
"bridge" equipment will be installed next spring. This
link will replace the MTSMOVE facility with high
speed DECNET-like support.

Software

The use of TfiX at TRIUMF has continued to ex-
pand to the point where, after some initial training by
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the Computing Services group, it is now regularly used
by some of the secretarial staff. For simple documents,
letters, etc., the AES is still preferred, but for docu-
ments laden with formulae and tables T^X is preferred.

Updated documents in T]jX format of the extensively
enhanced versions of RELAX3D, PLOTDATA, OP-
DATA, GPLOT, EDGR, ST640, and REPLAY were
produced. These new style documents are published
as TRI-CD-YY-## (Computing Design notes). The
off-the-shelf availability of these high quality docu-
ments, although burdening the Computing Services
group with many hours at the copy machines, has had
a positive impact on the popularity of these utilities
(some of which are invoked >1000 times/month on the
local VAX cluster) both at TRIUMF and dozens of re-
search institutes world-wide.

Extensive upgrades were made to the VAX graphics
editor EDGR, the general plotting program PLOT-
DATA and the vector manipulation program OP-
DATA. An input data recall shell was also written and
interfaced to the above programs, allowing users to re-
call previously typed input in the same way as is cur-
rently available in VAX DCL. This feature will consid-
erably reduce the number of keystrokes in using these
highly interactive programs.

Support for several new graphics devices such as
DEC's LN03+, SEIKO'S GR-1105, Tektronix 4207/9,
Imagen's laser printer, and HP's PaintJet were written.

Miscellaneous

The ST640 graphics terminal emulating software for
the Atari, written at TRIUMF, also provided for high
speed (3-10 times faster than using the conventional
graphics routines) display of one- and two-dimensional
histograms. Only the data are sent to the Atari, the
graphics processing and display being done locally.
This has turned the Atari into a primitive worksta-
tion supporting on-line data acquisition systems and
the off-line high speed replay of data tapes.

ACCSIM, a program to simulate the beam dynam-
ics of synchrotrons, was developed and documented.
Moliere and nuclear scattering, longitudinal matching
of beams, and space charge effects were included. It
accepts the DIMAD format of the machine definition.
A range of injected beam distributions is supported.
Scatterplot and loss checking at user-specified ring lo-
cations is allowed. Studies of an internal target for
the KAON factory E ring, the longitudinal phase-space
stacking for the A ring, and the injection and losses in
the Los Alamos PSR were undertaken using ACCSIM.

A report comparing the analytic, numerical (using
RELAX3D and TRIWHEEL) and the limited experi-
mental study of an electron beam probe for ion beam
diagnostics was also produced.

KAON FACTORY

Very good progress has been made this year, both in
technical studies and in the campaign for funding. The
most important factor has been the B.C. provincial
government's strong support for the project as its top
priority among federal projects and the centrepiece of
its hi-tech development strategy. In February the B.C.
cabinet gave the project formal approval in principle;
i.e. agreement to fund the civil works ($87M) provided
the federal government funds the technical equipment.
The province also agreed to support a $10M one-year
study on a cost- shared basis.

The province's efforts have been led by Premier Van-
der Zalm and the ministers responsible for science and
technology, at first the Hon. Grace McCarthy, and lat-
terly the Hon. Stan Hagen. In September the Premier
launched a Public Awareness campaign with a "gala
evening" at a downtown Vancouver hotel, helped by
a 15-minute promotional video, a new publicity book-
let, our new scale model complete with flashing lights,
some cases of oj^dally labelled "KAON Project" wine
and the brass seci,.o* yf the Vancouver Symphony Or
chestra. A subsequent letter- writing campaign has
proved very successful, with ;>ousands of letters being
sent to federal ministers. These activities have been co-
ordinated by a provincial desk officer and a full-time
consultant and secretary.

Good progress has also been made in gaining the
support of other provinces. A meeting of the National,
Provincial and Territorial Science Ministers in Vancou-
ver in March to sign the new national policy on sci-
ence and technology was preceded by vigorous brief-
ings of the provinces by TRIUMF users and potential
industrial suppliers. Once in Vancouver the ministers
were treated to a tour of TRIUMF in the afternoon,
and a B.C. government video featuring TRIUMF in
the evening following the Premier's dinner in honour
of John Polanyi and Alan Astbury. The Premier and
Mr. Hagen have continued these contacts at subsequent
interprovincial meetings.

On the federal side the Minister of State for Science
and Technology, the Hon. Frank Oberle, has agreed
to a joint federal-provincial study of some remaining
questions:

international contributions for the funding
additional university and provincial involvement
economic benefits

These studies are being supervised by a Steering
Committee composed of the presidents of NRC and
NSERC, Larkin Kerwin and Art May, and Mr. Ha-
gen's Deputy Minister, Isabel Kelly. A Canadian dele-
gation, consisting of G.C. Hanna, E.W. Vogt, and rep-
resentatives of NSERC and the B.C. government, was
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also appointed to explore the potential for foreign par-
ticipation in the funding. During the fall the team
visited appropriate government officials in the Federal
Republic of Germany, Italy, Japan and the U.S.A. Each
country agreed to consider financial involvement in
construction, with a particularly strong commitment
from Germany. The way appears to be clear for ne-
gotiations over the amounts, which are hoped to total
at least $100 million. In addition countries such as
Belgium, Britain and the People's Republic of China
have expressed interest in participating in experiments
and providing experimental equipment. Mr. Oberle
himself, in a speech to the OECD nations in Paris in
October, stated "We are anxious to seek and develop
other joint ventures", giving as an example "... inter-
national partnership in the construction of the KAON
Factory".

Notable visitors to TRIUMF this year in connection
with the KAON Factory have been Premier Vander
Zalm, Hon. Stan Hagen, the B.C. Cabinet Commit-
tee on Economic Development, provincial ministers re-
sponsible for science, members of the Prime Minister's
National Advisory Board on Science and Technology,
members of the B.C. Premier's new Science Council,
a delegation of regional directors general representing
various federal ministries in Vancouver, mayors of vari-
ous lower mainland municipalities, the governors of the
Vancouver Board of Trade, the B.C Provincial Recov-
ery Committee, and the W5 cr3W from CTV. Another
visitor was the leader of the Opposition, the Rt. Hon.
John Turner, who tabled a statement in the House of
Commons supporting the project, and in a speech in
Richmond promised to build it if the Liberals won the
next election.

On the technical side a very successful KAON Fac-
tory Accelerator Workshop was held from 4-6 August.
A large contingent from Los Alamos joined individuals
from CERN, Chalk River, Fermilab, Rutherford and
Science Applications (San Diego) for a 3-day review of
three areas of the design:

rf systems
vacuum pipes and rf shields
space charge and painting
A major rf topic was the problem of rf cavity par-

asitics and their threat to beam stability when driven
by "kicker voids" (empty buckets). For fixed shunt
impedance per cavity it is desirable to minimize the
number of cavities and maximize their voltage gain.
This would favour the use of perpendicularly biased
microwave ferrite, as at Los Alamos, although several
tests remain to be done on their cavities.

On vacuum pipes the important conclusion was
reached that ceramic pipes probably offer a better so-
lution than any metal design for the 10 Hz magnets in

the Driver, just as for the 50 Hz Booster. No agreement
was reached on the best type of rf shield - metallized
stripes or wire cage.

One injection option is not to paint in energy, thus
leaving the bucket centre empty, saving the cost of en-
ergy ramping and reducing the number of stripping foil
traversals by stored protons. Whether such an annular
distribution would remain stable, however, remains to
be seen.

One fruit of the workshop was agreement to attempt
a closer collaboration between the LAMPF and TRI-
UMF accelerator design groups. Potential areas are or-
bit dynamics (both theoretical and experimental with
PSR commissioning), magnet power supplies, vacuum
pipe design and rf. TRIUMF could design and build
(at cost) low level and driver electronics, while LAMPF
could make their cavity available for TRIUMF tests.
The collaboration got under way very promptly with
an RF Workshop at Los Alamos on 3 September and
some days of measurements on the Los Alamos cavity,
for which it was shown that a high Q could be main-
tained down to the lowest frequency required by TRI-
UMF. Initial beam commissioning runs on the PSR
have involved studies of H° stripping in the injection
foil and of dispersion around the ring.

A six-month study of the KAON Factory control sys-
tem has been completed with the help of two visitors
from CERN. A comprehensive review was carried out
of both hardware and software options and a weighty
report is now available.

UMA Spantec Ltd. was awarded a contract for a
project management study to report on organization,
management procedures and breakdown of the project
into engineering packages. Prequalification submis-
sions were also solicited from interested companies in
order to assess which would be potentially capable
of contributing to the design and construction of the
KAON Factory.

Orbit dynamics

Tracking

A tracking study was carried out for the Booster ring
to determine its dynamic aperture in the presence of
higher-order error fields. Estimates for the error fields
were obtained from design studies for the dipole mag-
nets, done at TRIUMF, and from existing TRIUMF
8 in. quadrupoles. The magnitude of the error fields
determined in this way was about 3-5xl0~4 relative
to the bending field in the dipnles and l-2xl0~3 rela-
tive to the pole-tip field in the quadrupoles. The error
fields were simulated as thin multipoles in the com-
puter code DIMAD. A test particle was traced around
the ring for 200 turns and the phase-space distortion
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at an inspection point was recorded.
For the high-intensity working point, ux, vy =

5.23,7.22, the acceptance of the ring was found to
be about 1.5 times the beam emittance at injection,
£x,€v = 1407T mm-mrad, 62TT mm-mrad, while for the
working point anticipated for acceleration of polar-
ized protons, vx,vy = 5.23, 4.22, it was just equal to
that emittance. This reduction can be explained by
the larger peak value of the vertical /? function for
the reduced vertical tune. The reduced acceptance
exceeds by far the expected emittance for polarized
beam, about 25?r mm-mrad. Figure 127 shows the dis-
tribution in vertical phase space for the high-intensity
tune. Synchrotron oscillations were included in the
tracking runs; no detrimental effect due for instance to
synchrobetatron coupling was observed.
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short magnets bending horizontally restore the orbit to
create the straight device that is necessary for energy-
independent operation. As for a continuous helix, the
beam excursion is proportional to 1/n while the length
increases only proportional to y/n, where n is the num-
ber of twists. Thus the orbit excursion can be reduced
by adding more twists without paying too much for
additional length of the snake. In general, snakes with
2 or 3 twists are both shorter and have less orbit ex-
cursions than the Steffen snake, making them espe-
cially attractive for applications at lower injection en-
ergy. For the Driver, a three-twist snake is 10.6 m
long and has about 9 cm orbit excursion at 3 GeV, to
be compared with 11.5 m length and about 15 cm or-
bit excursion for the Steffen snake. Figure 128 shows
the magnet array and the orbit excursions for a one-
twist snake. We have designed a similar device for the
European Hadron Facility, where the higher injection
energy of 9 GeV keeps the orbit excursion at 3.5 cm
for a three-twist snake.

SIDE VIEW

TOP VIEW

H 225° 135° 45° -45° -H

Fig. 128. Orbit and magnet array for a one-twist discrete
helical snake. The angles indicate the angles of tilt about
the beam axis. The spin is rotated by 114.5° in each of the 4
snake magnets. The first and last magnets are horizontally
bending orbit restoring magnets.

Fig. 127. Vertical phase-space distribution for the Booster
at Vx,vy = 5.23, 7.22. Particle 1 was at the nominal emit-
tance, particle 2 at ex, ty = 209T mm-mrad, 93*r mm-mrad.

Polarization

In an effort to improve the preservation of polariza-
tion in the Driver ring further, a novel Siberian snake
has been designed. The new snake exhibits smaller
orbit excursions than the most common design up to
now, that due to K. Steffen from DESY. The design
is based on the helical snake first mentioned by Der-
benev and Kondratenko and later reinvented by E.D.
Courant. The continuous helical magnet of this snake
has been replaced by a series of ordinary bending mag-
nets that are tilted by 45° about the beam axis. Two

These are snakes of the first kind, rotating the spin
by 180° about the longitudinal axis. Although the axis
of rotation can be varied somewhat by changing the an-
gle of tilt of the magnets, it is not possible with this
device to construct a multi-twist snake of the second
kind with a radial axis of spin rotation, or a snake with
an axis of rotation of 45°. Therefore, since published
snakes with axes of rotation differing from the longi-
tudinal axis have excessive orbit excursions, a pair of
orthogonal snakes with low orbit excursions is not yet
available and one single snake has to be used. This
implies that the direction of polarization will always
be in the horizontal plane.

The spin rotator with tilted magnets has significance
beyond the construction of Siberian snakes. In a study
for the electron-positron storage ring PEP at SLAC, we
have designed such a spin rotator to achieve longitudi-
nal polarization at one of the interaction points. Be-
ing basically one-half of a two-twist snake, the helical
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Fig. 129. Lattice functions of a racetrack lattice for the
Driver. The maximum value of the beta function in the
straight section was arbitrarily chosen to be 100.

rotator is considerably shorter than the HERA "mini"
rotator while at the same time it exhibits smaller or-
bit excursions. Furthermore, the rotator creates less
radiative depolarization in the rotator magnets them-
selves as measured by its figure of merit, £2d, where I
is the length and d the "depolarizing weight".

Lattices

To make it easier to incorporate an ultra-low-loss
slow-extraction system into the Extender lattice, more
flexible alternative lattices have been investigated for
the large rings. A racetrack lattice appears to be
the optimal choice since it offers long straight sections
for septa and beam scrapers without interference from
dipole magnets. However, it was desired to maintain
the imaginary transition energy of the present design
as well as the total length, which is constrained to be
22.5 times the extraction radius of the TRIUMF cy-
clotron. In addition, the straight sections should be as
flexible as possible to permit tuning of the lattice func-
tions for optimum extraction. The new lattice would
be used for the C-, D-, and E-rings since they share a
common tunnel.

The lattice proposed has 24 FODO cells per arc,
completely filled with bending magnets and tuned to
a phase advance of 5-2?r. There are six superperiods
per arc, each consisting of four cells with the central
and the outside focusing quadruples tuned to create
the modulation in the dispersion function that pushes
the transition energy to infinity. Some modulation of
the beta function has to be accepted because the bend-
ing radius has no similar periodic structure. However,

the maximum values of the beta function and the eta
function are lower than in the old lattices, allowing
the apertures to be reduced. Figure 129 illustrates the
lattice functions for one-quarter of the machine.

With the arcs being unit sections, the straight sec-
tions are dispersion free. They are employed to tune
the machine and are flexible enough to allow the work-
ing point to be varied over 2 units in both the hori-
zontal and the vertical planes while keeping the beta
functions at reasonable values. Also, they provide the
space necessary for rf cavities, extraction elements and
Siberian snakes. Dispersion in the straight sections can
be fine tuned by slightly varying the phase advance in
the arcs.

Protoa injection/extraction

Project injection

For the controls study mentioned elsewhere in this
report, the timing precision necessary for accelerator
injection and extraction has been estimated. Any tim-
ing error translates into a deviation of the central mo-
mentum of the injecting ring from the momentum of
the beam due to the varying magnetic field in the ac-
celerators. Due to the sinusoidal magnet cycle the
momentum error is approximately proportional to the
square root of the timing error. In order to keep the
momentum error less than 1% of the momentum bite of
the beem, the precision of the injection and extraction
windows of the Booster has to be better than 15 [is,
while for the slower cyJing Driver 100 us are allowed
for the same fractional momentum error.

Slow extraction

Using our slow-extraction code SLEX, it could be
shown that, in achromatic extraction mode, the trans-
verse emittance of the beam can be less than 0.57T mm-
mrad. This value is solely determined by the chro-
maticity of the lattice functions at the position of the
extraction septum and the residual machine chromatic-
ity. The duty factor is about 80% for uniform beam
distribution and a nonlinear tune shift program.

Currently the slow-extraction system is undergoing
a complete review in view of its being a major source
of loss and of radiation dose in existing machines;. Ex-
traction losses are also difficult to localize, since the
septa are several metres long and represent large-area
sources. We have therefore attempted to redesign the
extraction system, aiming at losses of the order of 10~3,
one order of magnitude down from the present design.
At this level the use of a pre-septum is necessary in
order to avoid too strong demands on the main elec-
trostatic septum. The pre-septum would provide only
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Fig. 130. Horizontal phase space ?t position of the pre-
septum. The 0 function is 100 m, a is —2. The 0.5 m long
septum is located 50 mm from the centre of the beam.

a very small kick to the beam, but would significantly-
cut the losses on the main septum.. Options for the
pre-septum include an ultrathin and quite short elec-
trostatic wire septum and a novel "massless" septum
made from permanent magnets according to a design
of K. Halbach. An investigation of a 0.5 m long wire
septum with 10 /im thick wires indicates that such a
device could have an effective thickness of less than
12 /im, mainly due to differential heating. The wires
would heat up to about 500° if carbon fibres are used.
Even if the full beam were steered into the septum
the temperature of the wires would remain below the
me'ting point. The septum would operate at a modest
field of about 5 kV/mm, requiring 100 kV for a gap of
20 mm.

In order to model an extraction system using this
device the SLEX code has been extended to be able to
simulate extraction systems -with multiple septa. Ex-
traction losses (particles hitting the pre-septum) were
found to be about 0.19% over the full length of the
septum. Figure 130 shows the horizontal phase space
at the position of the pre-septum. SLEX is now used
to define the optical properties of the extraction sec-
tion and the influence of chromatic aberrations on the
extraction efficiency.

The additional pre-septum cannot be incorporated
in the reference lattice for the Extender ring. A race-
track lattice has been developed with extremely flex-
ible straight sections to accommodate the extraction
system and is described elsewhere in this report.

H~ accumulation

Ths accumulation simulation program ACCSIM has
been modified to:

• utilize the (3 x 3) transfer matrices from DIMAD
to describe the transverse motion of particles from
cavity to cavity and between injection point and
cavities

• produce scatter plots of the accumulated beam at
any element in the ring as specified in the DIMAD
lattice definition

• perform loss checking against specified apertures
at various locations in the ring

• to generate gaussian distributions for the injected
beam; through a generalized method a range of
distribution types, from uniform to elliptical to
gaussian, is now supported

• to calculate transverse and longitudinal rms emit-
tance for the accumulated beam

PSR collaboration

One aspect of the TRIUMF-LAMPF collaboration
in KAON factory studies is TRIUMF involvement in
the commissioning of the Los Alamos Proton Storage
Ring. This ring accumulates 800 MeV protons from
the LAMPF linac over a period of ~0.1 to 1 ms and
extracts the stored beam over one turn, 0.36 fis, direct-
ing the extracted beam to the target of a pulsed neu-
tron facility. At present, commissioning efforts are di-
rected towards understanding the details of beam loss
mechanisms which occur during accumulation and to
identify possible instabilities which may arise when the
operating intensity is raised from the present 1.2xlO13

protons/pulse (30 pA at 15 Hz) to the design aim of
~4xl01 3 ppp. The latter corresponds to a circulating
beam of 20 A.

Several TRIUMF scientists and engineers partici-
pated in the development work over two visits of 1.5
weeks during the fall. Besides becoming acquainted
with the instrumentation and performance of the PSR,
our initial involvement has led to:

• the operation of the TRIUMF programs DIPLOT
and ACCSIM on the MPX VAX cluster at LANL
and some calculations with PSR parameters

• a calculation showing that the imaginary part of
the impedance (due to space charge) will far ex-
ceed the real part (due to equipment) at the de-
sign intensity, promoting recommendations that
the injection procedure try to reduce local peaks
in charge density and that the rf voltage be in-
creased

• an approximate measurement of the dispersion
around the ring
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• measurements utilizing a diode detector and a
mixer detector with a bandpass-filtered input to
determine the suitability of processing stripline
and capacitive pick-up signals at low frequency
(2.8, 8.4 and 11.2 MHz) in order to provide infor-
mation on the position of the accumulated beam.

Longitudinal dynamics

Work has centred upon improving the computer
code L0NG1D, which models synchrotron longitudinal
dynamics in the presence of space charge. L0NG1D
is used to simulate beams in the TRIUMF KAON
factory. Milestones were modelling of injection into
the A-ring, more realistic modelling of the internal
space-charge force, and modelling of damping loops to
suppress beam oscillations. Simulation of acceleration
(from 0.44 GeV to 3C GeV) in the Booster and Driver
rings with a full intensity beam (1013ppp) shows no
beam loss. The required peak accelerating voltages in
each ring are 660 kV and 2550 kV, respectively. The
study of beam accumulation in the A-ring (from TRI-
UMF) is incomplete. The off-energy injection scheme,
designed to reduce stripping foil traversals, produces
an annular ensemble in phase space. In the presence
of longitudinal space charge LONG1D shows this en-
semble to be unstable: transforming into an oscillating
charge distribution, as shown in Fig. 131. No beam is
lost, but an halo is generated. Energy ramping schemes
have been found to stabilize the distribution by filling
in the annulus, but at the cost of double the beam
scattering at the injection foil.

Magnet power supplies

Studies have continued on both theoretical and ex-
perimental fronts. A preliminary design for the bias
supplies for the Booster and Driver magnet rings was
generated. Both power supplies will be based on a
12-pulse thyristor-controlled design with the Booster
power supply requiring a transistor pass bank for ripple
attenuation. Computer simulations have shown that
effective isolation of the pulsed load from the ac grid is
feasible with the grid seeing more or less a constant
load. Design proceeded to define the pulse-forming
network needed to make up for losses in the resonant
circuit. Orders were placed for the required HV sup-
ply and other materials required for the tests. This
will enable us to close the control loop and will be a
more accurate simulation of the actual power supply
system required. Information was also generated for
the controls task force relating to the required control
points, numbers of devices and their characteristics.

Four NINA magnets have now been placed in their
test configuration in the proton hall extension and are

in the process of being provided v/ith cooling water.
The test circuit is being wired. A solid-state switch
for capacitor switching has been purchased. Circuit
boards for the capacitor switch have been laid out and
are in the process of being assembled. Low-power tests
to determine the resonant frequencies of the test facil-
ity are about to commence. These are to be followed
by high- power tests running open loop to characterize
system parameters.

Beam instabilities

The KAON Factory proposal specifies a gap of 5
consecutive empty buckets in the synchrotrons to allow
for injection and extraction kicker magnet rise time. A
circulating beam without gaps has Fourier components
only at harmonics of the rf frequency. With a kicker
gap, there are Fourier components at all harmonics of
the revolution frequency. These Fourier components
will strongly excite the rf cavity parasitic resonances
which in turn will strongly excite coupled-bunch insta-
bility modes. The smaller the kicker gap, the less se-
vere is the problem. Kickers with faster rise are there-
fore very desirable. Assuming that kickers with rise
times <30 ns will not be developed, it will be neces-
sary to reduce the impedances of the parasitic cavity
modes to the level of a few kfi.

RF cavity development

The new rf cavity reference design, which was estab-
lished last; year as a result of the rf model work, is a
double-gap drift-tube cavity with parallel-biased ferrite
tuners to vary the frequency from 46 MHz to 62 MHz.
This cavity, with air dielectric tuners, is presently be-
ing fabricated in the machine shop with the help of out-
side contractors. In the meantime Los Alamos has ob-
tained promising results from a single-gap cavity with
perpendicularly biased ferrites to vary the frequency
from 50 MHz to 60 MHz. In order to keep our options
open the magnetizing circuit of the TRIUMF cavity
and the Los Alamos cavity were both analysed and a
power supply specification was prepared for each sys-
tem.

At the KAON Factory Accelerator Workshop held in
Vancouver in August the rf working group discussed,
among other subjects, a comparison of parallel-biased
NiZn ferrites with perpendicular-biased microwave fer-
rites. Perpendicularly biased ferrites appeared to be
favoured on almost all counts except for ac biasing
which seems to be more difficult in the perpendicularly
biased case and could mean a more expensive power
supply since the magnetizing circuit is less efficient. In
view of our interest in perpendicularly biased ferrites it
was suggested that a TRIUMF/Los Alamos collabora-
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tion be set up to share the rf development work rather
than duplicate it.

The first TRIUMF/Los Alamos rf workshop took
place in Los Alamos on September 3. The short term
goal is to test a main ring type cavity in the PSR
in 1989. A new cavity configuration was proposed
in which the magnetizing solenoid is placed between
two ferrite rings to produce a radial magnetizing field
rather than a longitudinal one as proposed for the
booster cavity. TRIUMF's contribution will be to de-
sign and fabricate the low-level control electronics, in-
cluding feedback systems, and the solid-state driver.
In return, TRIUMF would gain access to the mea-
surements on the booster cavity and the beam related
R&D program on the PSR with the main ring cav-
ity. We have already made our first measurements on
the booster cavity which indicate that the Los Alamos
frequency range can be extended to cover our require-
ments while still maintaining a reasonable quality fac-
tor (Fig. 132).

The second meeting was held at TRIUMF on Octo-
ber 15, with emphasis on the new design of the main
ring cavity with an off-axis tuner, the ac bias power
supply for the main ring cavity and design concepts of
the feedback loops for the control system. Since Los
Alamos is now focusing their efforts on a main ring
cavity to be tested in the PSR the work on the booster
cavity will gradually be coming to an end and the pos-
sibility of shipping the booster cavity on loan to TRI-
UMF is being seriously considered. Prices for the bias
power supply were received with only a 10% increase
in price for the perpendicularly biased system. TRI-
UMF has placed an order for an ac bias power supply

which is capable of biasing either type of ferrite cavity
design. Having the Los Alamos cavity on site at TRI-
UMF will enable us to investigate ac biasing techniques
for perpendicularly biased ferrites.

The solid-state driver being developed consists of
eight 300 W units. Each unit utilizes a single push-
pull Motorola TMOS-FET MRF151G transistor. The
advantage of this transistor over the higher-power
MRF153G or the MRF154G is its high gain, short
group delay time and lower price. All components are
on site except for the transistors. Testing of the am-
plifier will begin in the new year.

With the collaboration of the Technology Division
and the newly formed RF Controls Group the design
of a generic rf control system is well under way.

RF-separated beams between 3 and 6 GeV/c

Separated kaon beams in the 3-6 GeV/c range are
usually produced by using dc separators. However, the
separators required are long and the vertical angular
acceptance is small. RF-separated kaon beams usu-
ally use small-diameter cavities at high frequencies of
about 3 GHz for momenta above 6 GeV/c. An inves-
tigation was made of the possibility of using rf sepa-
rators even at lower momenta. It turns out that it is
possible to use modern superconducting rf separators
with a frequency of 1.3 GHz and a fairly large diame-
ter. When this technique is combined with the optics
of dc separated beams it is possible to obtain separa-
tions between pions and kaons which are an order of
magnitude higher than for normal dc separated beams
while the acceptances are equal.

Sept.4 1987

TRIUMF measurements
LANL measurements

45 50
FREQUENCY

55
( MHz )

Fig. 132. Permeability measurements on the LAMPF cav-
ity showing good behaviour down to the lowest frequencies
of interest to TRIUMF.

Low-energy separated beam LESB1 at
Brookhaven

Low-energy separated kaon beams use dc separators
to remove the pion contamination. A final 7r-to-A' ra-
tio of 5 is usually obtained. At low momentum there
exists the possibility of enhancing the purity of the
kaon beam even more, at the expense of intensity, by
the use of a degrader. Since the pions lose less energy
than the kaons they can be separated horizontally by
a bending magnet that follows the degrader. Last year
calculations were made for LESB2. In that case the
method did not work because the degrader could not
be placed at a horizontal and vertical focus. Recently
the experiments were moved to LESB1, which has a
double focus at the mass slit. New calculations show
that a degrader at this position can enhance the beam
purity by a factor of 25, at the expense of only a factor
of 2 in intensity. Degraders have been built.

