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PREFACE

A completely new administrative structure of AECL Research was implemented on
1990 July 1. All of the basic physics programs, together with accelerator
physics, radiation applications and most of the chemistry programs of AECL,
have been placed in a new organizational unit called Physical Sciences. This
unit also includes the management of the National Fusion Program. The research
programs of Physical Sciences are grouped into three divisions: Chemistry,
Physics and TASCC. Progress in each division will henceforth be reported on a
twice-yearly basis. This report is the first of the new series to be issueu by
the TASCC Division.

During the period covered by this report, the operation of the superconducting
cyclotron has matured considerably, with over 30 accelerated ion beams more-or-
less routinely available for a wide variety of nuclear physics experiments.
The TASCC team, together with all the engineers, tradespeople and other staff
members who contributed to the design, construction and commissioning of the
Tande™ Accelerator Superconducting Cyclotron facility, are to be heartily
congratulated on bringing it to its present highly successful state in an
unusually short period of time.

In conjunction with our many outside collaborators, we are now engaged on
exciting experiments in several areas of nuclear physics research, as reported
in the following pages. We are well on the way to the establishment of a truly
National Centre for Nuclear Physics research in Canada.

Vice President
Physical Sciences
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1.1 GENERAL

With 34 cyclotron beams now available, eight developed during the past six
months, experimental use of cyclotron beams is growing accordingly. Since
the beginning of July, the cyclotron has operated some 500 hours in direct
support of research experiments, with 323 hours during which the beam was
on target. The experiments consisted of a fragmentation-reaction study
with the new phoswich detector array, and experiments to investigate
radiative electron capture (REC) and resonant transfer and excitation
(RTE). Together with beam-development runs, the cyclotron operated for
989 hours, or 29? of the total facility beam time. This IF an increase
from 21% in the previous six months and reflects the increasing ease with
which beams new and old can be produced with the cyclottcn. We expect
cyclotron usage to continue to increase as experimental groups learn that
the cyclotron is both versatile and reliable.

The 87t spectrometer continues to be the most-used single piece of
equipment. Spectroscopic studies based on its unique capabilities
continue to focus on systematic studies, particularly involving
superdeformation. A lar - umber of outside users are attracted to this
facility. In a different area, a new detector system designed to detect
very weak £-decay branches has come into full operation witn the on-line
isotope separator. So far, it has been uied to study 1-forbidden and
isospin-forbidden fl-decay in light nuclei. Finally, the accelerator-mass-
spectrometer team has succeeded in developing its 36C1 capability to the
point where measurements can be made on natural samples of scientific
interest.

Between July and the end of December, Tandem beams were used, either for
experiments or development purposes, for a total of 3425 hours. This beam
time was 96? of the scheduled operating time and 78% of the total rime
available. Tandem reliability continues at a remarkably high level.
Beams from the cyclotron, which of course require Tandem operation too,
were used for a total of 989 hours. At 90% of the time scheduled, this
testifies that the cyclotron's reliability is beginning to match the
Tandem's, a real achievement for such a new device.

Most of our experiments are collaborative efforts involving university and
other non-TASCC scientists as well as our own staff. This period, the
former contributed 44? of the total laboratory research efforts and
figured prominently in all 7 scientific publications. We continue to
welcome and encourage a high level of participation by the Canadian and
international scientific communities.

1.2 RESEARCH

The Laval group carried out the first formal reaction experiment to use
the new phoswich counter array: the fragmentation of 30 MeV/u 35C1 in
peripheral collision with Au. Analysis was completed of the MSU
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experiment which measured the impact parameter dependence of charged
fragment emission from collisions of 35 and 45 MeV/u 20Ne with a variety
of target nuclei. Research activities in which Dr. Horn participated
while at Universite de Caen are summarized.