148



Field analysis

A general harmonic analysis routine has been writ-
ten to analyse magnetic field data (scalar potential,
vector potential, Cartesian field components, cylindri-
cal field components) for data points regularly spaced
on a cylindrical grid. Such data can be generated by
any of the common magnet design programs. This
routine, which is incorporated in a post-processor
named PPROC, recognizes user-specified periodicities
and symmetries which allow specification, when ap-
propriate, of data spanning a half-period or a quarter-
period of the geometrical symmetry. (Further details
are outlined in D.E. Lobb and B. Henin, VPN-87-2.)

Control system

During the first six months of 1987 a conceptual
design for th^ TRIUMF KAON Factory Control Sys-
tem was ur jertaken. The resulting TRIUMF report,
which will be published in early 1988, begins with a dis-
cussion of general requirements for accelerator control
systems and, to the extent possible, of requirements
specific to the KAON Factory. This is followed by a
review of technologies currently available, as well as
of relevant trends in other laboratories. A reference
model is then presented. The model is based upon
a segmented Ethernet communications backbone link-
ing commercial workstations used as operator inter-
faces with microprocessor-based equipment controllers
housed in VME crates. The study concludes with an
estimate of necessary resources, and a suggested pro-
gram of further study. Parts of this program - notably
an evaluation of applicable real-time operating system
kernels for use in the VME environment - have already
been initiated.
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TECHNOLOGY AND ADMINISTRATION DIVISION

INTRODUCTION

During the last year the Technology Division had one
notable event and one notable non-event. The notable
event was the reorganization of the Electronics Devel-
opment Group. Some staff were transferred to the Ap-
plied Programs Division in order that their technology
will be more effectively transferred to other groups in-
side and outside TRIUMF. Other aspects of the reor-
ganization are outlined in the appropriate section be-
!ow. A clear goal of this is to unify and strengthen
the services supplied out of Trailer Gg. Another is to
supply more versatility and less high-level bureaucracy
in coping with projects.

The notable non-event was the non-purchase of addi-
tional computing facilities for the Data Analysis Cen-
tre. By August the cycle crunch was, as predicted,
truly upon us and strong representations were made
to TRIUMF management to improve the situation.
Based on information from DEC the CFAT commit-
tee recommended purchase of a dual processor VAX
8800 and a December delivery was promised.

The purchase of such an expensive system (over
$1M) warranted a series of bench mark tests. DEC was
unwilling to supply us with time on one of their 8800
systems prior to the scheduled delivery so we looked
to friends elsewhere. Our results were disappointing in
that we measured performances as low as 75% of that
to be expected on the basis of published DEC num-
bers. DEC confirmed our results and, unlike when we
bought the 8600, refused to show us their own bench-
mark results. This attitude combined with misleading
information about financing led us to actively pursue
a non-DEC solution.

The TRIUMF user community requires DEC VAX
compatibility. But does this require DEC hardware?
A number of suppliers are now starting to provide
this compatibility at the FORTRAN source-code level.
Such compatibility was deemed adequate for a large
fraction of the computing at TRIUMF. A particularly
interesting and potentially very satisfactory way of do-
ing this is to provide a 'hot-box' back door to the VAX.
Most of the time the user experiences the comfortable
and familiar VMS environment. Compilation, load-
ing and execution of FORTRAN programs take place
in the 'hot-box' but are initiated by commands issued
in the VMS environment. Critical questions are how
alike are the two FORTRANs, what tools are provided
to spot and cope with incompatibilities and how much
does the presence of the back door intrude upon the
user?

Two very cooperative suppliers of back doors rapidly
emerged. They were Floating Point Systems and Sci-
entific Computing Systems. Both the FPS M64 and
the SCS-40 have a much higher MFLOP rating than
the VAX 8600 for a roughly equivalent price. The
question is how many of these FLOPS could be easily
and transparently accessed by TRIUMF users. Tests
were required to determine this and both manufactur-
ers willingly made facilities available to us on short
notice along with knowledgeable and helpful support
staff. Our tests deliberately did not take advantage of
the vector capability of the machines.

The FPS was found to be the stronger performer but
it had two problems. One was that the compatibil-
ity with VMS FORTRAN was not as good as we had
hoped although a stated plan for improvements was
being implemented. The other was that the operating
system could only cope with a single user at a time.
Careful examination of such a constraint led us to the
conclusion that advantage of its strong performance
could not be taken in the TRIUMF environment.

The SCS has a well thought out technique for the
VAX interface which makes use of switches in VMS-like
commands to direct activity to the back door. While
not a virtual memory machine the SCS does allow mul-
tiple users. At the time of testing its FORTRAN had
fewer incompatibilities with VMS FORTRAN than did
the FPS FORTRAN. The SCS is bit compatible with
the Cray XMP series and uses the Cray Time Sharing
System. This system appears somewhat rudimentary
to VMS users, 'lacking depth' as one TRIUMF tester
noted. By year's end further tests of an SCS machine
to determine its multiuser capabilities and to better
understand its operating system were scheduled to take
place in early January.

Presumably by this time next year we will have de-
cided whether to stay with DEC or to try the pastures
on the other side of the fence.

As reported elsewhere the efforts of many have led
to a steady increase in cyclotron beam current. The
number of experiments receiving approval is also in-
creasing. Both these trends have resulted in a much
increased work load for the Safety Group - but no staff
increases because of the budget problems. Your active
collaboration in supplying information when requested
and following well established rules will make things
easier for an overextended group - and for you too!
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SITE SERVICES

Safety program

Licensing

The TRIUMF Safety Advisory Committee (TSAC)
reviewed the hazard analyses for several new facilities
and experiments. Among these were the TISOL fa-
cility and beam line 2C. Beam line 2C was approved
to run up to 20 ft A of 100 MeV protons on the neu-
tron production target (BL2C1). The solid target fa-
cility (BL2C4) was authorized to produce 4xlO6 Bq
(200 jiCi) of radioactivity per target and the 127Xe
production facility (BL2C5) was authorized to run up
to 1 //A of proton beam on the cesium target. TSAC
also began the review of Expt. 454. This experiment
on muon-catalyzed fusion required a 30 TBq (800 Ci)
tritium target.

There were several requests this year for individuals
at TRIUMF to exceed the TRIUMF guideline for ra-
diation exposure. This prompted a review by TSAC of
the TRIUMF radiation exposure policy and especially
the mechanism and conditions for obtaining approval
to exceed the 10 mSv (1 rem) annual TRIUMF policy
exposure limit.

A new guideline for obtaining safety approval for
experiments and new facilities at TRIUMF as well as
a guide for writing safety reports for experiments and
new facilities were published as TRIUMF Safety Notes.
Copies of these are available from the Safety Office or
the Science Division Office.

Interlocks

Several changes were made to the lock-up chains:
1) The M9 area safety unit logic was modified to

allow use of the front end of the channel after the TPC
was dismantled.

2) A gate to the tunnel beneath the proton hall was
included in the service annex lock-up chain replacing
a chain and padlock.

3) The TISOL target room was included as a sepa-
rate lock-up area in the beam line 4A area safety unit
logic.

The vault area safety unit Z80 microprocessor was
replaced with an 8088 microprocessor. This allowed
the logic to be coded in a compiled BASIC, greatly
speeding up the cycle time. The logic is sufficiently
complex that noticeable delays had occurred in the re-
sponse of pushbuttons.

Radiation monitors

A surplus LSI-11/73 was configured as a spare for
the radiation monitoring system (RMS) display. Some

design work was started on ways to expand the RMS.
A filial configuration was selected at the end of the
yeai.

The gate monitor outputs were routed to the data-
logging system and the records provided unambiguous
evidence that the monitors respond to the build-up
of short-lived positron radioactivity in the accelerator
building air, albeit at a very low level.

Personnel dosimetry

Although the Bureau of Radiation and Medical De-
vices badge results for the last quarter of 1987 were
not available by year's end, it was clear from our di-
rect reading dosimeter service that the annual collec-
tive dose for TRIUMF was somewhat smaller in 1987
than in 1986. This was no doubt due to the fact that
the fall shutdown began ahead of schedule. Table XVI
shows the collective dose for 1987 broken down by
groups. The CP.42 activities (AECL, Applied Pro-
gram and PET) account for approximately 40% of the
site dose.

Table XVI. Cumulative dose for TRIUMF groups.

Group

AECL
Applied Programs
Operations (500 MeV)
Remote Handling
Diagnostics
Experimenters
Beam Line Engineering
PET
Safety
RF
Plant
Engineering Physics
Vacuum
Others

Total

Collective dose
(mSv)

129.6
129.0
55.4
48.4
44.4
37.5
29.1
27.4
26.6
25.8
21.8
18.8
17.7
81.2

706.7

Median dose
(mSv)

5.76
9.63
2.39
4.17
4.84
0.10
1.46
1.89
1.83
1.16
0.77
2.40
3.05
—

—

Radiation monitoring

The TRIUMF Safety Group monitoring crew activi-
ties continued to expand as more new facilities became
operational. The total number of radiation surveys ex-
ceeded 5500. There were in excess of 400 radiative ma-
terial analyses performed as well as approximately 70
waste water holding tank releases. Two shipments of
radioactive waste were prepared for transport to Chalk
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River Nuclear Laboratories.

Industrial safety

TRIUMF first aid attendants treated 130 work-
related injuries this year, approximately 21% greater
than the total treated in 1986. Injuries to contrac-
tors, visitors and students comprised 10% of the total.
Time lost due to injury (disabling) for this period was
62 days, a substantial increase over last year's total.
However, more than half of this total was charged to a
single disabling injury. Further medical treatment was
required in 19% of all injuries reported.

As in previous years hand injuries continued as the
major component of the treatment total (46%); eye
injuries constituted 7% ane' back injuries 12% of the
total. For all injuries in 1987, less than 4% were dis-
abling.

Nine fire alarms were attended by the University En-
dowment Lands Fire Department, all of which were
false and attributed to electrical faults or smoke gen-
erated by welding and soldering operations proximate
to a detection device. The Fire Department continued
to perform site inspections and began improving doc-
umentation of site plans and procedures. An outside
firm was contracted to inspect and maintain the three
sprinkler suppression systems on a regular schedule.

The TRIUMF Accident Prevention Committee
(TAPC) continued to meet and hold site safety inspec-
tions on a regular monthly basis. Nearly 140 safety
deficiencies were cited and resolved. The TAPC chair-
man continued to report to TSAC.

Work began on the third explosive gas monitoring
system intended for service in the meson hall extension
service annex and should be completed within the first
quarter of 1988. All channels of the meson hall system
are currently in use.

Building program

With the completion of the finishing work for the
meson hall service annex, for which the last remain-
ing amounts of Provincial building funds were used,
Phase II of the TRIUMF building program was con-
cluded and no new major building extensions are con-
templated.

The compressor building for the M9 improvement
program was completed by Holaco Construction of
Burnaby in February; the large compressor as well
as ancillary equipment were installed and trial runs
showed that the sound insulation of the building per-
forms satisfactorily.

A conceptual design for the proposed installation of
a second cyclotron for AECL's radioisotope produc-
tion was prepared. This would entail the expansion of

the present underground structure to house the new
30 MeV cyclotron as well as target caves and power
supply areas. The chemistry annex building would be
extended at the same time, approximately 54 ft to the
north, to provide space for hot cells, radiopharmacy,
machine shop, stores and offices on one floor below
ground and two floors above ground.

Design Office

Most of the design effort this year was shared equally
by the Experimental Facilities and Cyclotron Divi-
sions. The remainder (about one man-year) went to
the Applied Programs Division.

The principal effort for Experimental Facilities Di-
vision went to the redesign of the M9 channel and
shielding to accommodate the new TRIUMF/Tokyo
superconducting solenoid muon collector. Other sig-
nificant projects include the final assembly drawings
of the HERA transfer line, TISOL components includ-
ing the electrostatic beam line, the SASP/DASS dipole
magnet, and the radiation muon capture (RMC) drift
chamber.

The 14 section of the injection beam line and ion
source 4 components were detailed for the Cyclotron
Division. In addition, a beam line 2C extraction probe
head and positioning mechanism were designed. Fix-
tures for hole cutting and port welding in the cyclotron
vacuum tank were also detailed for the Remote Han-
dling group.

The design of improved dees for the CP-42 cyclotron
accounted for most of the Applied Programs work.

Machine Shop

The 25-man TRIUMF Machine Shop produced ap-
proximately $1.1 M worth of fabricated and machined
components for various on-site groups during the year.
The distribution by Division and other groups is shown
in Table XVII. In addition, mroe than $250 K worth
of work was subcontracted through the Machine Shop
to local industrial machine shops.

Table XVII. Machine shop utilization (%).

Cyclotron
Experimental Facilities
Science
Accelerator Research
Applied Programs
Technology & Administration
NSERC
Other (AECL, etc.)

Total

45.5
26.7
6.9
2.4
1.7
0.6
2.9

13.4

100
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Priority continued to be assigned to specialized jobs
with requirements peculiar to TRIUMF that are not
found in outside shops. One such job this year was
the manufacture of plastic scintillators to particularly
stringent surface finish and cleanliness specifications.
High quality fine welding is another generic type of
manufacture much in demand at TRIUMF where wall
thicknesses can be a crucial design parameter that we
find necessary to satisfy internally.

During the year a vacuum brazing apparatus was as-
sembled, and a new automated MIG welder was pur-
chased for the shop. The tool store was reorganized to
better serve the requirements at TRIUMF outside as
well as inside the shop.

Planning

This year considerable effort was spent in plan-
ning and co-ordinating the shutdown activities for the
spring and fall shutdowns, and drawing PERTs related
to the cyclotron experimental facilities and support.
A paper entitled "Project management challenges in
RkD environment" was presented at the PMI Semi-
nar/Symposium in Milwaukee.

Progress on each PERTed project is generally de-
scribed elsewhere in this report under the principal
group involved. A list of projects which required a
large part of Planning's effort is as follows:

Alternative extraction systems
14 ion source
M9 superconducting channel
Quantigraph/brain PET project
Radiative muon capture
rf booster
Second arm spectrometer
SLD construction
TISOL facility
TRIUMF rf transformer repair
30 MeV II" cyclotron
Shutdowns were scheduled in the spring and fall.

The highlights of these shutdown are as follows:
In the spring shutdown the cyclotron was shut down

from March 24-May 8, with tank work taking place
between March 30 and April 9. Some of the tank work
completed includes DCD installation, probes, correc-
tion plates and wireways work, as well as work on
ISIS, POLISIS, engineering physics, controls and re-
mote handling development work.

The work in the meson hall continued until April 24.
The major jobs completed in this shutdown included
the work on 1AQ9, 1AM7, 1AT1, Mil services move,
TNF window work, installation of Mil and M13 NMR
probes, work on BL4V solenoids and beam blockers, as
well as some MRO work.

In the fall the cyclotron was shut down on August 23,
ahead of schedule due to an rf transformer breakdown,
and continued until October 13, with tank work taking
place between September 10 and 24. A detailed sched-
ule was prepared and updated in conjunction with Ris-
mer &c Rawlings for the repair of the rf transformer.
The rf transformer was repaired and reinstalled by Oc-
tober 1. Some of the tank work completed: resonator
tips adjustments, LEI, vertical flag, WCP, modifica-
tions to the LE beam stop, wireways, DCD base plate
survey, as well as some MRO jobs.

Work in the meson hall continued until October 20.
The major jobs completed include: beam line IV
radiation-hard value, replacing hoses and flow meters
for several magnets, 4V turbo beam tube, 1AM11
work, M9 upgrade work, TISOL bypass line and MRO
jobs.

Cost Centre analysis

The workload in the Machine Shop was quite heavy
due to shutdown jobs, Experimental Facilities jobs
(mainly M9 upgrade), HERA project, Brookhaven
Expt 787,14 and rf booster. Part of the workload had
to be subcontracted to meet the schedules.

One designer worked full time on CP-42 and the rest
of the Design Office effort was spent on jobs related to
cyclotron, experimental facilities and experiment sup-
port.

CONTROLS, ELECTRONICS AND
COMPUTING

Introduction

The Controls, Electronics and Computing group
provides service to a variety of TRIUMF groups and
experiments, and its contribution is reported in detail
in other parts of this report. The Control System re-
port is found in the Cyclotron Division section, and
a brief overview of electronic and computing develop-
ments is given below.

Electronics

Faced with an ever-increasing number of projects
and concomitant difficulties with priority establish-
ment and resource allocation, the Electronics group
was reorganized in the fall of 1987 The group is
now divided into four 'project teams' (one of which
is the Controls group), each having a number of engi-
neers and assigned technicians. Projects are assigned
to specific teams, with responsibility for project com-
pletion given to team leaders. A small support group
is available to all teams to assist with planning, buy-
ing and expediting, resource allocation and documen-
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tation. This reorganization took effect only during the
last quarter of 1987, and the related office and labora-
tory moves are scheduled for January. The jury can be
expected to be out for some time.

As a part of the same reorganization, and to become
effective during January 1988, a number of electronic
services are to be consolidated under one roof — that
of Trailer Gg — and one group. These services will
include electronic repair and maintenance, Nucleonics
Pool maintenance and testing, an automated test fa-
cility, and the microprocessor laboratory. This group
also includes one project team.

Under this organization, the Electronics group is
currently involved with over twenty projects fairly
equitably distributed among all TRIUMF divisions.
These projects vary in size and complexity from rela-
tively straightforward to extremely large and complex.
Most are done in close collaboration with the groups
involved.

Support for experimental systems

The 'slight shift' towards greater emphasis in sup-
port for experimental data acquisition reported in last
year's annual report became even more evident in 1987.
The very large effort in support of Expt. 787 (Rare
kaon decay) continued until the summer when the ap-
paratus was finally shipped to Brookhaven. The Elec-
tronics group was responsible for providing preampli-
fiers,, postamplifiers, TDCs and data acquisition elec-
tronics for the chamber, and similar equipment for
target and beam position proportional chambers. A
major contribution was in the design of the 'system
packaging,' including the design of the power distribu-
tion system and rack and crate arrangements, as well
as specifying cable numbers and lengths and the cell-
numbering system. All relevant system drawings were
provided by the Electronics group, which also played a
significant part in the final and complex manufacturing
and testing phase for the chamber electronics. Sup-
port for Expt. 787 continued at a less frenetic level for
the remainder of 1987 as the group provided help with
the SLAC Scanning Processor (SSP) and the Fermilab
Advanced Computer Project (ACP), both intended for
use in Brookhaven. A Flash ADC, also for Expt. 787,
will be tested early in 1988.

Perhaps the largest project now active is in sup-
port of the radiative muon capture (RMC) experiment.
This involves the adaptation of the chamber electron-
ics used for Expt. 787 to a new chamber which will
replace the time projection chamber with a more so-
phisticated one capable of detecting more than one
particle from an event. A FASTBUS majority logic
board has been designed, pre- and post-amplifier cir-
cuits prototyped, extensive documentation begun, and

preparations made for production.
The group has also provided support to another

off-site experiment - SLD. Two 168-channel multi-
plexer systems were delivered to measure tower leak-
ages. These were based upon a modified version of the
TRIUMF STD Mux system with special front-end in-
terface boxes. A proposal has been made to assist SLD
further with a hybrid testing system. A VME- based
system is under consideration for this application. A
proposal has also been made to provide front-end elec-
tronics for a fast in-beam chamber for use at TRIUMF.

Support for experimental facilities

Continued support was provided by the Electronics
group for secondary channels, both for new develop-
ments as well as for improvements to existing facilities.
An 8051-based controller board was developed and ap-
plied to the control of the M20 dc separator power sup-
plies. An automatic pumpdown procedure using the
Gould PLC system was implemented for M15. The
Autotune program, initially developed for M15, was
installed on M9, M13, and M20. The 'SLICON' motor
control system for secondary channel slit and jaw con-
trol was replaced with direct control from the central
control system micro VAX, providing a more reliable
user interface, and making possible at last the com-
plete removal of the original Z80-based secondary chan-
nel control computers. The operational safety logic for
beam line 2C was defined, and this will serve as the
specification for improvements to be implemented next
year.

A major effort has been in support of the supercon-
ducting muon channel M9. All interlocking between
compressor, cold box, starter and water system for the
solenoid cryogenic system was installed, while design
of the PLC-controlled vacuum system and rf separator
interlocks proceeded. The group is also responsible for
the design of the interface between these elements of
M9 and the conventional channel control system.

Development continued during 1987 on the control
system for the test on-line isotope separator (TISOL),
with control of the beam line becoming operational in
May. This system is based upon an IBM PC running
a control program (TICS) written in C, and an eco-
nomical serial instrumentation bus system (Optomux).
TICS is a flexible, general purpose package using an
ASCII data base and supporting both Optomux and
CAMAC hardware. Features include element setting,
interlocks, alarms and warnings, a help facility, a com-
mand procedure processor, and a multi-page display.
Support of thermocouple gauge controllers, a fibre op-
tic serial link, a hardware watchdog, and a DAC preci-
sion extender were all implemented during 1987. The
present capacity is 64 analogue control channels and
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128 digital control channels, which will be increased by
50% in the spring of 1988. Both the PC and the Op-
tomux system have been operating very reliably, with
no hardware failures logged.

Support for other groups

In addition to support for the Science and Experi-
mental Facilities Divisions, the Electronics group par-
ticipated in a number of other projects and activities
for other TRIUMF groups. Continued support was
given towards completion of the third ion source, while
in the latter half of the year an important project has
been development of the control system required for
the laser subsystem of the fourth (intense polarized)
ion source. Motor systems have been provided to sev-
eral groups, and a design has begun on a motor system
to replace the complex 'tank' system, which includes
over 30 probes. Strong motivation for this effort comes
from the requirement to control the new stripper for
beam line 2C, which is to be installed in the fall of
1988.

For the Applied Programs the Electronics group has
provided help with the conceptual design of the pro-
posed new tomograph - PETT II. Improvements were
also made to the TNF control system, and a proposal
made for a new 'rabbit' monitoring system for isotope
production. The group is also contributing to some of
the KAON factory design effort, including participa-
tion in the development of control electronics for the rf
system. About two man-years were spent in preparing
a design study for a KAON factory control system . As
a result of this study, a collaborative project was ini-
tiated with the University of Victoria to evaluate real-
time multitasking operating system kernels for use in
VME-based multiprocessor systems envisaged as front-
end instrumentation controllers for the KAON factory.

Other activities

Microprocessor laboratory

The Electronics group microprocessor laboratory
continued to provide service to many TRIUMF users,
as well as to carry out evaluations and developments in
this area. TRIUMF now has over 85 of the site stan-
dard IBM XT clones (originally specified by the group)
and most of these were received, tested and configured
in our laboratory before being delivered to the pur-
chasers. Although we continue to remind people that
"We are not Computerland" much consultation in the
areas of both hardware and software is requested and
provided. The group has also been active in the evalu-
ation of real-time operating systems for the PC such as
RTX/Chronos from Dynapro and AMX from KDAC.

Evaluation of PC-PC and PC-VAX networks has also
been done, and a simple high performance network, af-
fectionately known as 'LaneNet', has been developed
for use within the lab.

CAD

The Electronics group supports a DAISY electronic
CAD system for the benefit of all TRIUMF users. In
1987 DAISY supplied TRIUMF with the 'Star' router
package for use on the site VAX, as the gridless router
originally supplied did not meet its advertised speci-
fications. Results with this router have been accept-
able - typically about 97% routing - at considerable
expense in CPU time. A second DAISY 'Personal Lo-
gician' station was also installed during 1987, mak-
ing a total of three stations. These stations communi-
cate with each other and with the VAX using TCP/IP
on the site Ethernet. Several boards have now been
manufactured using the DAISY system from schematic
design to layout. The simulation capabilities of the
DAISY have proven valuable, particularly as applied to
the very complex FASTBUS PCL design (see below).
The group also makes use of simpler PC- based elec-
tronic design packages such as 'Smartwork' and 'Tango'
for appropriate applications, and provides a Futurenet
'Dash' system for general TRIUMF use.

FASTBUS

Work continued throughout 1987 on the develop-
ment of the FASTBUS Program Control Logic (PCL)
chip which is now to be implemented in an LSI logic
CMOS gate array which is both cheaper and faster
than the bipolar array originally planned. As a part of
this development, a FASTBUS master and ancillary
logic has been written in DAISY Behavioural Lan-
guage. Over 3500 lines of diagnostic code has been
written and debugged, and much more remains to be
done if the complete functionality of the PCL is to be
tested. A test jig for the FASTBUS Address/Data In-
terface (ADI) was completed and tested. One of two
modules built was sent to Fermilab, a collaborator on
this project. A general purpose memory/register test
program for FASTBUS modules has also been written
for use with both CFI and IORFI interfaces.

Exchange

In mid 1987, Christian Serre returned to CERN af-
ter spending one year with us on an exchange program.
Bob Dobinson, who had led the group for the two pre-
vious years, also returned to CERN. Both played es-
sential roles in the preparation of the KAON Factory
Control System design study, and that effort was much
appreciated. They are missed. At the same time we
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welcomed back Graham Waters after a sojourn of one
year with the CERN PS Controls Group, where he
participated in the implementation of instrumentation
software for the LEP injector and for the antiproton
accumulator upgrade (ACOL).

Conclusion

It is evident from the above review that 1987 was
a busy and productive year for the Electronics group.
Although it is gratifying to have participated in such a
large number and wide range of projects, it is possible
that this number of projects exceeds the number which
can be done efficiently and professionally by a group
of the size of the TRIUMF Electronics group while at
the same time maintaining a large number of existing
facilities and systems. Perhaps we must learn to say
'no' more often.

Data Analysis Centre (DAC)

Upgrade

During 1987 it has become apparent that TRIUMF's
computing needs have completely outpaced the ca-
pacity of the present VAX cluster (a VAX780 and a
VAX8600). Interactive user response has dropped to
an intolerably unproductive level, and long delays have
been taking place for batch jobs. The CPU of both
machines have been utilized well over 95% throughout
the year and spare cycles have been scrounged from
all available micro VAXes on site. A survey conducted
on the system showed that the computing needs had
grown on a broad level and no single user or user group
got an unfair share of the computing sources.

Since the third quarter of 1987 a CFAT-appointed
committee has been looking into options for a substan-
tial upgrade of the present cluster. The committee gen-
erally agreed that at least a factor of 3 increase in com-
puting power was warranted. Benchmarks on various
DEC and non-DEC machines have subsequently been
performed using a set of typical TRIUMF programs.
The evaluations have shown that the fastest D EC-
processor is still the unibus-based VAX8650 which is
rated at 6 Mips and therefore only a mere 50% faster
than the VAX8600. Non-DEC solutions, on the other
hand, are much more appealing in price as well as per-
formance, especially since full code vectorization can
yield a very substantial increase in processing speed.
Their operating systems are, however, quite inferior to
VMS and although various vendors have implemented
a VMS-shell for their systems, a fair amount of work is
still left to the user to make efficient use of the sys-
tem. Substantially more administrative work is re-
quired from the system management.

By the end of 1987 it was decided that any up-
grade path would include at least the upgrade of the
present VAX8600 to a VAX8650, and more information
about non-DEC machines should be gathered before
further decisions could be made. A purchase order for
a VAX8650 upgrade was therefore placed by the end
of the year.

Hardware

Severe budget constraints in 1987 did not allow
the acquisition of major hardware components, such
as memory additions, central high volume line print-
ers, DECservers, and new high speed clusterable tape
units. Yet it was possible to increase the long needed
disc storage space by purchasing an SA-482 2.5 Gbyte
mass storage array consisting of 4 RA82 discs. Dur-
ing the process of disc reorganization three complete
RA81 discs were transferred to experimental groups
on site (Cyclotron Division, Chargex group and the
Piscat group), who are responsible for their use and
management. The total available disc space on the
cluster now amounts to 6.5 Gbyte (3 RA81, 1 SA-482
array for public use, and 6 RA81 used as "private"
discs). The addition of storage space has greatly al-
leviated much of the disc space distribution problems
experienced earlier. The present disc space policy (two
permanent discs USRO: and USR1: (type RA81), two
scratch discs SCRO: (type RA82), and SCR4: (type
RA81) with a retention time of 14 days and quotas
of 35,000, respectively 20,000 blocks, one scratch disc
SCR3: (type RA82) with a retention time of 8 h and
quotas of 300,000 blocks, as well as two reserved discs
SCR1: and SCR2: (type RA82) with a guaranteed
space of up to 300,000 blocks on request for 1 week)
has been well received by the user community. The two
reserved discs and SCR3: are mainly used for dumping
large tape files for subsequent data analysis and data
reduction.

Communications

The PACX 2000 distribution system was operational
during 1987 without major disruptions. A remote
PACX shelf connected via a pair of fibre optic cables
has been installed allowing 16 bidirectional connections
between TRIUMF and the UBC Computing Centre.
After inital problems with the fibre optic connectors
ar.d some breakdowns of inferior splices made in the
original installation (requiring opening man-holes be-
tween TRIUMF and UBC) this link is now operating
satisfactorily. Yet, in anticipation of further problems,
the PACX lines, as well as the lines that will soon link
BCnet with TRIUMF, have been equipped with one re-
dundant fibre cable each. This will hopefully cut down

156



any future downtime which in the past had been up to
several days for each incident.

Two more dial-in lines were installed in 1987 bring-
ing the number of overlined dial-in lines to 6. New
dial-in modems were evaluated and all lines were sub-
sequently re-equipped with the US Robotics Courier
2400e error-correcting autobaud modems. Occasional
failures to answer a call observed with the non-error
correcting earlier type modems have not reoccurred
since. It is envisioned that the number of dial-in lines
will have to be increased again in 1988.

Network

Since May TRIUMF has been part of the High En-
ergy Physics network community (HEPnet), which al-
lows DECnet connections from our VAXcluster to al-
most any major lab on the continent, as well as to
Europe and Japan. This project has been jointly pro-
moted by TRIUMF and a UVic research group. The
hardware consists of Gandalf single link switch-muxes
at UVic and SLAC, and a duai Jink switch-mux at TRI-
UMF. Each link is equipped with a 9600 baud modem
over a leased telephone line. The switch-muxes have 8
independent data channels for either 8 asynchronous,
or 7 asynchronous and 1 synchronous connection. The
presently configured system allows direct terminal to
host connections to any of the three nodes through
the PACXes at UVic and TRIUMF or the MICOM
at SLAC, and uses the synchronous line for DECnet
connection into HEPnet. With the advent of the BC-
net installation, the UVic connection will, however, be
re-routed through BCnet. Yet the new equipment has
already made obsolete the previous slow and cumber-
some Datapac-PSI DECnet connection to UVic.

Joining HEPnet required a concerted effort of all
the nodes in TRIUMF's local area network. DECnet
numbers on every system had to be changed simul-
taneously, which required a reboot for some systems.
Each node received a unique DECnet number and was
either placed into area 41 (West Coast area for HEP-
net) or into a local area 47. Nodes within area 41
are recognized within HEPnet, whereas node numbers
above 46 are invisible to HEPnet. PDP11 data acquisi-
tion systems, PCs, and terminal servers were therefore
placed into area 47. Although invisible to HEPnet,
those nodes are still seen within our local area network
as before, and are also able to look down to HEPnet.

ADMINISTRATION

Accounting

During the 1987/88 fiscal year the Accounting De-
partment has endeavoured to improve the flexibility

and reaction time of our programs and controls and
the quality of the information being presented to TRI-
UMF account holders and management.

The devastating budget cuts of June 1987 forced us
to test the flexibility and reaction time of our MIS
system and budget controls to the maximum It was
apparent that all the necessary pieces were in place
and functioning well, and we were able to meet the
demands for quality information quickly and efficiently.

One of the long-range goals of the MIS system is to
provide the end users with some autonomy in gath-
ering and using information from the S38. With the
co-operation of the ADP Department a small step was
taken in that direction. Several look-up programs were
made available to account holders, and the staff of the
Accounting Department undertook the education of
the users interested in using the programs.

Producing information in a form that is usable and
understandable to account holders became a priority
for the Department. New reports were created and ex-
isting reports adjusted and refined to meet the various
requirements of TRIUMF account holders and man-
agement.

During the coming year the Accounting Department
is looking forward to a continued improvement in our
services along the lines of the current year, and to im-
plementing the new payroll/personnel and travel em-
cumbrance programs.

Administrative data processing

The 1987-88 budget year has been the third on our
own computer (an IBM System/38). This system,
which is a database-oriented machine, allowed us to
respond quickly to the budget cutbacks of the prior
year, as well as to the resulting difficulties in starting
the new year.

This past year has seen increased emphasis on "pub-
lic" access to information. On-line displays of purchase
order status and purchasing history have been made
available to anyone from all System/38 workstations.
In addition, we now are able to extract accounting and
purchasing information onto PC diskettes for anyone
who wishes to use this data on his own PC.

The most important software development in the
past year has been the prototyping of a personnel and
position-control system. This set of programs, which
is now in final stages of implementation, should auto-
mate many Personnel Office functions, provide better
information to TRIUMF employees, and provide more
accurate expense projections.

New development in the coming year will include
the Stores/Inventory and Cost Centre systems (both
currently running on UBC's MTS system).
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Materials management

In addition to its regular duties, Purchasing actively
took part in large projecvs such as Brookhaven, HERA
and SLD. Participation in the Inward Processing Pro-
gram of Canada Customs resulted in reducing the im-
pact of customs duties on users accounts.

To promote TRIUMF and the KAON factory
project, Purchasing initiated and organized a highly
successful suppliers night event, with more than 300
participants.

Stores and Receiving/Shipping managed to cope
with reduced full-time staff by automation of the main
gate and allocation of part-time personnel from other
areas within TRIUMF.

Personnel

TRIUMF's average employee population in 1987
consisted of approximately 370 FTEs (full-time em-
ployees) and 20 PTEs (part-time employees). Once
again the turnover for the permanent staff was approx-
imately 2%, with three employees retiring.

TRIUMF still actively participates in the appren-
ticeship program and our present total consists of two
machine shop apprentices, one electrical apprentice
and one millwright apprentice.

In 1987 40 summer students were hired from univer-
sities across the country and 24 co-op students mainly
from our four universities and also from the Universi-
ties of Regina and Newfoundland. Eight students were
ako taken from the B.C. Institute of Technology.

Both the "Policies and Procedures for Appointment
and Progression of Board-Appointed Employees" and
the "Policies and Procedures for the Professional k Su-
pervisory Staff" of TRIUMF were officially approved
by the Board of Management. The Policies and Proce-
dures for Technicians, previously approved, appear to
be working satisfactorily.

The 1987/b8 salary adjustments were ratified by the
Board and consisted of a 3% increase for all three em-
ployee groups of TRIUMF- However, the P&S group
received an additional 1% to their group's salary bud-
get which was used to adjust some of the extreme in-
equities within this group.

The Provincial Government Compensation Stabi-
lization Program will be discontinued effective January
1988.

TRIUMF's Annual Evaluation Program had its de-
but this year and was implemented for all staff of TRI-
UMF. Overall reaction was favourable and an 85% re-
turn has now been documented.

TRIUMF hosted approximately 580 visiting scien-
tists from all over the world during the year.
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CONFERENCES, WORKSHOPS AND MEETINGS

SYMPOSIUM/WORKSHOP ON PARITY
VIOLATION IN HADRONIC SYSTEMS

A Symposium/Workshop on Parity Violation in
Iladronic Systems was held on May 28-29 at TRI-
UMF. The Workshop was organized by S.A. Page,
W.D. Ramsay and W.T.H. van Oers of the University
of Manitoba. The purpose of the Workshop was to
bring together those theorists and experimentalists ac-
tively involved in studying parity-violating signatures
and their implications and to chart the course of fu-
ture work. The organizers attempted to contact as
many physicists as possible active in the subdiscipline.
In all, 41 people representing 16 different institutions
attended.

The program consisted of nine major one-hour pre-
sentations plus four shorter 20-minute papers. In ad-
dition, the second afternoon was devoted to theoreti-
cal and experimental discussion sessions followed by a
formulation of the conclusions and recommendations.
As is evident from a reading of the TRIUMF report
mentioned below, the discussion was lively and pro-
ductive. The present state of the experimental data
base was reviewed in detail and the experiments most
likely to improve our knowledge of the weak interaction
of hadrons were indicated. One important experiment
was felt to be the measurement of the parity-violating
longitudinal analysing power ^ in p-p scattering at
230 MeV proposed at TRIUMF. This would permit
the weak meson-nucleon coupling constant hp to be
isolated and, with the addition of a measurement of
the rotation of the spin of cold neutrons on hydrogen
being proposed at I.L.L. by the University of Washing-
ton group, the complete set of 6 weak meson-nucleon
coupling constants could be determined.

The theoretical discussions resulted in the adoption
of a "Vancouver convention" for the use of a consistent
set of strong meson nucleon-nucleon coupling in future
calculations involving meson exchange.

The Workshop proceedings are available as a TRI-
UMF report (TRI-87-3) which includes transcripts of
the discussions. The papers themselves will appear in
a special issue of the Canadian Journal of Physics in
early 1988.

TRIUMF USERS GROUP ANNUAL
GENERAL MEETING

The activities of the TRIUMF Users' Executive
Committee (TUEC) have this year been focused on the
KAON factory. A letter-writing campaign was orga-
nized so that potential users could lobby their elected
representatives at all levels of government. Workshops
have been supported financially to stimulate interest
in physics beyond present activities. And finally an
effort has been initated which aims to encourage mem-
bers of the entire world community of scientists in-
terested in "kaon factory physics" to join the TRI-
UMF Users' Group in anticipation of this project be-
ing funded. (A membership drive earlier in the year
has already pushed the total number of members past
the 400 mark.) The year also saw the distribution of
the newly revised editions of the TRIUMF Users' and
Kinematics Handbooks, thanks to the efforts of E.L.
Mathie and G. Greeniaus, respectively.

Topical scientific meetings supported in part by the
TRIUMF Users' Group this year were:

• Parity Violation Workshop, TRIUMF, May 1987
• Lake Louise Winter Institute on QCD (University

of Alberta), March 1988
• Conference on Rare Decays, TRIUMF, December

1988

The Annual General Meeting of the TRIUMF Users'
Group was held on December 8, and was attended by
over 100 users. The meeting started with a review
of political, scientific and accelerator developments by
E.W. Vogt, P. Kitching and G. Dutto, respectively.
There were three more talks of specific interest to TRI-
UMF users: K. Dawson discussed the Five-Year Plan,
G. Karl discussed issues related to the Grant Selection
Committee, and D. Gurd, I. Thorson and D. Frekers
covered the state of TRIUMF services. There were
two invited talks: T. Yamazaki (University of Tokyo)
reviewed the Japanese Hadron Project and H.K. Wal-
ter (ETH-Ziirich) discussed the problems of designing
large acceptance detectors at w-, K- and B-factories.
During the lunch hour we were honoured by the pres-
ence of the Assistant Deputy Minister for Science in
B.C., Dr. Jim Rae, who surveyed the relationship be-
tween the Provincial Government and the K-factory
project.

The AGM dinner was held at Brock House. We were
delighted that the Provincial Minister with responsi-
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bility for Science, the Honourable Stanley Hagen, was
able to attend and give the after-dinner speech.

The day after the AGM there was a meeting which
brought together 15 representatives of the potential
world kaon-factory users community (from the USA,
Europe, Israel, Japan, China and Australia). The dis-
cussion centred around the dissemination of informa-
tion to all scientists who are concerned with K-factory
physics. As a result, early in the new year, a "K-
Factory Newsletter" will be sent out to every such
physicist of whom we are aware. It is hoped that the
first issue will contain contributions from each major
geographical region, and it will include a questionnaire
regarding possible future workshops and an application
form for the TRIUMF Users' Group.

TUEC membership for 1988

G. Smith
Chairman

S. Page
Assoc. Chairman

K. Hicks
W.D. Ramsay
G. Stinson
M. LaBrooy

Liaison Officer

TRIUMF

Univ. of Manitoba

TRIUMF
Univ. of Manitoba
Univ. of Alberta
TRIUMF

Long-Range Planning Committee

The members of TUEC would like to thank the
members of the LRPC for the considerable efforts they
have made on behalf of all TRIUMF users. The mem-
bership of the 1987 committee was as follows:

W.T.H. van Oers
Chairman

B.K. Jennings
Secretary

P.D. Barnes
E.W. Blackmore
M. Blecher

K.L. Erdman
K. Gotow

O. Hausser
A. van der Schaaf
P. Kitching

(•ex officio)

Univ. of Manitoba

TRIUMF

Carnegie-Mellon Univ.
TRIUMF
Virginia Polytechnic Inst. &

State Univ.
Univ. of British Columbia
Virginia Polytechnic Inst. &;

State Univ.
Simon Fraser/TRIUMF
SIN/Universitat Zurich
TRIUMF/Univ. of Alberta

We should particularly like to thank K. Gotow, 0.
Hausser and W.T.H. van Oers who retired at the end
of 1987 at the end of their three-year terms.
chairman will be M. Blecher.

Members of the 1987 committee leaving at the end
of the year: D. Dohan, P. Green and C.E. Waltham.
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ORGANIZATION

Board of Management

The Board of Management of TRIUMF manages the business of the facility and has equal representation from
each of the four universities. At the end of 1987 the Board comprised:

University of Alberta Dr. C.R. James
Dean W.J. McDonald
Dr. G.C. Neilson

Simon Fraser University Dr. T. Calvert
Dean B.P. dayman Vice-Chairman
Dr. G. Ivany

University of Victoria Dr. S.J. Cunliffe
Dean A.T. Matheson
Dr. L.P. Robertson

University of British Columbia Dr. D.J. Doyle
Dean P.A. Larkin Chairman
Dr. J.B. Warren

Non-voting members: Dr. J.J. Child, National Research Council
Dr. P.A. Redhead, National Research Council
Dr. E.W. Vogt, Director, TRIUMF
Dr. P. Kitching, Assoc. Director, TRIUMF
Ms. T. Murphy, TRIUMF Secretary

Towards the end of 1987, Board membership was expanded, in anticipation of a broadening of the TRIUMF
joint venture to include a more national representation of Canadian universities long associated with the TRIUMF
experimental program, as follows:

Associate members: Dean CC. Bigelow, University of Manitoba
Prof. R. Simard, Universite de Montreal

Observer: Dean R.L. Armstrong, University of Toronto

Other changes in board membership were: In the fall Dr. C.R. James replaced Dr. J.G. Kaplan as University of
Alberta member; earlier in the year Dr. J.S. Cunliffe replaced Dr. A. Astbury as University of Victoria member,
and Dr. J.B. Warren replaced Dr. K.L. Erdman as University of British Columbia member.

The board met three times during the year.

Administration

Under the directorship of Dr. E.W. Vogt, all TRIUMF personnel are organized into six divisions, with division
heads and the administration branch as follows:

Division Head, Science Division Dr. P. Kitching
Division Head, Applied Programs Division Dr. R.R. Johnson
Division Head, Cyclotron Division Dr. G. Dutto
Division Head, Experimental Facilities Division Dr. E.W. Blackmore
Division Head, Accelerator Research Division Dr. M.K. Craddock
Division Head, Technology and Administration Division Dr. W.K. Dawson
Chief Financial Officer Mr. C.W. Bordeaux
Personnel Officer Ms. P. Adams
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Operating Committee

The Operating Committee of TRIUMF is responsible for the operation of the facility. It reports to the Board
of Management through its chairman, the Director, Dr. E.W. Vogt. In 1985 the membership wasd broadened: in
addition to the four voting members, one from each of the four universities, three new voting members joined the
committee, two representing the interests of external users and one representing TRIUMF staff. The Associate
Director is a nonvoting member. Members of the committee (alternate members in parentheses) at the end of 1987
were:

Dr. E.W. Vogt
Dr. P. Kitching
Dr. G. Greeniaus
Dr. P.W. Percival
Dr. A. Olin
Dr. G. Jones
Dr. N. Davison
Dr. W.P. Alford
Mr. D.R. Pearce
Ms. T. Murphy
Mr. C.W. Bordeaux
Dr. J J . Child

Chairman
ex officio

Secretary
ex officio
ex officio

Director
Associate Director
University of Alberta
Simon Fraser University
University of Victoria
University of British Columbia
University of Manitoba
University of Western Ontario
TRIUMF
TRIUMF
TRIUMF
National Research Council

(Dr. D.A. Hutcheon)
(Dr. 0. Hausser)
(Dr. R.K. Keeler)
(Dr. C. Waltham)
(Dr. Y.M. Shin)
(Dr. B.C. Robertson)
(Mr. A. Hurst)

Changes in 1987: Dr. A. Olin replaced Dr. D.A. Bryman as senior member for the University of Victoria and Dr.
R.K. Keeler was appointed as alternate member; Dr. G. Jones replaced Dr. M.D. Easinoff as senior member for the
University of British Columbia and was succeeded as alternate member by Dr. C. Waltham; Dr. N. Davison (Univ.
of Manitoba) replaced Dr. Y.M. Shin (Univ. of Saskatchewan) as one of the two members representing users, and
Dr. Shin replaced Dr. E.J. Ansaldo as alternate member. Mr. D.R. Pearce replaced Mr. K. Reiniger as TRIUMF
staff member and Mr. A. Hurst became the alternate member in place of Mr. Pearce.

TRIUMF Safety Advisory Committee

The TRIUMF Safety Advisory Committee (TSAC) consists of:

Technology & Administration Division
Technology & Administration Division
Technology & Administration Division
Head, TRIUMF Safety Group
TAPC Chairman, Applied Programs Division
Cyclotron Division
Cyclotron Division
Director, Occupational Health fc Safety, UBC
Experimental Facilities Division
Experimental Facilities Division
Applied Programs Division
Applied Programs Division
AECL-Radiochemical Company
Science Division
Science Division
Cyclotron/Accelerator Research Division

Atomic Energy Control Board
Atomic Energy Control Board
B.C. Ministry of Health
Workers' Compensation Board of B.C.
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Mr. I.M. Thorson
Mr. B. Evans
Ms. K. Gildert
Mr. L. Moritz
Dr. M. Adam
Mr. D. Pearce
Mr. J.W. Carey
Dr. M.W. Greene
Dr. J.A. Macdonald
Mr. A.J. Otter
Dr. T. Ruth
Mr. J.S. Vincent
Mr. M. Abeysekera
Dr. P. Walden
Dr. D. Hutcheon
Mr. M. Zach

Observers:
Dr. P.M. French
Dr. R.J. Walker
Dr. B. Phillips
Dr. D. Haig
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Appendix B

USERS GROUP

TKIUMF

G. Smith
Chairman 1988

R. Abegg
G. Azuelos
F. Bach
J.L. Beveridge
E.W. Blackmore
P. Blunden
C.W. Bordeaux
M. Butler
M. Cornyn
M.K. Craddock
D. Cunningham
W.K. Dawson
P. Delheij
D.A. Dohan
J. Doornbos
G. DuUo
W. Faszer
H.W. Fearing
D. Garner
C. Geng
D.R. Gill
L.G. Greeniaus
D.P. Gurd
K. Hicks
R. Hilton
D.A. Hutcheon
K.P. Jackson
B.K. Jennings
R.R. Johnson
R. Keitel
K.R. Kendall
R. Kiefl
E.J. Kim
P. Kitching
S.R. Koscielniak
C.J. Kost

University of Alberta

E.B. Cairns
P.W. Green
F.C. Khanna
D. Mack
W.J. McDonald
G.A. Moss
K.E.A. Negm
G.C. Neilson
A.A. Noujaim

M. La Brooy
R. Lee
G.A. Ludgate
J.A. Macdonald
G.H. Mackenzie
C.A. Miller
B. Milton
L. Moritz
J.N. Ng
T. Numao
C. Oram
A.J. Otter
D. Ottewell
B.P. Padley
D. Pearce
J.B. Pearson
J.M. Poutissou
J.G. Rogets
T.J. Ruth
M. Salomon
P. Schmor
H.R. Schneider
I.M. Thorson
V.K. Verma
J.S. Vincent
E.W. Vogt
G.D. Wait
P. Walden
G. Waters
D. Webster
U. Wienands
N. Wilkinson
R. Wittman
R. Woloshyn
J. Worden
S. Yen
M. Zach

W.C. Olsen
J. Pasos
N. Rodning
G. Roy
H. Sherif
J. Soukup
G.M. Stinson*
Y. Ye

Simon Fraser University

A.S. Arrott
S. Atkins
D.H. Boal
J. Erodovitch
A. Celler
J.M. D'Auria
O. Hausser
R. Jeppesen*

University of Victoria

S. Ahmad*
A. Astbury
G.A. Beer
D. Britton*
D.A. Bryman*
E.T.H. Clifford*
G.B. Friedmann.
T.A. Hodges
R. Keeler
D.E. Lobb

•R.G. Korteling
B. Larson
P.W. Percival
B. Pointon
S. Sun-Mack
A. Trudel
M. Vetterli*

G. Marshall*
G.R. Mason
A. Olin*
C.E. Picciotto
P.R. Pofienberger
P.A. Reeve
L.P- Robertson
M. Turcotte
C.S. Wu

University of British Columbia

C.E. Waltham*
Chairman 1987

D.S. Armstrong
E.G. Auld
D.A. Axen
M. Barnabas
J.H. Brewer
A. Burnham
F. Duncan
A. Feltham
D.G. Fleming
B. Forster
E. Grochowski
M. Hanna
M.D. Hasinoff
G. Jones
J. Kempton
S. Kreitzman
A. Larabee
P.W. Martin
J. McAlister
C.A. McDowell

D.F. Measday
Y. Miyake
A. Noble
R. Olszewski
M. Paran
B.D. Pate
C. Pouting
J. Roy
F.M. Rozon
D. Sample
M. Senba
M. Sevior
V. Sossi
S. Stanislaus
R.P. Trelle
K. Venkateswaran
D.C. Walker
J.B. Warren
P. Weber
B.L. White
B.X. Yang
H.K. Yen

Cancer Control Agency of British Columbia.

*at main site Vancouver

S.B. Goodman
R. Harrison
S.M. Jackson
R.O. Kornelsen
G.K.Y. Lam

CM. Ludgate
H. Shivato
L.D. Skarsgartl
L. Watts
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Users from other institutions baseci at main site:

D. Bandyopadhyay, J. BirchaJl, C.A. Davis, W.D. Ramsay,
W.T.H. van Oers, University of Manitoba
R. Poutissou, Universite' de Montreal
N. Stevenson, University of Saskatchewan
R. Helmer, University of Western Ontario
D. Frekers, University of Toronto
H.S. Caplan, R. Schubank, University of Saskatchewan
3. Niskanen, University of Helsinki
X.Y. Chen, Oregon State University
R.A. Ristinen, Univ. of Colorado
R.S. Henderson, University of Melbourne
Jiang Xiang-dong, Academia Sinica

Z.H. Ding, 1HEP, Beijing

Other institutions:

Canada
J.K. Porter, Atomic Energy of Canada Limited
C.Y. Kim, University of Calgary
A.L. Carter, Carleton University
M.S. De Jong, H.C. Lee, D. Noakes, J.A. Sawicki, Chalk
River Nuclear Laboratories
J. Battista, J.W. Scrimger, R.C. Urtasun, S.R. Usiskin,
Cross Cancer Institute, Edmonton
B.S. Bhakar, N.E. Davison, W.R. Falk, K.M. Furutani, J.
Jovanovich, S.A. Pige, A. Sekulovich, J.P. Svenne, Univer-
sity of Manitoba
J. Crawford, J. Lee, B. Margolis, S.K. Mark, R. Moore, K.
Oxorn, McGill University
P. Depommier, C. Lapointe, L. Lessard, Universite de
Montreal
M.S. Dixit, C.K. Hargrove, W.R. Jack, National Research
Council
D.L. Livesey, University of New Brunswick
H. Blok, D.D. Burgess, H. Rosenauer, Novatrack Analysts
Limited
G.T. Ewan, B.C. Robertson, M.J. Stott, Queen's
University
E.L. Mathie, G.J. Lolos, S.I.H. Naqvi, V. Pafilis, Z. Papan-
dreou, D.M. Yoemans, University of Regina
E.J. Ansaido, Y.M. Shin, Univ. of Saskatchewan
J.T. Sample, Research Secretariat of B.C.
M. Krell, K.E. Newman, Universite de Sherbrooke
R. Azuma, C. Chan, T.E. Drake, L.R. Kilius, J.D. King,
University of Toronto
R.T. Morrison, Vancouver General Hospital
VV.P. Alford, University of Western Ontario
J.S. Fraser

United States

D. Harshman, AT&T Laboratories
J. Comfort, R.F. Marzke, J.R. Tinsley, Arizona State Uni-
versity
T. Bowen, P. Halverson, T. Wu, University of Arizona
E.K. Mclntyre, Boston University

T.E, Ward, Brookhaven National Laboratory
A. Rosenthal, Brooklyn College, CUNY
K.H. Chang, A.C. Gonzales, California Institute of Tech-
nology
K. Aniol, M.B. Epstein, D,J. Margaziotis, California State
University, Los Angeles
E.F. Gibson, California State University, Sacramento
F.P. Brady, University of California, Davis
W.P. Lee, Univeristy of California, Irvine
A. Eichon, B.M.K. Nefkens, J.R. Richardson, University of
California, Los Angeles
P. Barnes, Carnegie-Mellon University
D.P. Spencer, University of Chicago Medical Center
S. Jha, University of Cincinnati
J. Brack, J.J. Kraushaar, D.A. Lind, R. Loveman, T. Mas-
terson, J.R. Shepard, K. Vaziri, CD. Zafiratos, University
of Colorado
H.S. Plendl, Florida State University
R. Piercy, University of Florida
F.T. Baker, University of Georgia
R. Loveman, Harvard University
J.M. Stadlbauer, Hood College
C. Chu, P.J. Gareri, Jr., W.W. M^yes, H, L.S. Pinsky, L.
Tang, Y. Tzamouranis, University of Houston
A.J. Caffrey, Idaho National Engineering Lab
R.D. Bent, J.M. Cameron, G.T. Emery, G.M. Huber, W.P.
Jones, H.O. Meyer, M.E. Rickey, I, Sawafta, P. Schwandt,
E.J- Stephenson, Indiana University
Y.K. Lee, Johns Hopkins University
B.D. Anderson, R. Madey, R. Pourang, P. Tandy, J.W.
Watson, Kent State University
D. Humphrey, Western Kentucky tMiversity
C. Clawson, K.M. Crowe, G. Gidal, S. Kaplan, S. Ljungfelt,
P H. Pehl, V. Perez-Mendez, S. Rosenblum, H. Steiner,
M.W. Strovink, R. Tripp, Lawrence. Berkeley Laboratory
J.W. Blue, Lewis Research Center, NASA
L.E. Agnew, H.L. Anderson, R.E.L. Green, R.C. Haight,
C.Y. Huang, K.W. Jones, N.S.P. King, R.J. Macek, E.R.
Siciliano, Los Alamos National Laboratory
N.S. Chant, University of Mart/land
R.P. Redwine, S.A. Wood, Massachusetts Institute of Tech-
nology
L. Antonuk, F.D. Becchetti, University of Michigan
W. Benenson, L. Heilbronn, E. Kashy, D. Krofcheck, D.J.
Morrisey, A. Pradhan, G.D. Westfall, Michigan State Uni-
versity
Y.C. Jean, University of Missouri-Kansas City
H.B. Willard, National Science Foundation
B. Bassalleck, B. Dieterle, B.H. Wildenthal, University of
New Mexico
G. Kyle, New Mexico State University
B. Parker, R.E. Segel, K.K. Seth, Northwestern University
S.E. Darden, J.J. Kolata, University of Notre Dame
F.E. Bertrand, B. Burks, C. Glover, D.J. Horen, T.P.
Sjoreen, Oak Ridge National Laboratory
X. AsJanogiou, Ohio University
B.C. Clark, T.R. Donoghue, Ohio State University
J. Lisantti, D.K. McDaniels, University of Oregon
F. Farzanpay, K.S. K.ane, R. Landau, P. Fuchs, A.VV.
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Stetz, L.W. Swenson, Oregon State University
R.F. Carlson, University of Redlands
J.M. Clement, S.A. Dodds, T.L. Estle, G.S. Mutchler, Rice
University
V.R. Cupps, II, R. Fergerson, C. Glashausser, A. Green,
Rutgers University
R. Dubois, Stanford Linear Accelerator Center
J.R. Chen, State Univ. of New York, Geneseo
R.A. Bryan, Texas AUM University
D.L. Adams, M. Bachman, P.J. Riley, University of Texas
V.G. Lind, R.E. McAdams, O.H. Otteson, Utah State Uni-
versity
M. Blecher, K. Gotow, D. Jenkins, A. Serna, D.H. Wright,
Virginia Polytechnic Institute and State University
I. Halpern, E.M. Henley, A.G. Williams, University of
Washington