The ISOL-group performed an experiment to determine the viability of
projectile fragmentation reactions at cyclotron energies to produce exotic
nuclei for study with the on-line isotope separator. Measurements were
also made of the strength of 1-forbidden /?-decay branches in 3 7K and 39Ca,
and of the charge-dependent mixing of 0+ states in 4 6Ti. Other ISOL-group
activities included a search for 50Fe and a direct measurement of the
102Cd mass.

Superdeformation studies on the Gd nuclei, and on 149Dy, 152Tb and some
A-190 nuclei are reported together with some interpretation of the orbital
structure and interrelationship between various Gd superdeformed bands.
Results of spectrosccpic studies of 1 2 5Ba, 1 2 7Ba, 1 2 7La and 149Gd are
presented and discussed.

A study of the spin dependence of the Giant Dipole Resonance done on Gd
nuclei is reported. Results of a study of charged-particle evaporation
spectra performed with the miniball-8jr-spectrometer combination failed t^
show the nuclear-structure effects in the evaporated proton spectra
suggested by the work of Saratites et al.

Experiments are reported on the radiative electron capture (REC) and the
resonant transfer and excitation (RTE) processes for Br ions channeled in
a Si crystal. In the present work, the Q3D magnetic spectrometer was used
to identify and select outgoing ions of the required charge state. A
search has been made for x rays characteristic of the compound nucleus and
emitted prior to its decay through the long-lived fission channel.

Further work has been done on evaluating scattering-recoil-coincidence
spectrometry as a tool for depth profiling and on the effect of near-
surface Fe on deuterium ingress into Zr-2.5wt2rtb at room temperature.
System Chemistry and Corrosion Branch has initiated radiolysis studies,
initially with Tandem beams, which are aimed at simulating the radiolysis
of water that occurs along CANDU pressure tubes.

1.3 INSTRUMENTATION AND FACILITY DEVELOPMENT

The ISOL group performed on-line experiments with both the He-jet system
and the FEBIAD source to measure isotope-separated yields of a number of
species of interest to their research programs. Construction of the new
helium-jet ion source was completed and the source has undergone initial
off-line performance tests. A water-cooled, rapid-cycling paddle-type
beam shutter has been completed and is now installed in the beam line.

The new phoswich detector array was commissioned with a cyclotron beam and
performed very well. Design work on a inner ring of counters, which will
extend coverage to smaller angles, is underway.
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An upgraded version of the miniball particle-detector array is being
built. It will be capable of accommodating 24 detectors in a close-packed
geometry and providing ~4TT sr coverage. Additional electronics has been
acquired and work aimed at the evaluation of a variety of pre-amplifier
options has started. The role that this miniball can play in reaction-
channel selection in high-spin 7-ray studies has been reviewed.

Work has been done on the analysis and interpretation of directional-
correlation ratio measurements made with the 8?r-spectrometer, and a source
experiment has been performed which checks on some aspects of the
technique. Further development work has been done on computer-based
techniques used in the analysis of 871-spectrometer data.

Data-acquisition/analysis system development has been directed toward
establishing a data-acquisition capability with the new Phase II facility.
Workstation selection has been made and all elements are scheduled to be
in place this fiscal year.

Development of a 36C1 AMS dating capability has reached the stage where
measurements can be made on natural samples of scientific interest. An
evaluation has been made of the utility of the Q3D spectrometer and beam-
transport-magnet BE3 as a gas-filled magnet to reduce the 3 6S beam
component reaching the AMS detector.

Work on the development of a Differential-Algebra-Lie-Algebra orbit-
dynamics code is reported along with work on the development of a analytic
representation accurately representing the cyclotron magnetic field. The
Lie-Algebraic ion-optic methods have been applied to a simple problem:
the decentering resonance in a uniform-field cyclotron.

An estimate has been made of the temperature dependence of the magnetic
field of the TASCC superconducting cyclotron and an expression derived to
give the energy limit for focussing.

Development work on the VAXstation replacement for the original probe
computer system is well advanced.

The target laboratory successfully filled both internal and commercial
needs.