A.S. Rupaal, Western Washington University
W.C. Sperry, Central Washington University
C.F. Perdrisat, M. Eckhause, W.J. Kossler, V. Punjabi,
R.T. Siegel, College of William and Mary
C.B.W. Ng, Winona State University
T.M. Huber, R. Knnselman, University of Wyoming
J. Bailey, Yale University
T.C. Sharma

Overseas

D.V. Bugg, R. Gibson, Queen Mary College, London
A.S. Clough, University of Surrey
A.N. James, University of Liverpool
S. Cox, Rutherford Appleton Laboratory
J. Kallne, JET Joint Undertaking, Abingdon
C. Amsler, C. Virtue, CERN
R. Engfer, Universitd't Zurich
W. Be-tle, B. Blankleider, J. Domingo, H.J. Leisi, R. Luigi,
K. Michaelian, I. Reid, L. Rezzonico, A. van der Schaaf,
SIN
G.R. Plattner, Universitdt Basel

P. Couvert, B. Mayer, CEN Saclay
R. Grynszpan, CNRS Vitry
F. Loyer, GANIL
J. Deutsch, Univ. Catholique de Louvain
H. Postma, Technische Hogeschool Delft
R. van Dantzig, NIKHEF
J.I.M. Botman, Technische Hogeschool Eindhoven
C. Weidner, Max-Planck Institut
J. Ernst, Inst. f. Strahlen-und-Kernphysik, Bonn
T, Anderl, S. Martin, KfA Julich
G. Wagner, Universitat Tubingen
J. Miszczak, Warsaw University
D. Horvath, Central Research Institute for Physics, Bu-
dapest
M. Furic, Inst. R. Boskovic
I. Enchevich, Sofia University
V.N. Bolotov, V.D. Laptev, E.A. Monich, Ju. Senichev,
Inst. for Nuclear Research of Academy of Sciences
C. Cernigoi, N. Grion, R. Rui, 1st. ds Fisica Trieste
V. Paticchio, P. Vincenzo, INFN Bari
A. Bracco, Universitd di Milano
M. Vicente-Vacas, Univ. de Valencia
J. Alster, A. Altman, D. Ashery, M. Moinester, A. Stern,
A.I. Yavin, Tel-Aviv University
E. Friedman, Hebrew University of Jerusalem
B. Olaniyi, University of Ife
J. Greben, CSIR/NRIMS, Pretoria
A.II. Hussein, Univ. of Petroleum and Minerals, Dahren,
Saudi Arabia
C. Yamaguchi, KEK
T. Azuma, K. Nagamine, T. Yamazaki, University of Tokyo
N. Nishida, H. Miyatake, Tokyo Institute of Technology
K. Sakamoto, Tohoku Univ. School of Medicine
Chen Chao-quing, Y.P. ^hang, IHEP, Beijing
A.W. Thomas, Univ. of Adelaide
S.A. Long, K.J. Raywood, G.G. Shute, B.M. Spicer, G.N.
Taylor, University of Melbourne
I.R. Afnan, Flinders University of South Australia
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Appendix C

EXPERIMENT PROPOSALS

The following lists experiment proposals received up to the end of 1987 (missing numbers cover proposals that
have been withdrawn or replaced by later versions or rejected or combined with another proposal). Page numbers
are given for those experiments which are included in this annual report. Page

1. Low-energy ir scattering [completed], R.R. Johnson (TRWMF-UBC), K.L. Erdman (Univ. of British Columbia),
T. Masterson (Univ. of Colorado), P. Walden (TRIUMF)

3. The study of fragments emitted in nuclear reactions [completed], R.E.L. Green, R.G. Korteling (Simon Fraser
Univ.), K.P. Jackson (TRIUMF), L. Church (Reed College)

6. Studies of the proton- and pion-induced fission of light to medium mass nuclides [completed], B.D. Pate (Univ.
of British Columbia), H. Blok (Novatrack), H. Dautet, F.M. Kiely (Simon Fraser Univ.), Z. Fraenkel (Weizmann
Inst.)

9. A study of the reaction jr~ +p —• 7 + n at pion kinetic energies from 20-200 MeV [completed], K. Aniol (Cal-
ifornia State Univ.), A. Bagheri, M.D. Hasinoff, D.F. Measday (Univ. of British Columbia), J.-M. Poutissou,
M. Salomon (TRIUMF), R. Poutissou (Univ. de Montreal), B.C. Robertson (Queen's Univ.)

10. Positive pion production in proton-proton and proton-nucleus reactions [completed], E.G. Auld, G. Jones
(Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), T. Mast-rson (Univ. of Colorado), P. Walden
(TRIUMF)

11. Nuclear spectroscopic studies of short-lived radioactive products of high energy reactions [completed], J.M.
D'Auria, H. Dautet ( Simon Fraser Univ.), K.P. Jackson (TRIUMF)

14. The interaction of protons with very light nuclei in the energy range 200-500 MeV/completed], J.M. Cameron,
G.S. Moss, G. Roy (Univ. of Alberta), L.G. Greeniaus, D.A. Hutcheon, C.A. Miller, J.G. Rogers (TRIUMF), U.
de Jong, W.T.H. van Oers (Univ. of Manitoba), C. Goulding (Los Alamos National Lab), A.W. Stetz (Oregon
State Univ.), J. Kallne (JET Joint Undertaking)

15. A proposal to study quasi-free scattering in nuclei [completed], J.M. Cameron, W.K. Dawson, W.J. McDonald,
G.C. Neilson, W.C. Olsen, G.M. Stinson (Univ. of Alberta), P. Hitching (TRIUMF-Univ. of Alberta), E.D.
Earle (Chalk River Nuclear Labs), D.A. Hutcheon, C.A. Miller (TRIUMF), J.T. Sample (Research Secretariat
of B.C.), A.W. Stetz (Oregon State Univ.), A.N. James (Univ. of Liverpool)

21. Optical activity induced by polarized elementary particles [completed], L.D. Hayward, D.C. Walker (Univ. of
British Columbia)

22. Negative pion capture and absorption on carbon, nitrogen and oxygen [passed to Biomedical Experiments
Evaluation Committee], H.B. Knowles (Washington State Univ.)

23. Study of decay modes a) ir° —• 37, b) ?r+ —• e+j/e + 7, c) ir* —• TT0 + 7e [completed], P. Depommier, J.P.
Martin, R. Poutissou (Univ. de Montreal), D. Bryman (TRIUMF-Univ. of Victoria), J.A. MacDonald, J.-M.
Poutissou, M. Salomon (TRIUMF), M. Dixit (National Research Council), M.D. H;sinoff, D.F. Measday (Univ.
of British Columbia)

24. Elastic scattering of polarized protons on 12C [completed], G.A. Moss, G. Roy, D.M. Sheppard,* H. Sherif
(Univ. of Alberta), L.G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF)

26. Measurement of the differential cross section for free neutron-proton scattering and for the reaction D(n,p)2n
[completed], L.P. Robertson (Univ. of Victoria), C. Amsler (CERN), E.G. Auld, D.A. Axen (Univ. of British
Columbia), D.V. Bugg, J.A. Edgington (Univ. of London, QMC), A.S. Clough (Univ. of Surrey), J.R. Richard-
son (UCLA), N.M. Stewart (Univ. of London, Bedford College), J. Va'vra (affiliation?)

27. Measurement of the polarization in free neutron-pioton scattering [completed], D.A. Axen, E.G. Auld (Univ.
of British Columbia), C. Amsler, (CERN), D.V. Bugg, J.A. Edgington (Univ. of London, QMC), A.S. Clough
(Univ. of Surrey), J.R. Richardson (UCLA), L.P. Robertson (Univ. of Victoria), G. Roy (Univ. of Alberta),
N.M. Stewart (Univ. of London, Bedford College), J. Va'vra (SLAC)

35. A study of positive muon depolarization phenomena in chemical systems [completed], J.H. Brewer, D.G.
Fleming, D.C. V/alker, J.B. Warren (Univ. of British Columbia), Y.C. Jean (Univ. of Missouri, KC), KM.
Crowe (Lawrence Berkeley Laboratory)

40. A proposal for neutron experiments at TRIUMF [completed], D.A. Axen, M.K. Craddock (Univ. of British
Columbia), I.M. Blair (AERE Harwell), D.V. Bugg, J.A. Edgington (Univ. of London, QMC), A.S. Clough
(Univ. of Surrey), N.M. Stewart (Univ. of London, Bedford College), J. Va'vra (SLAC)
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41. a) Radiative capture of pions in light nuclei [completed], b) Charge exchange of stopped negative pions [com-
pleted], J.-M. Poutissou, M. Salomon (TRIUMF), D. Berghofer, M.K. Craddock, M.D. Hasinoff (Univ. of
British Columbia), R. MacDonald (Univ. of Alberta)

42. tr~-3He: a) Strong interaction shift, b) Neutron-neutron scattering length [completed], G.A. Beer, S.K. Kim,
G.R. Mason, R.M. Pearce,* C.E. Picciotto, L.P. Robertson, C.S. Wu (Univ. of Victoria), D. Bryman, A. Olin
(TRIUMF-Univ. of Victoria), 3. A. Macdonald, J.S. Vincent (TRIUMF), M. Dixit (National Research Council),
M. Krell (Univ. de Sherbrooke)

46. Hyperfine splitting in polarized muonic 209Bi atoms [completed], G.T. Ewan, H.B. Mak, B.C. Robertson
('Queen's Univ.), G.A. Beer, G.R. Mason, R.M. Pearce* (Univ. of Victoria), A. Olin (TRIUMF-Univ. of
Victoria), D.G. Fleming Univ. of British Columbia), K. Nagamine, T. Yamazaki (Univ. of Tokyo)

47. Photon asymmetry in radiative muon capture [completed data taking], J.H. Brewer, M.D. Hasinoff (Univ.
of British Columbia), R. MacDonald (Univ. of Alberta), K. Krane (Oregon State Univ.), J.-M. Poutissou
(TRIUMF)

48. Fertile-to-fissile conversion in electrical breeding (spoliation) targets [completed], I.M. Thorson, F.M. Kiely
(Simon Fraser Univ.), B.D. Pate (Univ. of British Columbia)

52. Measurement of the IT —• ev branching ratio [completed], D. Bryman, A. Olin (TRIUMF-Univ. of Victo-
ria), G.R. Mason (Univ. of Victoria), D. Berghofer (Univ. of British Columbia), M. Dixit (National Research
Council)

53. Emission of heavy fragments in pion absorption [completed], D.R. Gill, M. Salomon, E.W. Vogt (TRIUMF),
P.W. Martin, G. Jones (Univ. of British Columbia)

54. TT* reaction cross-section measurements on isotopes of calcium [completed], R.R. Johnson (TRIUMF- UBC),
K.L. Erdman (Univ. of British Columbia), J.L. Beveridge (TRIUMF)

55. n~ capture in deuterium and the two-neutron interaction [completed], J.M. Cameron, W.J. McDonald, G.C.
Neilson (Univ. of Alberta), H.W. Fearing (TRIUMF)

56. A study of the decay of the muon [completed], M.D. Hasinoff, Univ. of British Columbia), R. MacDonald
(Univ. of Alberta), P. Depommier (Univ. de Montreal), J.-M. Poutissou, M. Salomon (TRIUMF)

57. Search for/<+ —» e* + y decay mode [completed], P. Depommier, J.P. Martin, R. Foutissou (Univ. de Montreal),
J.-M. Poutissou (TRIUMF)

58. Polarization effects of the spin-orbit coupling of nuclear protons [completed], W.K. Dawson, P. Hitching
(TRIUMF-Univ. of Alberta), J.M. Cameron, W.J. McDonald, G.A. Moss, G.C. Neilson, W.C. Olsen. G. Roy,
D.M. Sheppard,* H. Sherif, G.M. Stinson (Univ. of Alberta), D.A. Hutcheon, C.A. Miller (TRIUMF), J.T.
Sample (Research Secretariat of B.C.)

59. Investigation of the (p, 2p) reactions on 3He, 3H and *He [completed], D.K. Hasell, W.T.H. van Oers (Unio. of
Manitoba), J.M. Cameron, G.A. Moss (Univ. of Alberta), R. Abegg, L.G. Greeniaus, J.G. Rogers (TRIUMF),
M.B. Epstein, D.J. Margaziotis (California State Univ. LA), A.W. Stetz (Oregon State Univ.)

t>0. Study of muonium formation in MgO and related insulators and its diffusion into a vacuum [completed], J.H.
Brewer, D.G. Fleming, G. Jones, J.B. Warren (Univ. of British Columbia)

61. Pre-clinical research on the x~ beam at TRIUMF [completed], J. Brosing, C.J. Eaves, R.W. Harrison, M.
Korbelik, G.K.Y. Lam, B. Palcic, K.R. Shortt, L.D. Skarsgard (B.C. Cancer Foundation), B.G. Douglas, R.O.
Kornelsen, M.E.J. Young (B.C. Cancer Control Agency), R.M. Henkelman (Univ. of Toronto)

65. Radiosensitivities of tumours in situ to T-meson irradiation [completed], S. Okada, K. Sakamoto, N. Suzuki
(Univ. of Tokyo), T. Ono (Univ. of Alberta)

66. Survey of p-p bremsstrahlung far off the energy shell [completed], J.G. Rogers, H.W. Fearing (TRIUMF), J.M.
Cameron, A.N. Kamal (Univ. of Alberta), J.V. Jovanovich (Univ. of Manitoba), J.R. Richardson (UCLA),
A.W. Stetz (Oregon State Univ.), A. Szyjewicz (Univ. of Saskatchewan)

71. Muon spin rotation project [completed], J.H. Brewer, A. Duncan, D.G. Flemii.g, D.LI. Williams (Univ. of
British Columbia), M. Doyama, R. Hayano, K. Nagamine, T. Yamazaki (Univ. of Tokyo), B.D. Patterson
(Univ. Zurich)

72. Solid state studies by muonic X-ray polarization [completed], H. Hayano, K. Nagamine, N. Nishida, T. Ya-
mazaki (Univ. of Tokyo), R.M. Pearce* (Univ. of Victoria)

73. Artificial muon polarization [completed], R. Hayano, K. Nagamine, N. Nishida, T. Yamazaki (Univ. of Tokyo),
J.H. Brewer, D.G. Fleming, M.D. Hasinoff (Univ. of British Columbia), H.B. Mak (Queen's Univ.)
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74. Proposal to measure D,R and R' in pp scattering, 200 to 500 MeV [completed], D.V. Bugg, J.A. Edgington
(Univ. of London, QMC), D.A. Axen (Univ. of British Columbia), A.S. Clough (Univ. of Surrey), S. Jaccard
(Univ. de Neuchatel), N.M. Stewart (Univ. of London, Bedford College), K. Shakarichi (Queen Mary College),
G. Ludgate, C. Oram (TRIVMF), J. Va'vra (SLAC)

75. The d(p, ir+)< pion production reaction for high momentum transfer [completed], W.C. Olsen (Univ. of Alberta),
P. Kitching (TRIUMF-Univ. of ilberta), E.G. Auld, G. Jones (Univ. of British Columbia), H.W. Fearing, D.A.
Hutcheon, P. Walden (TRIUMF), T. Masterson (Univ. of Colorado), C.F. Perdrisat (College of William and
Mary)

77. Evaporation-cooled metallic cesium target assembly for production of 123I [completed], J.W. Blue (NASA), T.A.
Hodges (Univ. of Victoria), D. Lyster, R.T. Morrison (Vancouver General Hospital), J.S. Vincent (TRIUMF),
J.B. Warren (Univ. of British Columbia), W. Wiesehahn (Simon Fraser Univ.)

78. Importance of defects in f*+SK in metals [completed], T. Yamazaki, K. Nagamine (Univ. of Tokyo), B. Berg-
ersen, J.H. Brewer, D.G. Fleming, L.C. Vaz (Univ. of British Columbia), A.T. Stewart (Queen's Univ.)

79. (Experiment 'X') Low energy x production as a function of energy at 500 MeV and below [completed], G.A.
Beer, G.R. Mason, R.M. Pearce,* L.P. Robertson (Univ. of Victoria), D.A. Bryman, A. Olin ( TRIUMF-Univ.
of Victoria), J.-M. Poutissou, J.S. Vincent (TRIUMF), R.R. Johnson (TRIUMF-UBC), J.B. Warren (Univ.
of British Columbia), P.W. James (Atomic Energy of Canada)

80. Measurement of pionic X-ray energies, widths and intensities [completed], G.A. Beer, G.R. Mason, R.M.
Pearce,* L.P. Robertson, (Univ. of Victoria), D.A. Bryman, A. Olin (TRIUMF-Univ. of Victoria), J.A. Mac-
donald (TRIUMF), M. Dixit (National Research Council), W.C. Sperxy (Central Washington Univ.)

83. Bound muon decay in nuclei [completed], J.H. Brewer, M.D. Hasinoff, T. Suzuki (Univ. of British Columbia),
J. Alster (Tel-Aviv Univ.), K. Nagamine (Univ. of Tokyo), J.-M. Poutissou (TRIUMF)

84. The (*•*,(*) reaction on light nuclei [deferred], R.R. Johnson (TRIUMF-UBC), K.L. Erdman, H.R. Johnston
(Univ. of British C'lumbia), T. Masterson (Univ. of Colorado), V.G. Lind, R.E. McAdams, O.H. Otteson
(Utah State Univ.), J.S. Vincent (TRIUMF)

86. Elastic and inelastic scattering of polarized protons from calcium and lead [completed], D.A. Hutcheon, C.A.
Miller (TRIUMF), P. Kitching (TRIUMF-Univ. of Alberta), R. Liljestrand, W.J. McDonald, G.C. Neilson, H.
Sherif, G.M. Stinson (Univ. of Alberta), J.S. Blair (Univ. of Washington), D.K. McDaniels (Univ. of Oregon)

87. Proton radiography studies at TRIUMF [completed], E.W. Blackmore, G.H. Mackenzie (TRIUMF), D.A. Bry-
man (TRIUMF-Univ. of Victoria)

88. Systematic studies of total muon capture rates [completed], R. Hayano, K. Nagamine, T. Yamazaki (Un'v.
of Tokyo), J.H. Brewer, F. Entezami, D.F. Measday, S. Stanislaus (Univ. of British Columbia), D. Garner,
(TRIUMF)

89. ft fission [completed], S.N. Kaplan (Lawrence Berkeley Laboratory), S. Ahmad, G.A. Beer, G.R. Mason, R.M.
Pearce,* (Univ. of Victoria), A. Olin (TRIUMF-Univ. of Victoria), O. Hausser (TRIUMF-SFU), J.A. Mac-
donald (TRIUMF), A. Mireshghi (Univ. of California)

91. Muonium in semiconductors [completed], J.H. Brewer, D.G. Fleming (Univ. of British Columbia), KM. Crowe,
S.S. Rosenblum (Lawrence Berkeley Lab), K. Nagamine (Univ. of Tokyo)

93. Production of radioisotopes at medium energies for pure and applied research [completed], L. Moritz, J.S.
Vincent (TRIUMF), B.D. Pate, L. Patrick (Univ. of British Columbia), C.H.W. Jones (Simon Fraser UnivJ,
D. Lyster, W. Rowe (Vancouver General Hospital)

97. Rare electromagnetic decays of pionic atoms [completed], M.D. Hasinoff, E. Mazzucato, D.F. Measday (Univ. of
British Columbia), J.-M. Poutissou, M. Salomon (TRIUMF), P. Depommier, 'x... Poutissou (Univ. de Montreal),
B. Bassalleck (Univ. of New Mexico), T. Marks (Los Alamos National Lab)

99. Studies of (p, d) reactions in nuclei [completed], A.N. Anderson, J.M. Cameron, W.J. McDonald, G.C. Neiison,
W.C. Olsen, G. Roy (Univ. of Alberta), W.K. Dawson, P. Kitching (TRIUMF-Univ. of Alberta), D.A. Hutcheon,
C.A. Miller, J.G. Rogers (TRIUMF), J. Kallne (JET Joint Undertaking), B.K.S. Koene, W.T.H. van Oers
(Univ. of Manitoba), J.J. Kraushaar, E. Rost, J.R. Shepard (Univ. of Colorado), D.K. McDaniels (Univ. of
Oregon), B.T. Murdoch (Schlumberger Well Systems), A. Olin (TRIUMF-Univ. of Victoria), A.W. Stetz, L.W.
Swenson (Univ. of Oregon)

101. Investigation of (7T,2JT) reaction [letter of intent], E.G. Auld, G. Jones (Univ. of British Columbia), R.R.
.'ohnson (TRIUMF-UBC), P. Walden (TRIUMF)

102. Absolute cross sections of 12C(jr±, JT, i\f)nC reactions at low energy [completed], R.G. Korteling (Simon Fraser
Univ.), G.E. Butler, B.J. Dropesky, R.E.L. Green, C.J. Orth, R.A. Williams (Los Alamos National Lab), R.M.
Henkelman (Univ. of Toronto)
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103. Search for target spin dependence in proton elastic scattering [completed], D.P. Gurd, G.A. Moss, G. Roy, H.
Sherif, G.M. Stinson (Univ. of Alberta)

104. The time projection chamber - A new facility for the study of decays of muons and pious [completed data
taking], D.A. Bryman (TRIUMF-Univ. of Victoria), M. Dixit, C.K. Hargrove, R. McKee, H. Mes (National Re-
search Council), G. Azuelos, A. Bennett, J.A. Macdonald, T. Numao, J.-M. Poutissou, J.E. Spuller (TRIUMF)
L.P. Robertson, (Univ. of Victoria), M.D. Hasinoff (Univ. of British Columbia), P. Depommier, J.P. Martin,
R. Poutissou, Y. Sirois (Univ. de Montreal), H.L. Anderson (Los Alamos National Lab), A.L. Carter, C. Irwin,
D. Kessler, J. Stapeldon (Carleton Univ.), C.S. Wright (Univ. of Chicago)

105. Backward inclusive scattering [completed], G, Roy, G.A. Moss (Univ. of Alberta), J.L. Beveridge, D.A. Hutcheon,
R.M. Woloshyn (TRIUMF)

108. Meson cascade studies [deferred], G.A. Beer, G.R. Mason (Univ. of Victoria), A. Olin (TRIUMF-Univ. of
Victoria), M. Dixit (National Research Council), S.N. Kaplan, C. Wiegand (Lawrence Berkeley Lab), J.A.
Macdonald (TRIUMF), W.C. Sperrry (Central Washington Univ.)

110. Microdosimetry of r~ beam at TRIUMF [active], A. Ito, H. Koyama (Univ. of Tokyo)

111. Study of the absorption of JT~ at rest in 4He, 9Be, 12C, I4N and 16O [completed], C. Cernigoi, N. Grion,
G. Pauli, R. Rui (Univ. de Trieste and INFN), R. Cherubim (Lab Nazionali di Legnaro INFN and Univ. di
Padova), D. Gill (TRIUMF), W. Gyles (Univ. of British Columbia)

113. A proposal for 3He(j>, p)3He at backward angles [completed], J.M. Cameron, G.A. Moss (Univ. of Alberta),
B.S. Bhakar, B.K.S. Koene, W.T.H. van Oers (Univ. of Manitoba), M.B. Epstein, D.J. Margaziotis (California
State Univ. LA), R. Abegg, L.G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF), J. Kallne (JET Joint
Undertaking), B.T. Murdoch (Schlumberger Well Systems), A.W. Stetz (Oregon State Univ.)

114. The (p,2p) reaction on 4He and 3He [completed], B.K.S. Koene, W.T.H. van Oers (Univ. of Manitoba),
M.B. Epstein, D.J. Margaziotis (California State Univ.), G.A. Moss (Univ. of Alberta), L.G. Greeniaus, J.G.
Rogers (TRIUMF), B.T. Murdoch (Schlumberger Well Systems)

115. Neutral pion prodution from 208Bi at intermediate proton energies [completed], J.M. D'Auria, D.H. Boal (Simon
Fraser Univ.), T. Ward (Indiana Univ.), A. Yavin (Tel-Aviv University)

117. Single particle inclusive spectra of light fragments over their entire energy range [completed], R.G. Korteling
(Simon Fraser Univ.), R.E.L. Green (Los Alamos National Lab), K.P. Jackson (TRIUMF)

119. Small angle scattering of thermal neutrons for the study of magnetism and liquid crystals [active], A.S. Arrott,
J.F. Cochran, S.D. Hanham, B. Heinrich, M.J. Press (Simon Fraser Univ.), B.D. Patterson (Univ. Zurich)

120. A study of the production and decay of ]1Be with intermediate-energy protons [completed], K.P. Jackson
(TRIUMF)

121. Test of charge symmetry in n-p scattering [completed data taking], G.R. Plattner (Basel Univ.), J. Birchall,
N.E. Davison, W.T.H. van Oers (Univ. of Manitoba), D.A. Axen (Univ. of British Columbia), J.L. Beveridge,
C.A. Miller, J.G. Rogers (TRIUMF), W.J. McDonald, G.A. Moss, G. Roy, G.M. Stinson (Univ. of Alberta),
L.P. Robertson (Univ. of Victoria), H.E. Conzett (Lawrence Berkeley Lab), S. Mango (SIN)

122. A (iSR investigation of dipolar fields in cobalt [completed], A.S. Arrott (Simon Fraser Univ.), B.D. Patterson
(Univ. Zurich)

123. Observation of e^ cnanneling from stopped /*+ in a crystalline host [completed], A.S. Arrott (Simon Fraser
Univ.), B.D. Patterson (Univ. Zurich)

124. Excitation of giant multipole resonances by intermediate-energy protons [completed], F.E. Bertrand, E. Gross,
D.J. Horen, T. Sjoreen (Oak Ridge National Lab), L. Lisantti, D.K. McDaniels, J. Tinsley (Univ. of Oregon),
L.W. Swenson (Oregon State Univ.)

126. Measurement of the line shape of pionic X-rays [deferred], A. Olin (TRIUMF-Univ. of Victoria), G.A. Beer,
G.R. Mason, R.M. Pearce* (Univ. of Victoria), M. Dixit (National Research Council), J.A. Macdonald (TRIUMF)

127. Measurement of the strong interaction shift in pionic deuterium [completed], G.A. Beer, G.R. Mason, R.M.
Pearce* (Univ. of Victoria), A. Olin (TRIUMF-Univ. of Victoria), M. Dixit (National Research Council),
E. Klen.nt (Univ. Mainz), J.A. Macdonald (TRIUMF), C. Wiegand (Lawrence Berkeley Lab), A.W. Thomas
(Univ. of Ar.tlaide)

128. Variation of muonic X-ray intensities with atomic number [completed], G.A. Beer, G.R. Mason (Univ. of Victo-
ria), A. Olin (TRIUMF-Univ. of Victoria), M. Dixit (National Research Council), J.A. Macdonald (TRIVMF),
W.C. Sperry (Central Washington Univ.), C. Wiegand (Lawrence Berkeley Lab)
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129. Quasielastic pion scattering at resonance energies for light T=0 nuclei [deferred], R.R. Johnson (TRIUMF-
OBC), B. Barnett, K.L. Erdman, B. Gyles (Univ. of British Columbia), G. Azuelos, D. Gill, E.W. Vogt, P.
Walden (TRIUMF), D. Ashery, A. Errell, A. Yavin (Tel-Aviv Univ.), B. Bassalleck (Univ. of New Mexico), T.
Masterson (Univ. of Colorado), A.W. Thomas (Univ. of Adelaide)

130. The energy dependence of the polarization parameter in proton-proton scattering [completed], D.A. Axen,
E.G. Add (Univ. of British Columbia), D.V. Bugg, J.A. Edgington, W.R. Gibson (Univ. of London, QMC),
A.S. Clough (Univ. of Surrey), N.M. Stewart (Univ. of London, Bedford College), M. Comyn, G. Ludgate
(TRIUMF), J.R. Richardson (UCLA), L.P. Robertson (Univ. of Victoria)

131. A study of (p, 7) reactions on 3H and 6Li at intermediate energies [completed], J.M. Cameron, W. J. McDonald,
G.M. Stinson, I.J. Van Heerden (Univ. of Alberta), P. Kitching (TRIUMF-Univ. of Albeta), A.W. Stetz, L.W.
Swenson (Oregon State Univ.), D.A. Hiatcheon, C.A. Miller, H.W. Fearing (TRIUMF)

132. Differential cross section of the reaction pp —> rfjr+ between lab proton energies of 325 to 500 Mev [completed],
P.L. Walden (TRIUMF), E.G. Auld, G. Jones (Univ. of British Columhia), R.R. Johnson (TRIUMF-UBC)

134. Measurement of the eta parameter in muon decay [completed], J.A. Bistirlich, K.M. Crowe, C. J. Martoff, J.M.
Miller, W.A. Zajc (Lawrence Berkeley Lab), CM. Ciawson (Univ. of California, Berkeley), J.H. Brewer (Univ.
of British Columbia)

137. Lifetime of the positive muon [completed], W. Dey, M. Eckhause, K. Giovanetti, R. Hartmann, R.D. Hart,
D.W. Hertzog, J.R. Kane, W.A. Orance, W.C. Phillips, R.T. Siege!, W.F. Vulcan, R.E. Welsh, R.G. Winter
(College of William and Mary)

138. Surface muon studies of germanium [completed], K.M. Crowe, S.S. Rosenblum (Lawrence Berkeley Lab), CM.
Ciawson (Univ. of California, Berkeley), J.H. Brewer (Univ. of British Columbia)

139. Macroscopic diffusion of positive muons in aluminum [completed], K.M. Crowe, S.a. Rosenblum (Lawrence
Berkeley Lab), CM. Ciawson (Univ. of California, Berkeley), J.H. Brewer (Univ. of British Columbia)

140. Transfer effects for stopping TT~ in H2-D2 mixtures [completed], M.D. Hasinoff, D.F. Measday (Univ. of British
Columbia), J.-M. Poutissou, M. Salomon (TRIUMF), V. Highland (Temple UnivT)

141. Muonic hydrogen at STP - A feasibility study [deferred], J.H. Brewer (Univ. of British Columbia), C. Oram
(TRIUMF)

142. A study of the single scattering mechanism for non-evaporative fragment emission [completed], D.H. Boal,
R.G. Korteling (Simon Fraser Univ.), K.P. Jackson (TRIUMF), R.E.L. Green (Los Alamos National Lab)

143. A study by recoil detection of proton-induced reaction on 9Be [completed], K.P. Jackson (TRIUMF), D.H.
Boal, J.M. D'Auria, R.G. Korteling (Simon Fraser Univ.), R.E.L. Green (Los Alamos National Lab)

144. Studies of (p, d) reaction in nuclei [completed], J.M. Cameron, R. Liljestrand, W.J. Mcdonald, G.C Neilson,
W.C. Olsen, D.M. Sheppard,* G.M. Stinson (Univ. of Alberta), P. Kitching (TRJUMF-Univ. of Alberta),
J.J. Kraushaar, J.R. Shepard (Univ. of Colorado), D.A. Hutcheon, C.A. Miller, J G. Rogers (TRIUMF), C.
Stronach (Virginia State Univ.), D.K. McDaniels, J. Tinsley (Univ. of Oregon)

145. The neutron and gamma-ray correlation in the negative pion capture in 16SHo and 161Ta [completed], Y.K. Lee,
R. Levin, L. Madensky (Johns Hopkins Univ.)

147. The formation and reactivity of muonium in the gas phase [completed], J.H. Brewer, D.G. Fleming, R.J.
Mikula, D.P. Spence*, J.B. Warren (Univ. of British Columbia), D.M. Garner, R. Kiefl (TRIUMF)

149. /JSR studies of phase transition [completed], M. Doyama, R. Nakai, R. Yamamoto, T. Yamazaki (Univ. of
Tokyo), J.H. Brewer, H. Schilling, D.LI. Williams (Univ. of British Columbia)

150. Utilization of backward muons to study muonium reaction intermediates [completed], J.A. Bartlett, J.C.
Brodovitch, S.K. Leung, K.E. Newman, P.W. Percival (Simon Fraser Univ.), D.G. Fleming, D.C. Walker
(Univ. of British Columbia)

151. Interaction of muons with fissile nuclides II [completed], A. Olin (TRIUMF-Univ. of Victoria), S. Ahmad,
G.A. Beer, R.M. Pearce* (Univ. of Victoria), J.C Brown (Lawrence Livermore National Lab), S.N. Kaplan
(Lawrence Berkeley Lab), O. Hausser (TRIUMF-SFU), J.A. Macdonald (TRIUMF)

152. Measurement of the spin rotation parameter R in p-4He elastic scattering [completed], G.A. Moss, G. Roy, J.
Uegaki (Univ. of Alberta), R. Abegg, L.G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF), C.A. Davis,
W.T.H. van Oers (Univ. of Mantoba), J.M. Greben (CSIR/NRMIS, Pretoria)

153. Elastic scattering of protons from 3He [completed], W.T.H. van Oers, D.K. Hasell (Univ. of Manitoba), J.M.
Cameron, G.A. Moss (Univ. of Alberta), R. Abegg, L.G. Greeniaus, C.A. Miller (TRIUMF), M.B. Epstein,
D.J. Margaziotis (California State Univ. LA), H. Postma (Technical Univ. Delft), A.W. Stetz (Oregon State
Univ.)
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154. Muonium in solids [completed], J.H. Brewer, D.G. Fleming, H. Schilling, D.P. Spencer, D.LI. Williams (Univ. of
British Columbia), K.M. Crowe, S.S. Rosenblum (Lawrence Berkeley Lab), CM. Clawson (Univ. of California,
Berkeley), T. Yamazaki (Univ. of Tokyo), R. Kiefl (TRIUMF), Y. J. Uemura (Brookhaven National Lab)

155. Study of deep hole states in " C a with (p, 2p) reaction [completed], P. Kitching (TRIUMF-Univ. of Alberta),
P.W. Green, W.J. McDonald, K. Michaelian, W.C. Olsen, D.M. Sheppard,* J. Soukup, G.M. Stinson, I.J. van
Heerden (Univ. of Alberta), D.A. Hutcheon, C.A. Miller (TRIUMF), A.N. James (Univ. of Liverpool)

156. Deuteron production in proton-nucleus collisions [completed], J.M. Cameron, R. Liljestrand, W.J. McDonald,
W.C. Olsen, (Univ. of Alberta), P. Kitching (TRIUMF-Univ. of Alberta, J. Kallne (JET Joint Undertaking),
C.F. Perdrisat (College of William and Mary)

157. The chemistry of muonium atoms in condensed media [completed], J.H. Brewer, D.G. Fleming, R. Rist,
D.C. Walker (Univ. of British Columbia), D. Garner (TRIUMF), Y.C. Jean (Univ. of Missouri-Kansas City),
Y. Ito (Univ. of Tokyo), P.W. Percival (Simon Fraser Univ.)

158. Study of the reactions p2H — dir+n and j>3He — tir+p [completed], J.M. Cameron, W.J. McDonald, W.C.
Olsen, H. Wilson (Univ. of Alberta), I. van Heerden (Univ. of Alberta and Suni), P. Kitching (TRIUMF-Univ.
of Alberta), C.F. Perdrisat (College of William and Mary), H.W. Fearing, C.A. Miller (TRIUMF), J. Kallne
(JET Joint Undertaking)

159. ffy and pd interactions at threshold [completed], E.G. Auld, D.A. Axen, K.L. Erdman, J.B. Warren, B.L. White
(Univ. of British Columbia), M. Comyn (TRIUMF), G.A. Beer (Univ. of Victoria), W. Dahme (Univ. Munich),
U. Gastaldi, G. Graff, H. Kalinowsky, E. Kayser, E. Klempt, R. Landau, R. Schulze, R.W. Wodrich, (Univ.
Mainz), C.J. Martoff (Lawrence Berkeley Lab), C. Sabev (Univ. of Geneva), P. Truol (Univ. Zurich)

160. Studies of some ternary magnetic superconductors with muons [completed], C.Y. Huang (Los Alamos National
Lab), J.H. Brewer, H. Schilling (Univ. of British Columbia), C.W. Clawson (Univ. of California, Berkeley),
K.M. Crowe, S.E. Kohn, S.S. Rosenblum (Lawrence Berkeley Lab), A. Schenck (SIN)

161. Studies of spin dynamics of some amorphous spin glasses with muons [completed], C.Y. Huang (Los Alamos
National Lab), J.H. Brewer, H. Schilling (Univ. of British Columbia), C.W. Clawson (Univ. of California
Berkeley), K.M. Crowe, S.E. Kohn, S.S. Rosenblum (Lawrence 3erkeley Lab), A. Schenck (SIN)

162. Survey of X-ray production of high-energy protons [completed], D.C. Gregory, B.M. Johnson, K.W. Jones
(Brookhaven National Lab), G.J. Basbas (Physical Review Letters), J.T. Sample (Research Secretariat of B.C.)

164. Measurement of the 1/E dependence in 7Li(p, n)7Be reactions [completed], J.M. D'Auria, M. Dombsky (Simon
Fraser Univ.), T.W. Ward (Indiana Univ.), T. Ruth (TRIUMF)

165. Cross sections and analysing power measurements of giant resonances for incident 200-500 MeV [completed],
J. Lisantti, D.K. McDaniels, J. Tinsley (Univ. of Oregon), F.E. Bertrand, E.E. Gross, T. Sjoreen (Oak Ridge
National Lab), D. Drake (Los Alamos National Lab), L.W. Swenson (Oregon State Univ.), I. Bergqvist (Univ.
of Lund)

166. Neutron-nuclear structure with pion [completed], R.R. Johnson (TRIUMF-UBC), B. Barnett, K.L. Erdman,
W. Gyles (Univ. of British Columbia), E.W. Blackmore, D.R. Gill (TRIUMF), E.L. Mathie (Univ. of Regina),
D. Ashery (Tel-Aviv Univ.), N. Grion (INFN and Univ. di Trieste), J.J. Kraushaar, T. Masterson (Univ. of
Colorado), C.A. Wiedner (Max Planck Institut), S.A. Martin (KFA Julich)

168. 2S muonium production from thin foils [completed], R. Kiefl, C.J. Pram (TRIUMF), J.H. Brewer, A. Fry, J.B.
Warren, (Univ. of British Columbia), G.M. Marshall (Univ. of Victoria)

169. Proton elastic scattering from 16O [completed], D.A. Hutcheon, C.A. Miller (TRIUMF), P. Kitching (TRIUMF-
Univ. of Alberta), J.M. Cameron, R. Liljestrand, G.C. Neilson, W.C. Olsen, D.M. Sheppard,* H. Sherif, G.M.
Stinson, H. Wilson (Univ. of Alberta), P. Schwandt (Indiana Univ.), D.K. McDaniels, J. Tinsley (Univ. of
Oregon), W.T.H. van Oers (Univ. of Manitoba)

170. Fission-evaporation competition in heavy nuclei at intermediate energies [completed], P. Kitching (TRIUMF-
Univ. of Alberta), H. Fielding, S.T. Lam, G.C. Neilson, W.C. Olsen, J. Uegaki (Univ. of Alberta), A. Breskin,
Z. Fraenkel (Weizmann Institute), R. Abegg, D.A. Hutcheon (TRIUMF)

171. Test of T-invariance in pp scattering [completed], R. Abegg, L.G. Greeniaus, D.A. Hutcheon, C.A. Miller
(TRIUMF), J.M. Cameron, D.P. Gurd, R. Liljestrand, G.A. Moss, G. Roy, H. Wilson (Univ. of Alberta)

173. Measurement of pionic 4-3 X-ray transitions in heavy nuclei [completed], A. Olin (TRIUMF-Univ. of Victoria),
G.A. Beer, G.R. Mason (Univ. of Victoria), P.R. Poffenberger (Univ. of Manitoba), J.A. Macdonald, T. Numao
(TRIUMF), B. Olaniyi Univ. of Ife)
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174. Spin dependence of the pp —* pnff+ reaction [completed], P.A. Axen, C. Waltham (Univ. of British Columbia),
D.V. Bugg, J.A. Edgington (Univ. of London, QMC), N.M. Stewart (Univ. of London, Bedford College), M.
Comyn, G. Ludgate (TRIUMF), J.R. Richardson (UCLA), L.P. Robertson (Univ. of Victoria), R. Dubois
(SLAC)

175. An investigation of inclusive one-pion prodution in proton nucleus collisions [completed], K.D. Bol, M.R. Clover,
R.M. DeVries, N.J. Digiacomo, J. Kapustinsky, J.C. Peng, W.E. Sondheim, J.W. Sunier (Los Alamos National
Lab)

177. Proton radius determinations for C, N and O [completed], R.R. Johnson (TRIUMF-UBC), B. Barnett, K.L.
Erdman, B. Gyles (Univ. of British Columbia), E.W. Blackmore, D.R. Gill (TRIUMF), G. Lolos (Univ. of
Regina), J. Alster (Tel-Aviv Univ.), N. Grion (INFN and Univ. di Trieste), J.J. Kraushaar, T. Masterson
(Univ. of Colorado)

178. Nuclear radius studies in the Ca region [completed], R.R. Johnson (TRIUMF-UBC), B. Barnett, K.L. Erdman,
B. Gyles, (Univ. of British Columbia), E.W. Blackmore, D.R. Gill (TRIUMF), G. Lolos (Univ. of Regina),
N. Grion (INFN and Univ. di Trieste), J.J. Kraushaar, T. Masterson (Univ. of Colorado), S. Martin (KFA
Jiilich), C. Weidner (Max-Planck Institut)

182. Measurement of the n-p spin correlation parameter Ann [completed data taking], J. Birchall, C.A. Davis, N.E.
Davison, W.P. Lee, W.T.H. van Oers (Univ. of Manitoba), P.W. Green, W.J. McDonald, G.A. Moss, G. Roy,
G.M. Stinson (Univ. of Alberta), R. Abegg, L.G. Greeniaus, C.A. Miller (TRIUMF)

183. Inelastic pion scattering [deferred], I. Halpern, M. Khandaker, D.W. Storm (Univ. of Washington)

184. Investigation of the p"+2H —*3H + jr* reaction from 275 to 450 MeV using polarized protons [completed],
E.G. Auld, G. Giles, G. Jones, W. Ziegler (Univ. of British Columbia), P. Walden (TRIUMF)

185. Precise measurement of the polarization parameter £: A search for the effects of a right-handed gauge boson in
H+ decay [completed], J. Carr, G. Gidal, A. Jodidio, K. Shinsky, H.M. Steiner, D. Stoker, M. Strovink, R.D.
Tripp (Univ. of California-LBL), C. Cram (TRIUMF), B. Gobbi (Northwestern Univ.)

186. Measurement of collision-induced de-excitation rates of the 2S state of muonic helium [completed], M. Eckhause,
K. Giovanetti, D. Hertzog, D. Joyce, J. Kane, W. Phillips, R. Siegel, W. Vulcan, R. Welsh, R. Whyley, R.G.
Winter (College of William and Mary)

187. Pion production from 10B and 16O bombarded with polarized protons [completed], E.G. Auld, G. Giles, G.
Jones, B. McParland, W. Ziegler, (Univ. of British Columbia), G. Lolos (Univ. of Regina), W. Falk (Univ. of
Manitoba), P. Walden (TRIUMF)

189. Radiochemical study of VT(E) for 209Bi(j>, ir~xre)2I0~IAt reactions from threshold to ~0.8 GeV [completed],
J.M. D'Auria, M. Dombsky (Simon Fraser Univ.), J. Clark (LAMPF), T. Ward (Indiana Univ.), A. Yavin
(Tel-Aviv Univ.)

190. Radiative polarized neutron capture on protons [completed], J.M. Cameron, W.J. McDonald, J. Soukup, J.
Uegaki (Univ. of Alberta), P. Kitching (TRIUMF-Univ. of Alberta), R. Abegg, D.A. Hutcheon, C.A. Miller
(TRIUMF), 1.3. Van Heerden (Southern Nuclear Inst.), A.W. Stetz (Oregon State Univ.), Y.M. Shin (Univ. of
Saskatchewan)

191. Muons and muonium on surfaces [completed], J.H. Brewer, D. Harshman, J.B. Warren (Univ. of British
Columbia), C.J. Oram (TRIUMF), KM. Crowe (Lawrence Berkeley Lab), G. Dash (Univ. of Washington),
W.S. Glausinger, R.F. Marzke (Arizona State Univ.)

192. Measurement of the pion production asymmetries from the reaction p —* dw+ with a polarized proton beam
between energies at 400 to 520 MeV [completed], D. Ottewell, P. Walden (TRIUMF), W. Falk (Univ. of
Manitoba), G. Giles, G. Jones, W. Ziegler (Univ. of British Columbia), G. Lolos (Univ. of Regina)

194. The pd — <x+ reaction at 330, 470 and 500 MeV [completed], R. Abegg, L.G. Greeniaus, D.A. Hutcheon,
C.A. Miller (TRIUMF), J.M. Cameron, W.J. McDonald, G.A. Moss, W.C. Olsen, G. Roy, J. Uegaki (Univ. of
Alberta), C.A. Davis (Univ. of Manitoba)

195. 24Mg(p,p')24Mg*^12C+12C [completed], R. Abegg, L.G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF),
J.M. Cameron, W.K. Dawson, C.A. Moss, G. Roy, H. Sherif, J. Uegaki, H. Wilson (Univ. of Alberta), C.A.
Davis (Univ. of Manitoba)

196. Measurement of pionic X-rays in 23Na, 24Mg and 27A1 [completed], A. Olin (TRIUMF-Univ. of Victoria), J.A.
Macdonald, T. Numao (TRIUMF), G.A. Beer, G.R. Mason (Univ. of Victoria), B. Olaniyi (Univ. of Ife), P.R.
Poffenberger (Univ. of Manitoba)

197. A precise measurement of the Lamb shift in muonium in the 2S state [letter of intent], J.H. Brewer, A. Fry,
J.B. Warren (Univ. of British Columbia), R. Kiefl, C. Oram (TRIUMF)
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198. n-p total cross section in pure spin states [letter of intent], D.A, Axen, F. Entezami, C. Waltham (Univ.
of British Columbia), J.A. Edgington (Univ. of London, QMC), M. Comyn, G. Ludgate (TRIUMF), L.P.
Robertson (Univ. of Victoria)

199, A study of low energy pion absorption in 3He [completed], J. Alster, A. Altman, D. Asliery, L. Lichtenstadt,
M.A. Moinester (Tel-Aviv Univ.), R,R, Johnson (TRIUMF-UBC), B. Barnett, W. Gyles, H. Roser, R. Tacik
(Univ. of British Columbia), D.A. Gill, J.S. Vincent (TRIUMF), K. Aniol (California State Univ. LA), S.
Levenson (Northwestern Univ.)

202. Nuclear radii measurements in the A ~ 20 region [completed], T.E. Drake, R. Sobie (Univ. of Toronto),
A. Altman, M.A. Moinester (Tel-Aviv Univ.), B. Barnett, J. Coopersmith, K.L. Erdman, W. Gyles, R. Tacik
(Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), G.A. Beer (Univ. of Victoria), E.W. Blackmore,
D. Gill (TRIUMF), A. Olin (TRIUMF-Univ. of Victoria), S. Martin (KFA Mitch), C. Wiedner (Max Planck
Institut)

203. Inelastic pion scattering on neon isotopes [completed], T.E, Drake, R. Sobie (Univ. of Toronto), A. Altman,
M.A. Moinester (Tel-Aviv Univ.), B. Barnett, J. Coopersmith, K.L. Erdman, W. Gyles, R. Tacik (Univ. of
British Columbia), R.R. Johnson (TRIUMF- UBC). E.W. Blackmore, D. Gill (TRIUMF), S. Martin (KFA
Julich), C. Wiedner (Max-Planck-Institut), B.H. Wildenthal (Michigan State Univ.)

204. Strong interaction shift and width in pionic 22Ne atoms [completed], G.A. Beer, G.R. Mason (Univ. of Victoria),
A. Olin (TRIUMF-Univ. of Victoria), T.E. Drake, R. Sobie, (Univ. of Toronto), B. Olaniyi (Univ. of Ife)

205. Tensor analysing power in pion deuterium scattering [active], L. Dallin, K. Itoh, Y.M. Shin (Univ. of Saskatch-
ewan), B. Barnett, K.L. Erdman, W. Gyles, R. Tacik (Univ. of British Columbia), R.R. Johnson (TRIUMF-
UBC), E.W. Blackmore, D.R. Gill, G.D. Wait (TRIUMF), G. Lolos (Univ. of Regina), K. Aniol (California
State Univ. LA), T.E. Drake (Univ. of Toronto), S. Martin (KfA Julich)

206. A study of (p, n) and related reactions [completed], D.H. Boal, J.M. D'Auria, R.G. Korteling (Simon Fraser
Univ.), K.P. Jackson (TRIUMF), R. Helmer (Univ. of Western Ontario), R.E.L. Green (Los Alamos National
Lab)

207. 48Ca(p>')48Ca(l+) [completed], R. Abegg, D.R. Gill C.A. Miller (TRIUMF), J.M. Cameron (Univ. of Alberta),
P. Kitching (TRIUMF-Univ. of Alberta), C.A. Davis (Univ. of Manitoba), J. Coopersmith, (Univ. of British
Columbia), R.R. Johnson (TRIUMF-UBC), G. Berg, S. Martin (KfA Julich), J. Lisantti (Univ. of Oregon),
M.A. Moinester (Tel-Aviv Univ.), R. Santo (Minster Univ.)

208. Proton-proton bremsstrahlung [completed], P. Kitching (TRWMF-Univ. of Alberta), P.W. Green, M. Hugi,
M. Michaelian, G.C. Neilson, W.C. Olsen, D.M. Sheppard,* J. Soukup, J. Uegaki, J. Wesick (Univ. of Alberta),
R. Abegg, H.W. Fearing, L.G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF), N. Stevenson (Univ. of
Saskatchewan)

211. The neutron and gamma-ray correlation in the x~ and n~ captures in medium-heavy nuclei [completed],
T.J. Hallman, Y.K. Lee, R. Levin, L. Madansky, E. Mclntyre (Johns Hopkins Univ.), G.R. Mason (Univ. of
Victoria), K.S. Kang (Neung Univ.), B. Olaniyi (Univ. of Ife)

212. In search of a tredecabaryon resonance [completed], R. Abegg, K.P. Jackson, C.A. Miller (TRIUMF), D.H.
Boal, J.M. D'Auria, R.G. Korteling (Simon Fraser Univ.), R.E.L. Green (Los Alamos National Lab), R. Helmer
(Univ. of Western Ontario)

213. Absorption at rest of x~ in 4He and 6Li [completed], C. Cernigoi, N. Grion, G. Pauli, R. Rui (INFN and Univ.
di Trieste), R. Cherubim (National Lab of Legnaro-Univ. di Padova), D.R. Gill (TRIUMF), W. Gyles (Univ.
of British Columbia)

215. Inclusive (p, p) spectra [completed data taking], R.E. Segel, A. Hassan, S.M. Levenson (Northwestern Univ.), P.
Gumplinger, A.W. Stetz, L.W. Swenson (Oregon State Univ.), K.P. Jackson (TRIUMF), P.P. Singh (Indiana
Univ.), J. Tinsley (Univ. of Oregon)

216. Investigation of spin-flip resonances and energy dependencies of components of the Love-Franey interaction
[completed], F.E. Bertrand, E.E. Gross, D.J. Horen, T.P. Sjoreen (Oak R> Jye National Lab), J. Lisantti, D.K.
McDaniels, J. Tinsley (Univ. of Oregon), L.W. Swenson (Oregon State Univ.)