1.4 ACCELERATORS

The cyclotron operated for three research experiments during the period
for a total of twenty-one days, as well as for five beam-development runs,
for a total of twenty-nine days. The experiments utilized a bromine-79
beam at 18 MeV/u, a chlorine-35 beam at 30 MeV/u and a carbon 12 beam at
30 MeV/u. The bromine beam is a medium-energy beam with the r.f.
structure operating in 0-mode; the chlorine and carbon beams are high-
energy, jr-mode beams. Providing beams for experiments has by now become
routine. As this balance shows, the commissioning of the superconducting
cyclotron, and with it the development of new beams, is now at about par
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with the use of the facility as a tool to supply beams. It is now
apparent from submitted requests that the experimental use will soon
increase significantly. Two runs of four days total duration were again
set aside for the training of Tandem operators at the cyclotron. This
program component will be further extended.

During the development runs, 8 new beams were produced:

1 2C at 50 MeV/u 35CL at 6 MeV/u
1 2C at 45 MeV/u 76Ge at 4.2 MeV/u
1 2C at 10 MeV/u 197Au at 8 MeV/u
35CL at 35 MeV/u 197Au at 5.6 MeV/u

Of the new beams, some were chosen 5n response to requests from
experimenters, others to map out systematically the machine's mass-energy
diagram.

Of greatest significance was the development of the 1 1C beam at 50 MeV/u,
by a wide margin the beam with the highest specific energy produced to
date. This beam is at the theoretical design limit of the machine. Its
production thus is a triumph for the machine designers. It is, however, an
equally satisfying achievement for the commissioning team as it took
considerable skill to overcome, by meticulous analysis and corrective
action, several bands of near-devastating vertical defocussing. It was the
stepwise approach to more and more demanding beams that allowed us to
develop such skills. The beam intensities of the 50 MeV/u and the 45 MeV/u
carbon beams were high, 140 nA and 260 nA respectively, with apparently
much more intensity available.

Operation of the machine at high beam intensity and high beam energy has
already begun to pose serious radiation-exposure hazards for the crew
servicing mid-plane components during or after such runs. We plan to
install an emittar.ce-limiting slit system just ahead of the injection port
so that the beam intensity can be conveniently curtailed to what the
experiment requires, without interfering with any set-up parameters.

The Commissioning Group also continued its tireless efforts to improve all
subsystems of the cyclotron. The r.f. group has substantially rebuilt the
output stage of the power amplifier, to reduce contact tolerances and to
increase cooling. Considerable damage occurred during the 50 MeV/u carbon
run because of overheating, but this problem appears to have been
eliminated now. The r.f. group also continued to rebuild and repackage
many prototype circuits that had been semi-permanently incorporated into
power amplifiers and control electronics, resulting in a much more trouble-
free operation. New circuits are currently being designed to give higher
system stability and simplified operating procedures. Progress has also
been made in installing devices that allow us to monitor (and lat^r
control) the operation of the main magnet, the cooling of its leads, an^
the operation of the entire cryogenic plant. The cyclotron's radial
probes, our most important diagnostic tool, have been re-designed, again,
for higher beam loading and a reduced failure rate from r.f. heating. The
approach to use individually water-cooled fingers was not entirely
successful. The new probe heads, the design of which is now based on BeO-
technology, will be capable of accepting 50 V of beam power.
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Substantial progress has been made with the electrostatic deflector, the
single most important performance-limiting subsystem. Three different test
stands are now in operation. They allow us to investigate in detail the
discharge characteristics as a function of geometrical constraints,
material and surface treatment characteristics, and the presence or absence
of magnetic fields. Reliable performance near 70 kV across a gap of 5.5 or
7.0 mm (corresponding to 127 kV/cm or 100 kV/cm, respectively) has been
reached with both an all-stainless-steel directly water-cooled electrode
and a solid-copper electrode. Without this development, the 50 MeV/u
carbon beam could not have been extracted.