217. Low-energy, electromagnetic pion form factors [completed data taking], J.-M. Poutissou (TRIUMF), P. Gump-
linger, D. Ila, A.W. Stetz (Oregon State Univ.), M.D. Hasinoff (Univ. of British Columbia), T. Mulera, V.
Perez-Mendez, A. Sagle (Lawrence Berkeley Lab)

218. Pion production from 12C and 10B with polarized protons of 350 MeV [completed], G. Lolos (Univ. of Regina),
R.R. Johnson (TRIUMF-UBC), G. Giles, G. Jones, B. McParland (Univ. of British Columbia), D. Ottewell,
P. Walden (TRIUMF), R.D. Bent (IUCF), W. Falk (Univ. of Manitoba)
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219. The chemistry of pionic hydrogen atoms [completed data taking], D. Horvath (Central Research Inst. for
Physics, Budapest), D.F. Measday, S. Stanislaus (Univ. of British Columbia), M. Salomon (TRIUMF), K.
Aniol (California State Univ. LA)

220. Temperature dependence of the spin exchange cross sections between muonium and alkali metal [completed],
D.J. Arseneau, D.G. Fleming, M. Senba (Univ. of British Columbia), D.M. Garner (TRIUMF)

221. Search for evidence of a. derta-nucfeus intermediate state in proton elastic scattering fcompfeted data tafcingj,
C.A. Davis, W.P. Lee, W.T.H. van Oers (Univ. of Manitoba), H.O. Meyer (IUCF), P. Schwandt (Indiana
Univ.), K.P. Jackson (TRIUMF), H.W. Roser (Univ. of British Columbia)

223. The 2H(p,2p) reaction and momentum distributions of the deuteron [completed data taking], H.P. Gubler,
W.P. Lee, W.T.H. van Oers (Univ. of Manitoba), C.F. Perdrisat (College of William and Mary), J.M. Cameron
(IUCF), M.B. Epstein, D.J. Margaziotis (California State Univ.), H. Postma (Technical Univ. Delft), A.W.
Stetz (Oregon State Univ.), R. Abegg (TRIUMF)

224. Inclusive pion scattering from light nuclei [completed data taking], K.G.R. Doss, I. Halpern, M. Khandaker,
D.W. Storm (Univ. of Washington), J.F. Amann (Los Alamos National Lab)

225. Search for isovector properties of IBA nuclei [deferred], J. Alster, J. Lichtenstadt, M. Moinester (Tel-Aviv
Univ.), G. Azuelos, D.R. Gill (TRIUMF), R.R. Johnson (TRIUMF-UBC), B.M. Barnett, W. Gyles, H. Roser,
R. Tacik (Univ. of British Columbia), S. Martin (KFA Julich), R. Sobie (Univ. of Toronto), K. Aniol (California
State Univ. LA)

226. Study of neutron-proton transition amplitudes in 14C using 50 MeV pions [completed data taking], R.R. Johnson
(TRIUMF-UBC), H. Roser, R. Tacik (Univ. of British Columbia), K. Aniol (California State Univ. LA), J.
Alster, J. Lichtenstadt, M.A. Moinester (Tel-Aviv Univ.), G. Azuelos, D.R. Gill (TRIUMF), S. Martin (KFA
Julich), R. Sobie (Univ. of Toronto), H.W. Baer (LAMPF)

227. Elastic and inelastic scattering of polarized protons from 10B [completed data taking], P.R. Andrews, S.M.
Banks, P. Lewis, V.C. Officer, G.G. Shute, B.M. Spicer (Univ. of Melbourne), C.W. Glover (IUCF)

229. Piou double charge exchange at low energy in the TPC [completed data taking], D.A. Bryman, M.J. Leitch,
I. Navon, A. Olin, P. Schlatter (TRIUMF-Univ. of Victoria), A. Burnham, M. Hasinoff (Univ. of British
Columbia), G. Azuelos, J.A. Macdonald, T. Numao, J.-M. Poutissou, J. Spuller (TRIUMF), P. Depommier,
R. Poutissou (Univ. de Montreal), M. Blecher, K. Gotow (VPI and State Univ.), M. Dixit, C.K. Hargrove, H.
Mes (National Research Council), M.A. Moinester (Tel-Aviv Univ.), H. Baer, M. Cooper (LAMPF)

230. Muonic molecule formation rates in HD gas [completed data taking], K. Aniol (California State Univ. LA), F.
Entezami, D.F. Measday, C. Virtue (Univ. of British Columbia), D. Horvath (Central Research Inst. for Physics,
Budapest), M. Salomon (TRIUMF), J. Smith (Univ. of Surrey), S.E. Jones (Idaho National Engineering Lab),
B.C. Robertson (Queen'z Univ.)

231. Studies of light pionic atoms [completed], G.A. Beer, G.R. Mason, G.M. Marshall (Univ. of Victoria), A. Olin
(TRIUMF-Univ. of Victoria), J.A. Macdonald (TRIUMF), E. Klempt (Johannes Gutenberg Univ., Mainz), C.
Wiegand (Lawrence Berkeley Lab), K. Wetzel (Univ. of Portland), W.C. Sperry (Central Washington Univ.),
B.H. Olaniyi (Univ. of Ife)

232. Muon Knight shifts in metals [completed data taking], J.H. Brewer, E. Koster, P. Llewelyn-Williams (Univ. of
British Columbia)

233. Vector analysing power and spin transfer parameters for the 7r+d —• pp reaction [active], E.G. Auld, P. Couvert,
G. Jones, B. McParland (Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), D. Ottewell, P. Walden
(TRIUMF), G. Lolos (Univ. of Regina), W. Falk (Univ. of Manitoba)

234. Study of simple features of the A(p, x~)A -f 1 reaction in the (3,3) resonance region [completed data taking],
R.D. Bent (IUCF), G.J. Lolos (Univ. of Regina), G.E. Walker (Indiana Univ.), P. Couvert, G. Giles, G. Jones,
3. McParland, W. Ziegler (Univ. of British Columbia), J. Iqbal, P. Walden (TRIUMF), W.R. Falk (Univ. of
Manitoba)

236. (p,p') reactions in nuclei [completed], R.E. Azuma, T.E. Drake, J.D. King, S.S.M. Wong, X. Zhu (Univ. of
Toronto), K.P. Jackson, S. Yen (TRIUMF), A. Zaringhalan (Bell Laboratories)

237. Proton-nucleus interaction [completed], R.E. Azuma, T.E. Drake, J.D. King, S.S.M. Wong, X. Zhu (Univ. of
Toronto), S. Yen (TRIUMF)

238. Inelastic proton excitation of low-lying nuclear states for Ep = 200-500 MeV [completed], R.L. Auble, R.E.
Bertraad, E.E. Gross, D.J. Horen, G.R. Satchler, T.P. Sjoreen (Oak Ridge National Lab), D.K. McDaniels, J.
Tinsley, J. Lisantti (Univ. of Oregon), L.W. Swenson (Oregon State Univ.)
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239. Muon spin relaxation studies of spin glasses and random spin systems [completed data taking], Y.J. Uemura,
(Brookhaven National Lab), J.H. Brewer (Univ. of British Columbia), K.M. Crowe (Lawrence Berkeley Lab),
T. Yamazaki (Univ. of Tokyo), Y. Miyako, K. Katsumata (Univ. of Hokkaido), Chikazawa (Muroran Inst. of
Technology)

241. Temperature dependence of reaction rate constants tot muonium addition reactions in liquid phases [completed],
K.L. Cheng, R.L. Ganti, Y.C. Jean (Univ. of Misssouri-Kansas City), D.C. Walker (Univ. of British Columbia),
J.M. Stadlbauer (Hood College), B.W. Ng (Winona State Univ.)

242. Radiochemical study of the (p, ir+) reaction on bismuth [completed data taking], J. D'Anria, M. Dombsky
(Simon Fraser Univ.), T. Ruth (TRIUMF), T. Ward (IUCF), A. Yavin (Tel-Aviv Univ.)

243. Energy and angle dependence of the 6Li(jr+,3He)3He reaction [completed], G. Huber, G.J. Lolos, S.I.H. Naqvi,
Z. Papandreou (Univ. of Regina), E.G. Auld, P. Couvert, G. Jones, B.J. McParland (Univ. of British Columbia),
R.R. Johnson (TRIUMF-UBC), D. Ottewell, P.L. Walden (TRIUMF)

244. /J+ spin relaxation in Y9C07 and ternary magnetic superconductors [completed], E.J. Ansaldo (Univ. of
Saskatchewan), C.Y. Huang (Los Alamos National Lab), J.H. Brewer, M. Senba (Univ. of British Columbia),
K. Crowe (Univ. of California, Berkeley), S.S. Rosenblum (Lawrence Berkeley Lab), D.R. Harshman (AT&T
Laboratories)

245. Muon spin rotation studies of unsupported and supported platinum catalysts [completed], W.S. Glausinger,
R.F. Marzke (Arizona State Univ.), E. Ansaldo (Univ. of Saskatchewan), J.H. Brewer, S. Kreitzman, D. Noakes,
M. Senba (Univ. of British Columbia), R. Keitel (TRIUMF), D.R. Harshman (AT&T Laboratories)

246. The double charge exchange reaction at T = 50 MeV on I8O using the QQD spectrometer [completed], E.W.
Blackmore, D.R. Gill {TRIUMF}, R.R. Johnson (TRIUMF-UBC), K.L. Erdman, H. Roser, R. Tacik (Univ.
of British Columbia), A. Altman, M.A. Moinester (Tel-Aviv Univ.), S. Martin (UFA, Jiilich), C.A. Wiedner
(MPI, Heidelberg), T. Drake, R. Sobie (Univ. of Toronto), T.G. Masterson (Univ. of Colorado)

247. Precise measurement of muon decay asymmetry parameter i [completed data taking], J. Carr, G. Gidal
(Lawrence Berkeley Lab), A. Jodidio, K.A. Shinsky, H.M. Steiner, D. Stoker, M. Strovink, R.D. Tripp (Univ.
of California, Berkeley-LBL), B. Gobbi (Northwestern Univ.), C.J. Oram (TRIUMF)

248. A study of the ir*-e+vs decay [completed data taking], J.A. Macdonald, T. Numao, J.-M. Poutisisou (TRI-
UMF), D.A. Bryman, A. Olin (TRIUMF-Univ. of Victoria), M.S. Dixit (National Research Council)

249. Radiative muon capture on hydrogen with the TPC [succeeded by 452], G. Azuelos, J.A. Macdonald, T. Numao,
J.-M. Poutissou, J. Spuller (TRIUMF), G. Bavaria, P. Depommier, H. Jeremie, L. Lessard, J.P. Martin, R.
Poutissou (Univ. de Montreal), D.A. Bryman (TRIUMF-Univ. of Victoria), M. Leitch, I. Navon, P. Schlatter
(Univ. of Victoria), A. Burnham, M.D. Hasinoff (Univ. of British Columbia), M. Blecher, K. Gotow (VPI &
State Univ.), M. Dixit, C.K. Hargrove, H. Mes (National Research Council), J. Bailey (Yale Univ.)

250. Charge-exchange coincident with X/gamma-rays in pionic phosphorus [completed data taking], J.M. Bailey
(Yale Univ.), G.A. Beer, G.R. Mason (Univ. of Victoria), D.F. Measday (Univ. of British Columbia), A. Olin
(TRIUMF-Univ. of Victoria), M. Salomon (TRIUMF), P.R. Poffenberger (Univ. of Manitoba)

251. Coincident optical and X-ray transitions in muonic helium [deferred], J.M. Bailey (Yale Univ.), C.J. Oram
(TRIUMF), CM. Marshall (Univ. of Victoria), J.D. Silver, D.N. Stacey (Oxford Univ.)

252. Excitation of giant multipole resonances in ad-shell nuclei via medium energy proton inelastic scattering [com-
pleted], F.E. Bertrand, C.B. Fulmer, E.E. Gross, D.J. Horen, T.P. Sjoreen (Oak Ridge National Lab), J.
Lisantti, D.K. McDaniels, J.R. Tinsley (Univ. of Oregon), L.W. Swenson (Oregon State Univ.), T.A. Carey, K.
Jones, J.B. McClelland, S. Seestrom-Morris (Los Alamos National Lab)

254. Total reaction cross sections on nuclei in the 50-80 MeV range [completed], E. Friedman (Hebrew Univ.
Jerusalem), D. Gill (TRIUMF), R.R. Johnson (TRIUMF-UBC), M. Rozon (Univ. of British Columbia), J.
Lapointe (Univ. de Laval), A. Altman (Tel-Aviv Univ.)

255. A study of pion absorption on two nucleons, each from a different shell, through the 18O(jr+, 2p)16N reaction
[succeeded by 328], A. Altman, D. Ashery (Tel-Aviv Univ.), R.R. Johnson (TRIUMF-UBC), H. Roser, R.
Tacik (Univ. of British Columbia), D.R. Gill, U. Wienands (TRIUMF), K. Aniol (California State Univ. LA),
C.A. Wiedner (MPI, Heidelberg), T. Drake, R. Sobie (Univ. of Toronto), N. Grion (INFN Trieste)

257. Pion radiative capture in 3He and 15N [deferred], D.F. Measday, F. Entezami, M.D. Hasinoff, S. Stanislaus
(Univ. of British Columbia), M. Salomon, J. Vincent (TRIUMF)

258. Radiative decay of the 6 resonance [active], D.F. Measday, F. Entezami, S. Stanislaus (Univ. of British
Columbia), M. Salomon (TRIUMF)
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260. The reaction of muonium with hydrogen peroxide in water [completed], J.A. Bartlett, J.-C. Brodovitch, S.-K.
Leung, K.E. Newman, P.W. Percival (Simon Fiaser Univ.)

261. Muon spin rotation of paramagnetic solutions [completed], J.A. Bartlett, J.-C. Brodovitch, S.-K. Leung, K.E.
Newman, P.W. Percival (Simon Fraser Univ.)

262. Muonium-radical formation mechanism [completed], D.C. Walker (Univ. of British Columbia), Y. Miyake (TRI-
UMF), R. Ganti, Y.C. Jean (Univ. of Missouri-Kansas City), J.M. Stadlbauer (Hood College), Y. Katsumura
(Univ. of Tokyo), D. Livesey (Univ. of New Brunswick), R. Catterall (Univ. of Salford), B.W. Ng (Winona
State Univ.)

263. The pion-nucleus interaction [completed], T.E. Drake, R. Schubank, R.J. Sobie (Univ. of Toronto), R.R. John-
son (TRIUMF-UBC), D. Gill (TRIUMF)

264. The proton-nucleus interaction [completed], R.E. Azuma, L. Buchmann, T.E. Drake, J.D. King, L. Lee, S.S.M.
Wong, X. Zhu (Univ. of Toronto), C.A. Miller, S. Yen (TRIUMF)

265. The (p, n) reaction as a probe of isovector effective interactions at TRIUMF energies [completed], W.P. Alford,
R.L. Helmer (Univ. of Western Ontario), R.E. Azuma, D. Frekers (Univ. of Toronto), J. D'Auria (Simon
Fraser Univ.), O. Hausser (TRIUMF-SFU), K.P. Jackson, S. Yen (TRIUMF)

266. Initial studies of the (n,p) reaction on light nuclei [completed], K.P. Jackson, S. Yen (TRIUMF), W.P. Alford,
R.L. Helmer (Univ. of Western Ontario), J.M. D'Auria (Simon Fraser Univ.), O. Hausser (TRIUMF-SFU) 17

267. Isovector T> transitions in (fp) shell nuclei studies by the (n,p) reaction [deferred], O. Hausser (TRIUMF-
SFU), J. D'Auria (Simon Fraser Univ.), K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), A. Altman (Tel-Aviv
Univ.), W.P. Alford, R.L.Helmer (Univ. of Western Ontario), I.S. Towner (Chalk River Nuclear Labs)

268. Enhancement of 1+ states in 208Pb (n,p): A search for the A [active], K.P. Jacksoii, C.A. Miller, S. Yen
(TRIUMF), O. Hausser (TRIUMF-SFU), W.P. Alford, R.L. Helmer (Univ. of Western Ontario) 17

269. Inelastic pion scattering from 30Si at T* -> 50 MeV [deferred], C.A. Wiedner (MPI, Heidelberg), K. Erdman, B.
Forster, R. Tacik (Univ. of British Columbia), A. Altman (Tel-Aviv Univ.), D.A. Gill, U. Wienands (TRIUMF),
T. Drake, R. Sobie (Univ. of Toronto)

270. Test of charge symmetry by a comparison of 7r~d —<• nn with ir+d —• pp [completed data taking], A.D. Eichon,
J. Engelage, G.J. Kim, A.A. Mokhtari, B.M.K. Nefkens, J.A. Wightman, H.J. Ziock (UCLA), R.R. Johnson
(TRIUMF-UBC), G. Jones (Univ. of British Columbia), A. Altman (Tel-Aviv Univ.), W.J. Briscoe, C.J.
Seftor, M.F. Taragin (George Washington Univ.), T.E. Drake (Univ. of Toronto), D.R. Gill (TRIUMF), J.R.
Richardson (TRIUMF-UCLA), P. Truol (Univ. Zurich), K. Aniol (California State Univ. LA)

271. Study of isovector giant resonances via the (n,p) reaction at 200 and 500 MeV [deferred], P.R. Andrews, S.M.
Banks, P.B. Foot, B. Lay, P. Lewis, V.C. Officer, G.G. Shute, B.M. Spicer (Univ. of Melbourne)

272. Transverse spin flip probabilities in 24Mg(p,p") and 48Ca(p,p") [completed], O. Hausser (TRIUMF-SFU),
R. Abegg, K.P. Jackson (TRIUMF), W.P. Alford (Univ. of Western Ontario), C.A. Wiedner (MPI, Heidelberg),
T.E. Drake (Univ. of Toronto), J. Lisantti, D. McDaniels, J. Tinsley (Univ. of Oregon)

273. Triplet ii~p absorption in H2 gas [letter of intent], J. Bailey (Yale Univ.), G. Azuelos, C. Oram (TRIUMF), J.
Brewer, K. Erdman (Univ. of British Columbia), K. Crowe (Univ. of California, Berkeley)

274. Singlet final state interaction in the pp —» pnx+ reaction [completed], E.G. Auld, P. Couvert, G. Jones, W.
Ziegler (Univ. of British Columbia), W. Falk (Univ. of Manitoba), P. Walden (TRIUMF), G. Lolos (Univ. of
Regina)

275. Muons in, and muonium from, vanadium [completed], J. Bailey (Yale Univ.), J. Brewer, J.B. Warren (Univ.
of British Columbia), G. Marshall (Univ. of Victoria), D. Garner, R. Kiefl, C. Oram (TRIUMF), A. Olin
(TRIUMF-Univ. of Victoria), D. Harshman (AT&T Laboratories)

276. Diluted magnetic semiconductors [completed], E.J. Ansaldo (Univ. of Saskatchewan), J. Bailey (Yale Univ.),
J.H. Brewer, S. Kreitzman, D. Noakes, M. Senba (Univ. of British Columbia), R. Keitel (TRIUMF), K.M.
Crowe (Univ. of California, Berkeley), J. Furdyna (Purdue Univ.), Y.J. Uemura (Brookhaven National Lab),
T.L. Estle (Rice Univ.), D. Harshman (AT&T Laboratories)

277. The branching ratio of the rare decay jr° —> e+e~ [completed], M.D. Hasinoff, C. Waltham (Univ. of British
Columbia), D.A. Bryman (TRIUMF-Univ. of Victoria), E. Clifford (Univ. of Victoria), G. Azuelos, T. Numao,
J.-M. Poutissou (TRIUMF), P. Depommier, H. Jeremie, R. Poutissou (Univ. de Montreal), C.K. Hargrove,
H. Mes (National Research Council), B. Robertson (Queen's Univ.), T.A. Mulera, V. Perez-Mendez (Lawrence
Berkeley Lab), M. Blecher (Virginia Polytechnic Inst. & State Univ.), A.W. Stetz (Oregon State Univ.)
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278. Inelastic scattering of 30 and 50 MeV JT+ projectiles from the 0^ state in 12C [completed], L. Buchmann,
T.E. Drake, L. Lee, R.J. Sobie (Univ. of Toronto), D.R. Gill, B. Jennings (TRIUMF), R.R. Johnson (TRIUMF-
UBC), N. de Takacsy (McGUl Univ.),

279. Non-analog pion single charge exchange total cross section on TLi at low energies [completed], BJ . Dropesky,
G.C. Giesler, R.E.L. Green, M.J. Leitch, Y. Ohkubo, C.J. Orth (LAMPF), A. Olin (TRIUMF-Univ. of Victo-
ria), R.G. Korteling (Simon Fraser Univ.)

280. Study of giant isovector spin resonances via the (p, n) and (n,p) reactions at 350 MeV [deferred], A. Altman,
J. Alster, N. Auerbach, M.A. Moinester, S. Wood, A.I. Yavin (Tel-Aviv Univ.), O. Hausser (TRIUMF-SFU),
A. Moalem (Ben-Gurion Univ.), W.P. Alford (Univ. of Western Ontario), A. Klein (Univ. of Georgia)

281. Investigations of pion absorption reactions 6Li,12C(7r:t, Xi)Xz [completed], G. Huber, G.J. Lolos, S.I.H. Naqvi,
V. Pafilis, Z. Papandreou (Univ. of Regina), D. Gill, D. Ottewell, P.L. WaJden (TRIUMF), E.G. Auld, G.
Jones (Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), X. Aslanoglou (Florida Stale Univ.)

282. Exchange effects in 0+ —> 0~ inelastic scattering [completed], R.E. Azuma, L. Buchmann, T.E. Drake, D.
Frekers, J.D. King, S.S.M. Wong. X. Zhu (Univ. of Toronto)

283. (Combined with 295)

284. A study of the decays JT+ —> e+e~e+v and TT+ —> e+i/-y [deferred], M. Blecher (Virginia Polytechnic Inst. &
State Univ.), D.A. Bryman (TRIUMF-Univ. of Victoria), E. Clifford, P. Schlatter (Univ. of Victoria), M.
Dixit, O.K. Hargrove, H. Mes (National Research Council, G. Azuelos, T. Numao, J.-M. Poutissou (TRIUMF),
P. Depommier (Univ. de Montreal), A. Burnham, M.D. Hasinoff, C. Waltham (Univ. of British Columbia), T.
Mulura, V. Perez-Mendez (Lawrence Berkeley Lab)

285. Elastic scattering of pions by 3p4He for pion energies between 20 and 50 MeV [completed], K.M. Crowe, C.A.
Meyer (Univ. of California, Berkeley), D.R. Gill, D. Healey, U. Wienands (TRIUMF), R.R. Johnson (TRIUMF-
UBC), A. Altman (Tel-Aviv Univ.), N. Grion (INFN Trieste)

286. Quantum diffusion of muons and muonium [active], K.M. Crowe (Univ. of California, Berkeley), J.H. Brewer,
S.R. Kreitzman, M. Senba, D.LI. Williams (Univ. of British Columbia), R. Keitel (TRIUMF), E.J. Ansaldo
(Univ. of Saskatchewan), J. Bailey (Yale Univ.), K. Nagamine (Univ. of Tokyo), D. Harshman (AT&T Labo-
ratories), D.P. Spencer (Univ. of Chicago Medical Center)

287. Measurement of parity violation in p-p scattering [active], J. Birchall, C.A. Davis, N.E. Davison, W.P. Lee, P.R.
Poffenberger, W.D. Ramsay, W.T.H. van Oers (Univ. of Manitoba), W.J. McDonald, G. Roy, G.M. Stinson
(Univ. of Alberta), J.D. Bowman (Los Alamos National Lab)

288. Muonium reaction rates on surfaces [completed], R. Keitel (TRIUMF), .J.H. Brewer, D.N. Noakes, M. Senba
(Univ. of British Columbia), K. Nagamine (Univ. of Tokyo), E.J. Ansaldo (Univ. of Saskatchewan), D.R.
Harshman (AT&T Laboratories)

289. Studies of positive moon states in alkali halides and other insulators by advance ^SR methods [active], K.
Ishida, Y. Kuno, T. Matsuzaki, Y. Morozumi, K. Nagamine, K. Nishiyama, T. Yamazaki (Univ. of Tokyo),
J.H. Brewer (Univ. of British Columbia)

290. Positive muon probing soliton in polyacetylene [completed], K. Ishida, Y. Kuno, T. Matsuzaki, K. Nagamine,
H. Shirakawa, T. Yamazaki (Univ. of Tokyo), J.H. Brewer (Univ. of British Columbia)

291. /JSR studies on spin dynamics in mixed antiferrotnagnets with competing anisotropies [active], I. Ito, E. Torikai
(Ochanomizu Univ.), K. Ishida, Y. Kuno, T. Matsuz'aki, K. Nagamine, T. Yamazaki (Univ. of Tokyo), J.H.
Brewer (Univ. of British Columbia)

292. /i^SR of graphite intercalation compounds [active], K. Ishida, T. Kondow, Y. Kuno, T. Matsuzaki, K. Nagamine,
T. Yamazaki (Univ. of Tokyo), J.H. Brewer (Univ. of British Columbia)

294. Spin observables for elastic and inelastic proton scattering from 28Si and 20ePb at 300 MeV [active], R.L.
Auble, F.E. Bertrand, B.L. Burks, C.W. Glover, E.E. Gross, D.J. Horen, R.O. Sayer (Oak Ridge National
Lab), O. Hausser (TRIUMF-SFU), K. Hicks, U. Wienands (TRIUMF), A. Moalem (Ben Gurion Univ.), J.
Lisantti, D.K. McDaniels, J. Tinsley (Univ. of Oregon), I. Bergqvist (Univ. of Lund), E. Rost, J.R. Shepard
(Univ. of Colorado)

295. Large angle polarization tests - Test of density-dependent and relativistic theories [completed], V. Penumetcha,
A. Scott (Univ. of Georgia), R. Abegg, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), R. Azuma, L. Buchmann,
T.E. Drake, D. Frekers, J.D. King, L. Lee, S.S.M. Wong (Univ. of Toronto), M.L. Whiten (Armstrong College,
Georgia), R. Dymarz, U. Kuehner (McMaster Univ.), H.V. von Geramb (Univ. Hamburg)

296. Kinetics of gas phase muonium addition reactions [completed], P.M. Garner (TRIUMF), D.J. Arseneau, D.G.
Fleming, I.D. Reid, M. Senba (Univ. of British Columbia)
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VJ97. Energetic neutron spectra from /("-capture in deuteron [completed], T.J. Hallman, Y.K, Lee, L. Madansky,
E.K. Mclntyre, Jr. (Johns Hopkins Univ.), G.R. Mason (Univ. of Victoria)

1298. Resonant structure in Cu(p, T + ) .V : A possible dibaryon signal [completed], R. Abegg, K. Hicks, K.P. Jack-
son, C.A. Miller, D. Ottewell, P. Walden, S. Yen (TRIUMF), G. Gaillard (Univ. of Alberta), E.G. Aiild, P.
Trelle (Univ. of British Columbia), R. Schubank (Univ. of Saskatchewan). R. Henderson (TRIUMF Univ. of
Melbourne)

'299. A measurement of the inclusive pion production from ll'O and the associated particles in coincidence with
the pious [active], E.G. Auld (Univ. of British Columbia), P. Walden, S. Yen (TRIUMF), G. Lolos (Univ. of
Regina), W. Falk (Univ. of Manitoba)

300. Spin transfer A,, in the reaction pp —> dir [active], R. Abegg, L.G. Greeniaus, D.A. Hutclieon, G.R. Smith
(TRIUMF), I. Antonuk, J. Collot, G. Gaillard, G.A. Moss, W.C. Olseti, G. Roy, R. Sawafla, D.M. Sheppard*
(Univ. of Alberta), B. Blankleider, J.M. Cameron (IUCF), 18

301. The reaction ppir0 near threshold [active], Entezami, P.P. Measday, S. Stanislaus (Univ. of British Columbia),
D. Horvath (Central Research Inst. for Physics, Budapest), .1. Uegaki (Univ. of Alberta)

302. Proton scattering to natural parity states in 90Zr [active], R.E. Azutna, T.E. Drake, 11. Fidahic, D. Frekers,
J.n. King, L. Lee, S.S.M. Wong (Univ. of Toronto), R. Abegg, C.A. Miller, S. Yen (TRIUMF), R. Schubank
(Univ. of Saskatchewan)

304. Muonium-antimuoniiim conversion [active], A. Olin (TRJUMF-Umv. of Victoria), C.J. Oram (TRIUMF),
G.A. Beer, G.M. Marshall, G.R. Mason, .1. Mildenberger (Univ. of Victoria), J.B. Warren (Univ. of British
Columbia), S. Ljungfelt (Univ. of California, Berkeley), D.R. Harshman (AT&T Laboratories) 8

306. Pion transfer in gaseous mixtures [active], K.A. Aniol, M.B. Epstein, D.J. Margaziotis (California State Univ.
LA), M. Salomon (TRIUMF), F. Entezami, D.F. Measday, T. Noble, S. Stanislaus, C.J. Virtue (Univ. of
British Columbia), D. Horvath (Central Research Inst. for Physics, Budapest) 53

307. The effects of large oscillating fields in low frequency double electron muon resonance [completed], S.A. Dodds,
T.L. Estle, S.L. Rudaz, Q. Zhu (Rice Univ.), J.H. Brewer, S.R. Kreitzman, D. Noakes (Univ. of British
Columbia), R. Keitel (TRIUMF), E.J. Ansaldo (Univ. of Saskatchewan), R.H. Heffner (LAMPF), D. Harshman
(AT&T Laboratories), D.P. Spencer (Univ. of Chicago Medical Center)

309. Transfer reaction studies with radioactive targets [deferred], E. Hagberg, J.C. Hardy, H. Schmeing (Atomic
Energy of Canada Ltd.), G. Audi (Lab Rene Bernas, Orsay)

310. Production of a 2 u Rn/ 2 1 1 At generator for radiochemical experiments [deferred], M. Adam, J. Grierson, T.J.
Ruth (TRIUMF), K. Krohn (Univ. of Washington)

311. Nuclear reactions of astrophysical interest with accelerated radioactive beams [deferred], R. Azuma, L. Buch-
mann, J. King (Univ. of Toronto), J. D'Auria (Simon Fraser Univ.), C. Rolfs (Univ. Miinster), M. Wiescher
(Univ. Mainz), M. Arnould (Univ. Libre de Braxelles), T. Ward (IUCF), C. Barnes (California Inst. of Tech-
nology), R. Boyd (Ohio Stale Univ.)

312. Low energy ion scattering using ISOL [deferred], S.R. Morrison, W. Sears (Simon Fraser Univ.)

313. Delayed neutron studies at TRIUMF-ISOL [deferred], P.L. Reeder, R.A. Warner (Pacific Northwest Lab)

314. Production of radioactive targets for nuclear structure studies [deferred], C. Bourgeois, P. Kilcher, G. Rotbard,
B. Roussiere, J. Sauvage-Letessier, M. Vergnes (IPN, Orsay), H. Dautet (McGill Univ.)

315. Development of a laser-based ion source [active], D. Audet, F. Buchinger, R. Corriveau, J.E. Crawford, H.
Dautet, J.K.P. Lee, S.K. Mark, R.B. Moore, L. Nikkinen, D. Oxorn, G. Savard (McGill Univ.), J. D'Auria
(Simon Fraser Univ.)

316. Collinear laser spectroscopy of radioactive beams [deferred], F. Buchinger and FRL Research Team (McGill
Univ.)

317. Spectroscopic studies of nuclear properties [deferred], L.R. Kilius, A.E. Litherland (Univ. of Toronto), FRL
Research Team (McGill Univ.), M. Pearson (Univ. de Montreal)

318. Installation of an on-line isotope separator at TRIUMF [active], F. Buchinger, J.E. Crawford, H. Dautet,
J.K.P. Lee, S.K. Mark, R.B. Moore, L. Nikkinen, K. Oxorn, V. Raut (McGill Univ.), J. D'Auria (Simon Fraser
Univ.), E. Hagberg, J. Hardy, H. Schmeing (Chalk River Nuclear Labs)

319. Analysing powers for the inelastic continuum in 60Ni and 208Pb [active], K. Lin, J. Lisantti, D.K. McDaniels
(Univ. of Oregon), I. Bergqvist, A. Brocksledt, B. Jakobsson (Univ. of Lund), O. Hausser (TRIUMF-SFU),
F. Bertrand, B. Burks, E. Gross, C. Glover, D. Horen, R. Sayre (Oak Ridge National Lab), L. Swenson (Oregon
State Univ.) 18
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321. Muonium spin rotations in condensed phases methane [deferred], R..L. Ganti, Y.C. Jean (Univ. of Missouri-
Kansas City), Y. Miyake, K. Venkateswaran, D.C. Walker (Univ. of British Columbia)! J.M. Stadlbauer (Hood
College)

322. Measurement of K^p differential cross sections at TT = 90 MeV [active], J. Brack, J.J. Kraushaar, R. J. Peterson,
R.A. Ristinen, J.L. Ullmann (Univ. of Colorado), D.R. Gill, K. Hicks, G. Smith (TRIUMF), R.R. Johnson
(TRIUMF-UBC)

323. Giant resonance study with 75 MeV IT* [completed data taking], D.R. Gill, G.R. Smith, U. Wienands (TRI-
UMF), K.L. Erdman, N. Hessey, D. Mills, M. Rozon (Univ. of British Columbia), R.R. Johnson (TRIUMF-
UBC), A. Altman (Tel-Aviv Univ.), T.E. Drake (Univ. of Toronto)

324. Polarization-analysing power differences for inelastic proton scattering from 12C at 400 MeV [active], K.H. Hicks,
K.P. Jackson, C.A. Miller, G. Smith, S. Yen (TRIUMF), O. Hausser (TRIUMF-SFU), A. Celler (Simon Fraser
Univ.), J.R. Shepard (Univ. of Colorado), R. Sawafta (Univ. of Alberta), A. Moalem (Ben Gurion Univ.), T.E.
Drake, D. Frekers (Univ. of Toronto), R. Schubank (Univ. of Saskatchewan), R. Henderson (TRIUMF-Univ.
of Melbourne), W.P. Alford (Univ. of Western Ontario)

325. Ultra-low energy muon production (/iSOL) [active], W.S. Crane, D.R. Harshman, A.P. Mills, Jr. (AT&T
Laboratories), J.B. Warren (Univ. of British Columbia), J.L. Beveridge, K.R. Kendall, R.F. Kiefl, C.J. Oram
(TRIUMF), A.S. Rupaal, J.H. Turner (Western Washington Univ.)

326. Determination of muon-neutrino mass [active], C.Y. Kim (Univ. of Calgary), D. Garner, R. Keitel (TRIUMF),
Y.M. Shin (Univ. of Saskatchewan)

327. Study of the (jr+, JT+JT~) reaction on 16O, 28Si and 40Ca at T* =240 and 280 MeV [completed data taking],
N. Grion (INFN Trieste), R. Rui (Univ. di Trieste), N. Hessey, M. Rozon, P. Trelle (Univ. of British Columbia),
R.R. Johnson (TRIUMF-UBC), D. Gill, G. Smith, U. Wienands (TRIUMF), A. Altman (Tel-Aviv Univ.) 19

328. Multi-nucleon modes of pion absorption in flight on 3He and 4He [active], J. McAlister, R. Olszewski, M.
Rozon, M. Sevior, P. Trelle (Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), D.R. Gill, G. Smith
(TRIUMF), J. Alster, D. Ashery, M. Moinester (Tel-Aviv Univ.), N. Grion (INFN Trieste), R. Rui (Univ. di
Trieste), G.J. Lolos, Z. Papandreou (Univ. of Regina), K. Aniol (California State Univ. LA), R. Tacik (Univ.
Karlsruhe)

329. The 4He(jr, jr '^He reaction and the EELL effect [active], K. Itoh, Y.M. Shin, N. Stevenson, D. Tokaryk (Univ.
of Saskatchewan), D. Gill, B. Jennings, D. Ottewell, G. Wait (TRIUMF), R.R. Johnson (TRIUMF-UBC), A.
Altman (Tel-Aviv Univ.), T. Drake, D. Frekers (Univ. of Toronto), R. Schubank (Univ. of Saskatchewan),^.
de Takacsy (McGill Univ.)

330. Spin observables for inelastic proton scattering from 16O at 300 MeV [active], R.L. Auble, F.E. Bertrand, B.L.
Burke, C.W. Glover, E.E. Gross, D.J. Horen, R.O. Sayer, (Oak Ridge National Lab), O. Hausser (TRIUMF-
SFU), A. Celler (Simon Fraser Univ.), K. Hicks, S. Yen (TRIUMF), A. Moalem (Ben-Gurion Univ.), R.
Sawafta (Univ. of Alberta), D. Frekers (Univ. of Toronto), R. Henderson (TRIUMF-Univ. of Melbourne)

331. Spin transfer in the ltd —* pp reaction [active], G. Jones, P. Trelle (Univ. of British Columbia), R.R. Johnson
(TRIUMF-UBC), M. Comyn, P. Delheij, D. Healey, D. Ottewell, G. Smith, G. Wait, P. Walden (TRIUMF),
W. Falk (Univ. of Manitoba), G. Lolos, E. Mathie, F. Tervisidis (Univ. of Regina) 20

332. Measurement of DtjRt in n-p scattering [completed data taking], J. Birchall, C.A. Davis, N.E. Davison, P.R.
Poffenberger, D. Ramsey, W.T.H. van Oers (Univ. of Manitoba), G.A. Moss, G. Roy (Univ. of Alberta), L.G.
Greeniaus (TRIUMF) 10

333. A search for the high frequency parts of the giant resonances [active], A. Moalem (Ben-Gurion Univ.), O. Hausser
(TRIUMF-SFU), A. Celler (Simon Fraser Univ.), K. Hicks, K.P. Jackson, C.A Miller, S. Yen (TRIUMF), K.
Lin, J. Lisantti, D. McDaniels (Univ. of Oregon), R. Sawafta (Univ of Alberta), W.P. Alford (Univ. of Western
Ontario), R. Henderson (TRIUMF-Univ. of Melbourne), M. Moinester (Tel-Aviv Univ.), I. Bergqvist (Univ.
of Lund)

335. Energy dependence of isoscalar and isovector 1+ excitations in 28Si(p, p' [active], O. Hausser (TRIUMF-SFU),
A. Celler (Simon Fraser Univ.), K. Hicks, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), A. Moalem (Ben-
Gurion Univ.), R. Sawafta (Univ. of Alberta), W.P. Alford, R. Helmer (Univ. of Western Ontario), R. Hen-
derson (TRIUMF-Univ. of Melbourne), C. Giinther (Univ. Bonn), R. Dymarz (McMasler Univ.)

337. Measurement of tensor observables in the JT+</ elastic scattering reaction [active], P. Delheij, D.R. Gill, D.
Healey, D. Ottewell, G.R. Smith, G. Wait, P. Walden, U. Wienands, S. Yen (TRIUMF), A. Altman (Td-Aviv
Univ.), M. Haden, G. Jones, F. Tersvisidis, P. Trelle (Univ. of British Columbia), R.R. Johnson (TR.UMF-
UBC), G. Lolos, E.L. Mathie (Univ. of Regina) 22
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338. Proton scattering from 2 0 8 Pb and 90Zr at large momentum transfer [active], R. Azuma, L. Buchmann, T.E.
Drake, R. Dymarz, D. Frekers, J.D. King, L. Lee, S. Wong (Univ. of Toronto), R. Abegg, K.P. Jackson,
C.A. Miller (TRIUMF), A. Scott (Univ. of Georgia), M. Whiten (Armstrong College), H. von Geramb (Univ.
Hamburg)

339. Kinetic isotope effects in the Mu + H2 and Mu + D2 reactions [active], D. Arseneau, D. Fleming, L.Y. Lee,
I.D. Reid, M. Senba (Univ. of British Columbia), D. Garner, W.X. Kuang (TRIUMF)

340. fi* molecular ions and ion molecule reactions in gases [active], D. Arseneau, D.G. Fleming, L.Y. Lee, I.D. Reid,
M. Senba (Univ. of British Columbia), D. Garner, W.X. Kuang (TRIUMF) 53

341. Excited state production in proton-induced nuclear reactions [active], W. Benenson, C. Bloch, E. Kashy, D.
Morrissey (Michigan State Univ.), D. Boa], J. D'Auria, R.G. Korteling (Simon Fraser Univ.), R. Helmer (Univ.
of Western Ontario)

342. Dynamics of muon-produced soliton in polyacetylene [active], Y. Kuno, T. Matsuzaki, K. Nagamine, K. Nishi-
yama, T. Yamazaki (Univ. of Tokyo), K. Ishida (Inst. of Phys. and Chem. Research), H. Shirakawa (Univ. of
Tsukuba), J. Brewer (Univ. of British Columbia), R. Kiefl (TRIUMF)

343. Negative pion inelastic scattering from 2H, 3He and 4He at 100 MeV [deferred], I. Halpern, M. Khandaker,
T. Murakami, D. Rosenzweig, D. Storm, D. Tieger (Univ. of Washington)

344. Excitation of "stretched" particle-hole states in charge-exchange reactions [active], B. Anderson, R. Madey,
R. McCarthy, M. Plumley, J. Watson (Kent State Univ.), W. Alford (Univ. of Western Ontario), O. Hausser
(TRIUMF-SFU), K.P. Jackson, C.A. Miller (TRIUMF) 23

345. Muon spin relaxation studies of uranium-based heavy fermions [active], G. Aeppli, D. Abernathy (AT&T Bell
Laboratories), Y.J. Uemura (Brookhaven National Lab), J. Brewer, D. Noakes (Univ. of British Columbia), E.
Ansaldo (Univ. of Saskatchewan), E. Bucher (Univ. Konstanz), J. Kossler (College of William and Mary)

346. Muon spin rotation and relaxation in heavy fermion cerium compounds [active], Y.J. Uemura (Brookhaven
National Lab), G. Aeppli, D. Abernathy, B. Batlogg, D. Harshman, J. Remeika (AT&T Bell Laboratories),
J.H. Brewer, S. Kreitzman, D.R. Noakes, M. Senba (Univ. of British Columbia), B. Hitti, J. Kempton, W.J.
Kossler (College of William and Mary), R. Keitel, R. Kiefl (TRIUMF), E.J. Ansaldo (Univ. of Saskatchewan),
Y. Oonuki, T. Komatsubara (Tsukuba Univ.), E. Bucher (Univ. Konstanz)

347. Spin dynamics in amorphous rare earth intermetallics [active], L. Asch, G.M. Kalvius, F. J. Litterst (Tech. Univ.
Munich), J.H. Brewer, D.R. Noakes (Univ. of British Columbia), B. Boucher (CEN Saclay), J. Chappert, A.
Yaouanc (CEN Grenoble), O. Hartmann, R. Wappling (Univ. of Uppsala), K. Nagamine, K. Nishiyama, T.
Yamazaki (Univ. of Tokyo), E.J. Ansaldo (Univ. of Saskatchewan), R. Keitel (TRIUMF)

349. The diamagnetic / i + state in alkali halide and related metal halide crystals [active], E.J. Ansaldo (Univ. of
Saskatchewan), J. Brewer, B. Forster, S. Kreitzman, G. Luke, D. Noakes, M. Senba, D.LI. Williams (Univ.
of British Columbia), R. Keitel, R. Kiefl (TRIUMF), K. Nagamine (Univ. of Tokyo), D. Harshman (AT&T
Laboratories)

350. Study of the energy dependence of the 1 8 O ( J T + , J T " ) 1 ' Ne reaction at the low-energy region [active], A. Altman,
E. Piasetzky (Tel-Aviv Univ.), N. Hessey, F.M. Rozon, M. Sevior, R.P. Trelle (Univ. of British Columbia), R.R.
Johnson (TRIUMF-UBC), D.R. Gill, G.R. Smith, U. Wienands (TRIUMF), N. Grion, R. Rui (INFN Trieste),
T. Anderl (KfA Jiilich), M. Leitch (Los Alamos National Lab)

351. Study of the (jr+, jr~) DIAS reaction on 34S and 56Fe at 50 MeV [active], A. Altman, E. Piasetzky (Tel-Aviv
Univ.), N. Hessey, M. Sevior, F.M. Rozon, R.P. Trelle (Univ. of British Columbia), R.R. Johnson '(TRIUMF-
UBC), D.R. Gill, G.R. Smith, U. Wienands (TRIUMF), N. Grion, R. Rui (INFN Trieste), T. Anderl (KfA
Julich), M. Leitch (Los Alamos National Lab)

352. Zero degree radiative capture of neutrons [active], G.W.R. Edwards, J. Collot, H. Fielding, G. Gaillard, J.
Wesick (Univ. of Alberta), R. Abegg, G. Greeniaus, D.A. Hutcheon, C.A. Miller (TRIUMF), J.M. Cameron
(IUCF), N.E. Davison (Univ. of Manitoba) 24

354. Study of nuclear structure and density dependence of the effective interaction for the N = 50 isotones [active],
R.E. Azuma, L. Buchmann, T. Drake, D. Frekers, A. Galino, L. Lee, S. Wong (Univ. of Toronto), R. Abegg,
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fer [active], W.P. Alford, R. Helmer (Univ. of Western Ontario). J. Watson (Kent State Univ.), C D . Zafiratos
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of Saskatchewan), R. Abegg, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), A. Celler (Simon Fraser Univ.),
D. Bohle, A. Richter (Univ. Darmstadt), G. Gaul (Univ. Muenster) 42

407. An initial study of the I6O(p,n7r+) reaction at 350 MeV [active], K. Hicks, B. Jennings, C.A. Miller, G.R.
Smith, P. Walden, S. Yen (TRIUMF), O. Hausser (TRIUMF-SFU), R. Jeppesen, M. Vetterli (Simon Fraser
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E.G. Auld (Univ. of British Columbia), G.M. Huber, G.J. Lolos (Univ. of Regina), R.D. Bent (Indiana Univ.)
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R. Alegg, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), A. Celler (Simon Fraser Univ.), D. Bohle, A. Richter
Univ. Darmstadt), G. Gaul (Univ. Miinster) 42

430. Spin excitations in 2 0 8Pb [active], R. Abegg, K. Hicks, C.A. Miller, S. Yen (TRIUMF), R.W. Fergerson,
C. Glashausser, A. Green (Rutgers Univ.), O. Hausser (TRIUMF-SFU), R. Jeppeson, M. Vetterii (Simon
Fraser Univ.), R. Henderson (TRIUMF-Univ. of Melbourne), F.T. Baker (Univ. of Georgia), K.W. Jones
(LAMPF), J. Lisantti (Univ. of Oregon)

193



431. Quasielastic spin response for 54Fe(p,j7') at 290 MeV [active], O. Hausser (TRIUMF-SFU), A. Celler, R.G.
Jeppesen, K. Lin, M.C. Vetterli (Simon Fraser Univ.), R. Abegg, K. Hicks, K.P. Jackson, C.A. Miller, S. Yen
(TRIUMF), R. Henderson (TRWMF-Univ. of Melbourne), J. Lisantti (Univ. of Oregon), R. Fergerson, G.
Glashausser (Rutgers Univ.), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Yavin (Tel-Aviv Univ.),
J. Watson (Kent State Univ.) 45

432. Polarization transfer in inelastic proton scattering from l 6O [active], O. Hausser (TRIUMF-SFU), A. Celler,
R. Jeppesen, Ma Ji, M. Vetterli (Simon Fraser Univ.), D. Frekers (Univ. of Toronto), R. Schubank (Univ. of
Saskatchewan), R. Abegg, K. Hicks, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), R. Henderson (TRIUMF-
Univ. of Melbourne), J. Lisantti (Univ. of Oregon), J.W. Watson (Kent Stale Univ.), M. Farkondeh, R.A.
Lindgren (Univ. of Virginia), C. Olmer, E.G. Stephenson (Indiana Univ.), W.P. Alford, R.L. Helmer (Univ.
of Western Ontario)

433. Neutron-proton charge exchange amplitudes [active], R. Abegg, P.W. Green, L.G. Greeniaus, K.P. Jackson,
C.A. Miller (TRIUMF), G.A. Moss, G.C. Neilson, Y. Ye (Univ. of Alberta), W.P. Alford (Univ. of Western
Ontario), J.M. Cameron (IUCF), I. van Heerden (Univ. of Western Cape, S.A.), J.W. Watson (Kent State
Univ.) 48

434. Spin isovector monopole search with the 12OSn(n,p) reaction [active], M.A. Moinester, A.I. Yavin (Tel-Aviv
Univ.), S. Long, B. Spicer (Univ. of Melbourne), R. Henderson (TRIUMF-Univ. of Melbourne), K.P. Jackson,
S. Yen (TRIUMF), O. Hausser (TRIUMF-SFU), A. Celler, R. Jeppesen, M. Vetterli (Simon Fraser Univ.),
W.P. Alford, R. Helmer (Univ. of Western Ontario), D. Frekers (Univ. of Toronto), R. Pourang, J. Watson
(Kent State Univ.), N. King (Los Alamos National Lab)

436. Isovector spin-dipole giant resonance in (ad) shell nuclei [active], W.P. Alford, R. Helmer (Univ. of Western
Ontario), R. Abegg, K. Hicks, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), O. Hausser (TRIUMF-SFU),
A. Celler, R. Jeppeson, M. Vetterli (Simon Fraser Univ.), R. Henderson (TRIUMF-Univ. of Melbourne), D.
Frekers (Univ. of Toronto), M. Moinester, A. Yavin (Tel-Aviv Univ.), J. Watson (Kent State Univ.)

437. Measurement of absolute cross section for 14C(p, »i)14N (2.31+3.95 MeV) [active], W.P. Alford, R. Helmer
(Univ. of Western Ontario), R. Abegg, K. Hicks, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), O. Hausser
(TRIUMF-SFU), A. Celler, R. Jeppesen, M. Vetterli (Simon Fraser Univ.), R. Henderson (TRIUMF-Univ. of
Melbourne), D. Frekers (Univ. of Toronto), M. Moinester, A. Yavin (Tel-Aviv Univ.), J. Watson (Kent State
Univ.)

438. 7°'72'74Ge(n,j>)70'72'74Ga: Shell model blocking effects on Gamow-Teller strength in the fp shell [active], A.
Celler, R. Jeppesen, A. Trudel, M. Vetterli (Simon Fraser Univ.), K. Hicks, K.P. Jackson, S. Yen (TRIUMF),
O. Hausser (TRIUMF-SFU), D. Frekers (Univ. of Toronto), G. Fuller (Lawrence Livermore National Lab) 48

440. Muon catalyzed fusion in HD and H2+D2 gaseous mixtures [active], K.A. Aniol, M.B. Epstein, D.J. Margaziotis
(California State Univ. LA), D.F. Measday, A.J. Noble, S. Stanislaus (Univ. of British Columbia), B. Robertson
(Queen's Univ.), D. Horvath (Central Research Inst. for Physics, Budapest), S.E. Jones (Brigham Young Univ.),
A. Anderson (Idaho Research Software and Idaho State Univ.) 61

441. Amplitude determination of the pion-nucleon elastic scattering reaction. Part I: Analysing power [active], D.R.
Gill, D. Healey, D. Ottewell, G.R. Smith, G.D. Wait (TRIUMF), J.T. Brack, J.J. Kraushaar, R.J. Peterson,
R.A. Ristinen (Univ. of Colorado), R.R. Johnson (TRIUMF-UBC), G. Jones, R. Olszewski, M.E. Sevior, R.P.
Trelle (Univ. of British Columbia), E.L. Mathie (Univ. of Regina)

442. A dependence of the (IT, 2tt) process through the study of 208Pb(7T+, x~X) with X = JT+ and p reaction at
Tw = 240 and 280 MeV [active], N. Grion (INFN-Trieste), R. Rui (Univ. di Trieste), G. Margagliotti (Univ. di
Trieste-INFN), D.R. Gill, G.R. Smith (TRIUMF), R.R. Johnson (TRIUMF-UBC), M. Hanna, R. Olszewski,
M. Rozon, M. Sevior, V. Sossi, P. Trelle (Univ. of British Columbia)

443. Study of the TT+ + d — ir~ + TT+ + p + p reaction at T* = 250, 280 MeV [active], R. Rui (Univ. di Trieste),
N. Grion (Univ. di Trieste), G. Margagliotti (Univ. of Trieste-INFN), D.R. Gill, G. Smith (TRIUMF), H.R.
Johnson (TRIUMF-UBC), M. Hanna, R. Olszewski, F.M. Rozon, M. Sevior, V. Sossi, P. Trelle (Univ. of
British Columbia), Z. Wu (UBC-IHEP)

444. Double charge exchange reaction studies on helium above the resonance [active], R.R. Johnson (TRIUMF-
UBC), K.L. Erdman, M. Hanna, R. Olszewski, F.M. Rozon, M. Sevior, V. Sossi, P. Trelle (Univ. of British
Columbia), D.R. Gill, G. Smith (TRIUMF), N. Grion (INFN Trieste), R. Rui (Univ. di Trieste), C.A. Wiedner
(MPI, Heidelberg), Z. Wu (UBC/IHEP)

445. Polarization in pion absorption on 3He [active], D. Ashery, H. Hahn, M.A. Moinester, E. Piasetzky, A. Yavin
(Tel-Aviv Univ.), R.R. Johnson (TRIUMF-UBC), G. Jones, R. Olszewski, M. Sevior, P. Trelle (Univ. of British
Columbia), D. Gill, D.A. Hutcheon, D.F. Ottewell, G.R. Smith (TRIUMF), J. Watson (Kent State Univ.), G.A.
Miller (Kent State Univ.)

194



446. Pion-proton biemsstrahlung [active], F. Farzanpay, P. Fuchs, A.W. Stetz, L.W. Swenson, N. Wen (Oregon State
Univ.), P. Hitching (Univ. of Alberta-TRIUMF), W.C. Olsen (Univ. of Alberta), G.R. Smith (TRIUMF), N.
Stevenson (Univ. of Saskatchewan)

447. LCR of Mu-radicals in micelles [active], M.V. Barnabas, K. Venkateswaran, D.C. Walker (Univ. of British
Columbia), R.F. Kiefl (TRIUMF), Y.C. Jean (Univ. of Missouri KC), J.M. Stadlbauer (Hood College), B.W.
Ng (Winona State Univ.), Wu Zhennan (USTC, Hefei) 61

448. Muon spin relaxation experiments on site-diluted random antiferromagnet (MnZn)F2 [active], Y.J. Uemura
(Brookhaven National Lab), R. Keitel, R.F. Kiefl (TRIUMF), J.H. Brewer, S.R. Kreitzman, G.M. Luke, D.R.
Noakes (Univ. of British Columbia), E.J. Ansaldo (Univ. of Saskatchewan), K.M. Crowe, A.M. Portis (Univ.
of California, Berkeley), V. Jaccarino (Univ. of California, Santa Barbara)

449. Nuclear hyperfine parameters of Mu and Mu* states via radio-frequency resonance [active], J.H. Brewer,
S. Kreitzman, G. Luke, D.L!. Williams (Univ. of British Columbia), E. Ansaldo (Univ. of Saskatchewan),
T. Estle (Rice Univ.), R. Kiefl (TRIUMF) 62

450. pSR studies of sub- and supercritical fluids [active], K.E. Newman (Univ. de Sherbrooke), D.G. Fleming, I.D.
Reid, M. Senba (Univ. of British Columbia), J.C. Brodovitch, P.W. Percival (Simon Fraser Univ.) 65

452. Radiative muon capture on hydrogen [active], G. Azuelos, J. Macdonald, J.M. Poutissou (TRIUMF), D. Arm-
strong, A. Burnham, T. Gorringe, M. Hasinoff, A. Larabee, C. Waltham (Univ. of British Columbia), P.
Depommier, R. Poutissou (Univ. de Montreal), S. Ahmad, E.T.H. Clifford (Univ. of Victoria), M. Blecher, D.
Wright (Virginia Polytechnic Inst. & SU), B. Robertson (Queen's Univ.), W. Bertl (SIN), N-S Zhang (IHEP,
Beijing)

453. Production of slow muonic hydrogen in vacuum [active], J. Beveridge, K.R. Kendall, J.A. Macdonald (TRI-
UMF), G.M. Marshall (Univ. of Victoria), A. Olin (TRIUMF-Univ. of Victoria), J.H. Brewer, B.M. Forster, W.
Hardy, G. Morris, M. Senba, J.B. Warren (Univ. of British Columbia), E.J. Ansaldo (Univ. of Saskatchewan),
T. Bowen (Univ. of Arizona), T.M. Huber, A.R. Kunselmen (Univ. of Wyoming)

454. Investigations of hidden processes in muon catalyzed (dt/t) fusion with photon measurements [active], R.
Kadona, Y. Miyake, K. Nagamine, K. Nishiyama, Y. Watanabe (Univ. of Tokyo), K. Ishida, T. Matsuzaki
(RIKEN), Y. Kuno (Univ. of British Columbia), S.E. Jones (Brigham Young Univ.), H.R. Maltrud (Los Alamos
National Lab)

455. Search for wake riding electron states induced by negative muons in solids [deferred], Y. Yamazaki (Tokyo
Inst. of Technology), F. Fujimoto, K. Komaki, T. Matsuzaki, K. Nagamine, K. Nishiyama, A. Otuka (Univ. of
Tokyo)

456. /«~SR studies on relaxation and chemical reactions of muonic rare gas atoms [deferred], R. Kadono, T. Kondow,
K. Kuchitsu, K. Nagamine, T. Nagata, K. Nishiyama, T. Yamazaki (Univ. of Tokyo)

457. Studies of chemical effects on atomic negative muon capture in various chemical systems using slow negative
muon beam [active], M.K. Kubo, K. Nagamine, T. Tominaga, Y. Sakai (Univ. of Tokyo)

458. Hyperfine phenomena probed by / J ~ S R [deferred], R. Kadono, Y. Miyake, K. Nagamine, K. Nishiyama (Univ.
of Tokyo), M. Motokawa (Kobe Univ.)

459. Exchange effects in 0+ —• 0~ inelastic scattering III [active], R.E. Azuma, L. Buchmann, C. Chan, T.E. Drake,
D. Frekers, J.D. King, L. Lee, S.S.M. Wong, X. Zhu (Univ. of Toronto), C.A. Miller, S. Yen (TRIUMF), E.
Rost (Univ. of Colorado), R. Schubank (Univ. of Saskatchewan) 25

460. A measurement of the cross section and analysing power of the pn —• pp(15o)>r~ reaction at TRIUMF energies
[active], D. Gill, P. Hutcheon, P.L. Walden (TRIUMF), D. Ashery, M.A. Moinester, A.I. Yavin (Tel-Aviv
Univ.), R.R. Johnson'(TRIUMF-UBC), F. Duncan, R. Olszewski, C. Ponting, M. Sevior, P. Trelle (Univ. of
British Columbia), B. Mayer (DPhN/ME Saclay)

461. Muon spin rotation studies of dioxygen and ethylene physisorbed on pure silica powder [active], R.F. Marzke
(Arizona State Univ.), J.H. Brewer, D.G. Fleming, M. Senba (Univ. of British Columbia), P.W. Percival (Simon
Fraser Univ.), R. Keitel (TRIUMF), E.J. Ansaldo (Univ. of Saskatchewan), D. Harshman (AT&T Bell Labs) 66

462. Quasi-elastic scattering from 16O, 12C and 4He [active], C. Chan, T. Drake, D. Frekers, L. Lee (Univ. of
Toronto), R. Abegg, K. Hicks, D. Hutcheon, J. Iqbal, C.A. Miller, S. Yen (TRIUMF), O. Hausser (TRIUMF-
SFU), C. Horowitz (MIT)

463. Muon-nuclear-spin double relaxation measurements of itinerant magnets in the critical temperature region
[active], K. Ishida, T. Matsuzaki (RIKEN), R. Kadono, Y. Miyake, K. Nagamine, N. Nishiyama, T. Yamazaki
(Univ. of Tokyo), J.H. Brewer (Unio. of British Columbia)

195



464. Low frequency excitations in disordered magnets [active], S.A. Dodds (Rice Univ.), J.H. Brewer (Univ. of
British Columbia), E.J. Ansaldo (Univ. of Saskatchewan), D. Noakes (Chalk River Nuclear Labs)

466. Measurement of np —• rfir0 cross sections near threshold [active], R. Abegg, L.G. Greeniaus, D.A, Hulclieoii,
C.A. Miller (TRIUMF), G.VV.R. Edwards, G.A. Moss, W.C. Olsen, Ye Yan-lin (Univ. of Alberta), N.E. Davisou
(Univ. of Manitoba), I.J. van Heerden (Univ. of West Cape) 48

467. Itadiobiology of liigh-energy neutrons [active], G. Lam (Cancer Control Agency of B.C.), II. Dougan, .1. Vincent
(TRIUMF), D. Chaplin, R. Durand, L. Skarsgard (B.C. Cancer Research Centre)

468. Isovector 1+ -» 0+ transitions in the ,4=6 system [active], O. Hausser (SFU-TR1UMF), R. Jcppescn, D.
Larson, B. Pointon, A. Trudel, M. Vetterli (Simon Fraser Univ.), R. Abegg, K. Hicks, K.P. Jackson (TRIUMF),
W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Ceiler (SFU~Univ. of Western Ontario), D. Frekers
(TRIUMF-Univ. of Toronto), B. Spicer (Univ. of Melbourne), R. Henderson (TRWMF-Univ. of Melbourne) 50

469. / JSR study of high-temperature superconductors [active], J.H. Brewer, A.C. Chaklader, R. Cline, W.N. Hardy,
S.R. Kreitzman, G.M. Luke, T. Riseman (Univ. of British Columbia), R. Kiell (TRIUMF), G. Aeppli, B.
Batlogg, D.R. Harshman (AT&T Bell Labs), E.J. Ansaldo (Univ. of Saskatchewan), S. Dodds (Rice Univ.),
C.Y. Huang (Lockheed), W.J. Kossler (College of William & Mary), T. Yamazaki (Univ. of Tokyo), N. Nishida
(Tokyo Inst. Technology), H. Yasuoka (ISSP, Tokyo), A.M. Portis (Univ. of California Berkeley), Y.J. Uemura
(Brookhaven National Lab), M. Celio (ETH Zurich) 67

470. Stretched states excited in (n,p) reactions on 14C, J6Mg and 30Si [active], B.D. Anderson, R. Madey, D.M.
Manley, J. Watson (Kent State Univ.), K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), O. Hausser (SFU-
TRIUMF), A. Trudel (Simon Fraser Univ.), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Ceiler
(SFU-Univ. of Western Ontario), R. Henderson (TRIUMF-Univ. of Melbourne)

471. Small-angle measurement of sr^p differential cross sections at TT = 80 to 140 MeV [deferred], J.T. Brack,
J.J. Kraushaar, R.A. Loveman, R.J. Peterson, R.A. Ristinen, Kamran Vaziri (Univ. of Colorado), D.R. Gill,
G.R. Smith (TRIUMF), R.R. Johnson (TRIUMF-UBC), R. Olszewski, M. Sevior, R.P. Trelle (Univ. of British
Columbia), E.L. Mathie (Univ. of Regina)

472. Measurement of B+(GT) for 76Se using the (n,p) reaction [active], W.P. Alford, R. Helmer (Univ. of Western
Ontario), R. Abegg, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), O. Hausser (SFU-TRWMF), R. Jeppesen,
A. Trudel, M. Vetterli (Simon Fraser Univ.), A. Celler (SFU-Univ. of Western Ontario), D. Frekers (TRIUMF-
Univ. of Toronto), W.C. Olsen (Univ. of Alberta), R. Henderson (TRIUMF-Univ. of Melbourne)

473. Quasi-elastic scattering of Is state nucleons in light nuclei [active], R. Abegg, L.G. Greeniaus, K. Hicks, D.A.
Hutcheon, C.A. Miller (TRIUMF), P. Kitching (TRIUMF-Univ. of Alberta), M. Ahmad, W.J. McDonald, Y.
Ye (Univ. of Alberta), D. Frekers (TRIUMF-Univ. of Toronto), R. Schubank (Univ. of Saskatchewan), J.W.
Watson (Kent Stale Univ.), N. Chant (Univ. of Maryland)

474. Orbital-spin interference from GT-Ml comparisons in (srf) shell nuclei [deferred], O. Hausser (TRIUMF-SFU),
R. Henderson (TRIUMF-Univ. of Melbourne), K. Hicks, K.P. Jackson (TRIUMF), R. Jeppesen, B. Larsen, B.
Pointon, A. Trudel, M. Vetterli (Simon Fraser Univ.), W.P. Alford, R. Helmer (Univ. of Western Ontario), A.
Richter (T.II. Darmstadt)

475. Quasielastic analysing powers using the (/>,)() reaction [active], K. Hicks, J. Iqba.1, K.P. Jackson, S. Yen (TRI-
UMF), O. Hausser (TRIUMF-SFU), R. Jeppesen, A. Trudel, M. Vetterli (Simon Fraser Univ.), W.P. Alford, R.
Helmer (Univ. of Western Ontario), A. Celler (SFU-Univ. of Western Ontario), D. Frekers (TRIUMF-Univ.
of Toronto), R. Henderson (TRIUMF-Univ. of Melbourne)

476. Nuclear spin response using the (p,p'f) reaction [active], K. Hicks (TRIUMF), M. Kovash, J. Trice, M. Wang
(Univ. of Kentucky), R. Jeppesen, A. Trudel, M. Vetterli (Simon Fraser Univ.), R. Henderson (TRIUMF-Univ.
of Melbourne), N. King, G. Morgan (Los Alamos National Lab), N. Hill (Oak Ridge National Lab), J. Shepard
(Univ. of Colorado), R. Liljestrand (E.G.G.)

477. The electronic structure of muonium in the cuprous hajides [active], R.F. Kiefl (TRIUMF), T.L. Estle (Rice
Univ.), J.H. Brewer, S. Kreitzman, G. Luke, T. Riseman (Univ. of British Columbia), E.J. Ansaldo (Univ. of
Saskatchewan), C. Schwab (Univ. Louis Pasteur), M. Celio (ETH Zurich)

478. Proton-induced TTNN resonances [active], R. Azuma, C. Chan, P. Frekers (Univ. of Toronto), R. Abegg, K.
Hicks, J. Iqbal, B. Jennings, C.A. Miller, P. Walden, S. Yen (TRIUMF), R. Schubank (Univ. of Saskatchewan),
P. Trelle (Univ. of Colorado)

479. Study of relativistic medium effects through Av{6) measurements for quasiclnsl.ic scattering in s*Ni [active],
D.K. McDaniels, Z. Tang, Z. Xu (Univ. of Oregon), X.Y. Chen, F. Farzanpay, L.W. Sivenson (Oregon Stale
Univ.), K. Hicks (TRIUMF), O. Hausser (TRIUMF-SFU), M. Vetterli (Simon Fmscr Univ.), F. lSeHrnml, D.
Horen, J. Lisantti (Oak Ridge National Lab)

196



480. The spectral function of p+n in 6Li from the 6Li(p,pa)pn reaction [active], R.E. Warner (Oberlin College and
Univ. of Notre Dame), S.E. Darden, J.J. Kolata (Univ. of Notre Dame), C.A. Davis (Univ. of Manitoba), Liu
Gen-bao (Univ. of Pennsylvania and Academia Sinica, Shanghai), P. Schwandt (Indiana Univ.), A. Galonsky,
L. Heilbronn, D. Krofcheck (Michigan State Univ.), F.D. Becchetti (Univ. of Michigan), C.F. Perdrisat (College
of William and Mary)

482. Measurements of spin transfer coefficients in pd elastic scattering [active], R. Abegg, P.VV. Green, D.A. Hutcheon.
J. Iqbal (TRIUMF), G.A. Moss, W.C. Olsen, N. Rodning (Univ. of Alberta), D. Frekers (TRIUMF-Univ. of
Toronto), R. Schubank, Y.M. Shin, N. Stevenson (Univ. of Saskatchewan), M. Bleszynski, T. Jaroszewicz
(UCLA)

483. An initial look at the (p, ir+d) reaction as a nuclear probe [active], K. Hicks, M.J. Iqbal, P.L. Walden, S. Yen
(TRIUMF), D. Frekers (TRIUMF-Univ. of Toronto), E.G. Auld, F. Duncan (Univ. of British Columbia), R.D.
Bent (Indiana Univ.), W. Falk, K. Furutani (Univ. of Manitoba), G.J. Lolos (Univ. of Regina)

484. Measurement of the spin dipole resonance with 40Ca(»i,p)40K at 300 MeV [active], R. Abegg, K.P. Jackson,
S. Yen (TRIUMF), R. Jeppesen, J. Mildenberger, A. Trudel, M. Vetterli (Simon Fraser Univ.), O. Hausser
(TRIUMF-SFU), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Celler (SFU-Univ. of Western
Ontario), R. Henderson (TRIUMF- Univ. of Melbourne)

485. 15N(n,p)16C: An investigation of single particle spin dipole transitions [active], A. Celler (SFU-Univ. of West-
ern Ontario), R. Abegg, K.P. Jackson, S. Yen (TRIUMF), W.P. Alford, R. Helmer (Univ. of Western Ontario),
O. Hausser (SFU-TRIUMF), R. Jeppesen, A. Trudel, M. Vetterli ('Simon Fraser Univ.), D. Frekers (TRIUMF-
Univ. of Toronto), R. Henderson (TRIUMF-Univ. of Melbourne)

486. Spin isovector giant resonances in deformed nuclei [active], S.A. Long, K. Raywood, G.G. Shute, B.M. Spicer
(Univ. of Melbourne), R. Henderson (TRIUMF-Univ. of Melbourne), K.P. Jackson, S. Yen (TRIUMF), O.
Hausser (TRIUMF-SFU), R. Jeppesen, M. Vetterli (Simon Fraser Univ.), D. Frekers (TRIUMF-Univ. of
Toronto), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Celler (SFU-Univ. of Western Ontario),
M.A. Moinester, A.I. Yavin (Tel-Aviv Univ.), N. King (Los Alamos National Lab)

488. (n,p) on helium isotopes [active], R. Abegg, K. Hicks, K.P. Jackson, C.A. Miller, S. Yen (TRIUMF), M. Moin-
ester (Tel-Aviv Univ.), O. Hausser (TRIUMF-SFU), R. Jeppesen, B. Pointon, A. Trudel, M. Vetterli (Simon
Fraser Univ.), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. CelJer (SFU-Univ. of Western Ontario),
D. Frekers (TRIUMF-Univ. of Toronto), R. Henderson (TRIUMF-Univ. of Melbourne)

489. GT-Ml comparison and isovector spin-dipole strength in (sd) shell nuclei [active], O. Hausser (TRIUMF-SFU),
R. Jeppesen, J. Mildenberger, B. Pointon, A. Trudel, M. Vetterli (Simon Fraser Univ.), W.P. Alford, R. Helmer
(Univ. of Western Ontario), A. Celler (SFU-Univ. of Western Ontario), R. Abegg, K. Hicks, K.P. Jackson,
S. Yen (TRIUMF), D. Frekers (TRIUMF-Univ. of Toronto), R. Henderson (TRIUMF-Univ. of Melbourne),
B.A. Brown (Michigan State Univ.), A. Richter (T.H. Darmstadt)

490. Calibration of cr/B(GT) at 300 MeV using the (p, n) reaction on 27A1 and 58Ni [active], R. Jeppesen, B. Larsen,
J. Mildenberger, B. Pointon, A. Trudel, M. Vetterli (Simon Fraser Univ.), O. Hausser (TRIUMF-SFU), K.
Hicks, K.P. Jackson, S. Yen (TRIUMF), R. Helmer (Univ. of Western Ontario), A. Celler (SFU-Univ. of
Western Ontario), R. Henderson (TRIUMF-Univ. of Melbourne)

491. 45Sc(n,p)45Ca and 45Sc(p, n)45Ti: A significant test of model calculations in the (/;;) shell [active], W.P. Alford,
R. Helmer (Univ. of Western Ontario), R. Abegg, K. Hicks, K.P. Jackson, S. Yen (TRIUMF), O. Hausser
(TRIUMF-SFU), A. Trudel, M. Vetterli (Simon Fraser Univ.), A. Celler (SFU-Univ. of Western Ontario), K.
Henderson (TRIUMF-Univ. of Melbourne), B.A. Brown (Michigan State Univ.)

492. Enhancement of the S = 1, T = 0 nuclear response in pion scattering [active], O. Hausser (SFU-TRIUMF), R.
Jeppesen, J. Mildenberger, A. Trudel, M. Vetterli (Simon Fraser Univ.), K. Hicks, K.P. Jackson, C.A. Miller,
D. Ottewell, S. Yen (TRIUMF), R.R. Johnson (TRIUMF-UBC), M. Sevior (Univ. of British Columbia), D.
Frekers (TRIUMF-Univ. of Toronto), W.P. Alford, R. Helmer (Univ. of Western Ontario), A. Celler (SFU-
Univ. of Western Ontario), R. Henderson (TRIUMF-Univ. of Melbourne), G.A. Moss (Univ. of Alberta), R.
Ristinen (Univ. of Colorado)

493. ^SR study of exotic single crystal superconductors [active], G. Aeppli, B. Batlogg, D.R. Harshman, L. Remeika,
L. Scheemeyer (AT&T Bell Laboratories), E. Bucher (AT&T Bell Labs & Univ. Konstanz), R. Kiefl (TRIUMF),
E.J. Ansaldo (Univ. of Saskatchewan), G.M. Luke, T. Riseman, D.LI. Williams (Univ. of British Columbia)

494. Superconductivity and magnetism of heavy-fermion and high-Tc related systems: Muon spin rotation study
combined with neutron scattering [active], A. Moodenbaugh, Y.J. Uemura (Brookhaven National Lab), J.H.
Brewer, S.R. Kreitzman, G.M. Luke, T. Riseman (Univ. of British Columbia), R.F. Kiefl (TRIUMF), S.D.
Dodds (Rice Univ.), M.B. Maple, M. Torikachvili (Univ. of California, San Diego), D.C. Johnston (Iowa State

197



Univ. and Ames Lab), W.J. Kossler, X.H. Yu (College of William and Mary), C.E. Stronach (Virginia State
Univ.), Y. Hidaka, T. Murakami (Nihon Telephone and Telegraph), Y. Oonuki (Tsukuba Univ.)

495. Studies of oxide superconductors by negative muons [active], R. Kadono, K. Nagamine, K. Nishiyama, T.
Yamazaki, H. Yasuoka (Univ. of Tokyo), N. Nishida (Tokyo Inst. of Technology), J.H. Brewer (Univ. of British
Columbia), R. Kiefl (TRIUMF)

496. Measurements of the angular distribution of the spin transfer parameter DLS in PP —>• AT* [active], R. Abegg,
P.W. Green, L.G. Greeniaus, D.A. Hutcheon (TRIUMF), D. Mack, G.A. Moss, Y. Ye (Univ. of Alberta)

497. Measurement of the flavour-conserving hadronic weak interaction [active], J. Birchall, C.A. Davis, N.E. Davison,
S.A. Page, W.D. Ramsay, W.T.H. van Oers (Univ. of Manitoba), D.A. Dohan, P.W. Green, P.W. Schmor
(TRIUMF), N.L. Rodning, G. Roy, J. Soukup, G.M. Stinson (Univ. of Alberta)

498. Analysing power zero crossing angles in np elastic scattering below 300 MeV [active], J. Birchall, C.A. Davis,
N.E. Davison, S.A. Page, W.D. Ramsay, W.T.H. van Oers (Univ. of Manitoba), L.G. Greeniaus (TRIUMF),
G.A. Moss (Univ. of Alberta)

500. Formation, relaxation and LCR spectroscopy of muonated radicals in the gas phase [active], D.J. Arseneau,
D.G. Fleming, J.R. Kempton, M. Senba, K. Venkateswaran (Univ. of British Columbia), J.C. Brodovitch, P.W.
Percival (Simon Fraser Univ.), D.M. Garner (TRIUMF), S.F.J. Cox (Rutherford Appleton Lab), E. Roduner
(Univ. Zurich)

501. Study of the 1 6 O ( T + , T + I T ~ ) reaction at Tw+ = 240 MeV [active], N. Grion (INFN-Trieste), P. Camerini, R.
Rui (Univ. di Trieste), E. Oset, M. Vicente-Vacas (Univ. Valencia), G.R. Smith (TRIUMF), M. Hanna, R.
Olszewski, M. Rozon, M. Sevior, V. Sossi (Univ. of British Columbia), R.R. Johnson (TRIUMF-UBC), P.
Trelle (Univ. of Colorado)

502. Measurement of analysing powers in low-energy xd elastic scattering [active], R.B. Schubank, Y.M. Shin,
N.R. Stevenson (Univ. of Saskatchewan), P. Delheij, D.R. Gill, D. Healey, G.R. Smith, G.D. Wait (TRIUMF),
R.R. Johnson (TRIUMF-UBC), M. Hanna, J. McAHster, V. Sossi, P. Weber (Univ. of British Columbia), E.L.
Mathie (Univ. of Regina), R.A. Ristinen, R.P. Trelle (Univ. of Colorado)

503. Search for a.vNN bound state [active], R.A. Ristinen, R.P. Trelle (Univ. of Colorado), R.R. Johnson (TRIUMF-
UBC), D.R. Gill, D. Ottewell, G.R. Smith (TRIUMF), R. Olszewski, M.F. Rozon, M.E. Sevior, P. Weber
(Univ. of British Columbia), D. Frekers (TRIUMF-Univ. of Toronto), R. Schubank, N.R. Stevenson (Univ. of
Saskatchewan), E.L. Mathie (Univ. of Regina)

504. AnaJysing powers in the 13C(ir, *•') reaction at 50, 65 and 100 MeV [active], D.R. Gill, D. Ottewell, G.R. Smith,
G.D. Wait (TRIUMF), R.R. Johnson (TRIUMF-UBC), R. Olszewski, M.E. Sevior (Univ. of British Columbia),
R. Rui (INFN-Trieste), E.L. Mathie, V. Pafilis (Univ. of Regina), R.B. Schubank, N.R. Stevenson (Univ. of
Saskatchewan), J. Brack, J.J. Kraushaar, R.J. Peterson, R.A. Ristinen, R.P. Trelle (Univ. of Colorado), G.S.
Kyle (New Mexico State Univ.), D. Dehnhard (Univ. of Minnesota)

505. Total absorption cross sections at low energies [active], E. Friedman, O. Meirav (Hebrew Univ. of Jerusalem),
R.R. Johnson (TRIUMF-UBC), M. Hanna, C. Ponting, P. Weber (Univ. of British Columbia), C.J. Wagner
(Univ. Tubingen)

506. Low energy TT + d —» 2p analysing powers [active], G.J. Lolos, E.L. Mathie, S.I.H. Naqvi, D.M. Yeomans
(Univ. of Regina), D. Healey, D. Ottewell, G.R. Smith (TRIUMF), G. Jones (Univ. of British Columbia), N.R.
Stevenson (Univ. of Saskatchewan), D. Humphrey (Western Kentucky Univ.)

508. Study of the r + + d —• T~ + JT+ + p + p reaction at T*+ = 270 MeV [active], P. Camerini, R. Rui (Univ.
di Trieste), N. Grion (INFN Trieste), E. Oset, M.J. Vicente-Vacas (Univ. Valencia), G.R. Smith (TRIUMF),
R.R, Johnson (TRIUMF-UBC), M. Hanna, R. Olszewski, F.M. Rozon, M. Sevior, V. Sossi (Univ. of British
Columbia), P. TreJle (Univ. of Colorado)

510. Cross-section measurements for the production of 186Re from the spallation of 197Au with 425-500 MeV protons
[active], T.J. Ruth (TRIUMF), J.M. D'Auria, S. Gardner (Simon Fraser Univ.), C. Schell (Univ. of British
Columbia)

511. Pion transfer in hydrogenous materials [active], D. Armstrong, D.F. Measday, S. Stanislaus (Univ. of British
Columbia), M. Harston (Univ. of Surrey), D. Horvath (Central Research Inst., Budapest), K. Aniol (California
State Univ., LA)

512. Analysing powers in the 13C(TT, *•') reaction between 100 and 300 MeV [deferred], D.R. Gill, D. Ottewell.
G.R. Smith, G.D. Wait (TRIUMF), R.R. Johnson (TRIUMF-UBC), R. Olszewski, M.E. Sevior (Univ. of
British Columbia), R. Rui (INFN Trieste), E.L. Mathie, V. Pafilis (Univ. of Regina), R.B. Schubank, N.R.
Stevenson (Univ. of Saskatchewan), J. Brack, J.J. Kraushaar, R.J. Peterson, R.A. Ristinen, R.P. Trelle (Univ.
of Colorado), G.S. Kyle (New Mexico State Univ.), D. Dehnhard (Univ. of Minnesota)

198



533. Angular correlations in the 12C(ir, r'7) reaction between 100 and 300 MeV [deferred], D.R. Gill, D. Ottewel),
G.R, Smith, G.D. Wait (TRIUMF), R. Olszewski, M.E. Sevior (Univ. of British Columbia), R.R. Johnson
(TRIUMF-UBC), R.Rui (INFN Trieste), E.L. Mathie, V. Pafilis (Univ. of Regina), R.B. Schubank, N.R.
Stevenson (Univ. of Saskatchewan), J. Brack, J.J. Kraushaar, R.J. Peterson, R.A. Ristinen, R.P. Trelle (Univ.
of Colorado)

514. The pion-deuteron breaking reaction with CLASS [deferred], G.J. Lolos, E.L. Mathie, S.I.H. Naqvi (Univ. of
Regina), G.R. Smith (TRIUMF)

515. Pion bremsstrahlung with negative pions [deferred], P. Kitcliing (TRIUMF-Uniu. of Alberta), F. Farzanpay, P.
Fuchs, A.W. Stetz, L.W. Swenson, N. Wen (Oregon State Univ.), G.R. Smith (TRIUMF). W.C. Olsen (Univ.
of Alberta), N. Stevenson (Univ. of Saskatchewan)

516. Angular distributions and energy dependence for d(]r+~,T *)irNN [deferred], R.A. Ristenen, R.P. Trelle
(Univ. of Colorado), D.R. Gill, D. Ottewell, G.R. Smith (TRIUMF), R.R. Johnson (TRIUMF-UBC), R.
Olszewski, M.F. Rozon, M.E. Sevior, P. Weber (Univ. of British Columbia), D. Frekers (TRIUMF-Univ. of
Toronto), E.L. Mathie (Univ. of Regina), R. Schubank, N.R. Stevenson (Univ. of Saskatchewan), D. Ashery
(Tel-Aviv Univ.)

517. Cross sections and analysing powers in the HN(3r, 2p) reaction between 100 and 300 MeV [deferred], D.R. Gill,
D. Ottewell, G.R. Smith, G.D. Wait (TRIUMF), R.R. Johnson (TRIUMF-UBC), R. Olszewski, M.E. Sevior
(Univ. of British Columbia), R. Rui (INFN Trieste), E.L. Mathie, V. Pafilis (Univ. of Regina), R.B. Schubank,
N.R. Stevenson (Univ. of Saskatchewan), J. Brack, J.J. Kraushaar, R.J. Peterson, R.A. Ristinen, R.P. Trelle
(Univ. of Colorado), G. Kyle (New Mexico State Univ.), P. Roos (Univ. of Maryland)

518. Pion-induced pion production on 3He at threshold [deferred], R.A. Ristinen, R.P. Trelle (Univ. of Colorado),
D.R. Gill, D. Ottewell, G.R. Smith (TRIUMF), R.R. Johnson (TRIUMF-UBC), R. Olszewski, M.E. Sevior,
P. Weber (Univ. of British Columbia), D. Frekers (TRIUMF-Univ. of Toronto), R. Rui (INFN Trieste), E.L.
Mathie (Univ. of Regina), R.B. Schubank, N.R. Stevenson (Univ. of Saskatchewan)

*deceased

199