The Tandem accelerator operated extremely well during the period, producing
beams for nuclear-physics experiments in the Tandem-only mode, for beam
development purposes with the cyclotron and for nuclear-physics experiments
with the cyclotron. Experiments were carried out at terminal voltages up
to 15 HV. Two substantial technical changes were introduced during a two-
week shutdown period in August: four new chains were installed, and the
chain-drive pulley system was re-fitted with conductive sheaves. These
changes led to considerably improved operation. One result is that the
chains do not need to be oiled any more, the other is the elimination of a
very bothersome 10 Hz ripple component on the Tandem beam. Table 1.4.1
shows the facility's operating record. Note that the unscheduled down-time
for the whole facility is 3.1% of the total time available (24 hours a day,
365 days a year).

TABLE 1.4.1

TANDEM AND CYCLOTRON OPERATING RECORD
1990 JULY 01 - DECEMBER 31

TIME (HOURS)
USE TANDEM CYCLOTRON

Beam Available on Target 2975.1 322.6
Beam Set-up/Development 450.0 666.3
Scheduled Shutdown/Machine Development 852.7 3320.8
Unscheduled Shutdown 139.2 107.3

Total elapsed time: 4417.0 4417.0
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1.5 PUBLICATIONS. DOCUMENTS AND TALKS

Talks

FERMI BETA DECAY AND THE VECTOR COUPLING CONSTANT: TESTS OF CVC AND THE
STANDARD MODEL
J.C. Hardy, I.S. Tovner, V.T. Koslowsky, E. Hagberg and H. Schmeing
Invited talk at the International School "Low Energy Weak Interaction"
(LEWI '90), Dubna, Russia, 1990 September 4-8.

PRECISION MEASUREMENTS ON EXOTIC NUCLEI
J.C. Hardy
Invited talk at the International Symposium on Heavy Ion Physics and Its
Application, Institute of Modern Physics, Lanzhou, China, 1990 October 8-
12.
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3.1 RESEARCH

3.1.1 Study of Highly Excited Nuclear-Matter Systems with an Exclusive
Impact-Parameter Trigger

C. Pruneau (Nuclear Physics Branch and HcGill University)
G.C. Ball, E. Hagberg, D. Horn and M.G. Steer (Nuclear Physics
Branch)
S. Gilbert, L. Potvin, C. Rioux and C. St-Pierre (Universite
Laval)
T.E. Drake, A. Galindo-Uribarri and G. Zwartz (University of
Toronto)
D. Cebra, S. Hovden, J. Karn, C. Ogilvie, A. Vander Mollen,
G.D. Westfall, J. Winfield and K. Wilson (NSCL, Michigan State
University)

Analysis of the experiment to study the impact-parameter dependence of
charged fragment emission from reactions of 35 and 45 MeV/u 20Ne with a
variety of targets is now complete. Earlier work, was reported in PR-PHS-
P-6: 3.1.3; AECL-9859, in PR-PHS-P-7: 3.1.2; AECL-9995, and in PR-PHS-P-8:
3.1.2; AECL-10102. Additional results from the scintillator arrays have
been reported by S. Gilbert (M.Sc. Thesis, Universite Laval, 1990) and
G. Zwartz (M.Sc. Thesis, University of Toronto, 1990).

The validity of our proposed impact-parameter tag has been discussed in
the earlier progress reports; further support now comes from the
Boltzmann-Uhling-Uehlenbeck calculations of Gallego, Das Gupta, Gale, Lee,
Pruneau and Gilbert (Preprint, McGill University, 1991), which were
filtered by the same constraints as our experimental data, and yielded the
same trends in multiplicity of charged particles, MB, detectable at
0lab>19° and total projectile-like charge, 2ZF, detectable at 0lab<17°.

The properties of the hot, particle-emitting source in this experiment
were probed through studies of the slopes of the high-energy portions of
the alpha-particle spectra measured at 47°. The slopes obtained by a fit
of the expression exp(-Ea/S) to the energy spectra between 70 and 120 MeV
are listed in Table 3.1.1.1. Note that these values of S are not nuclear
temperatures, or even pseudo-temperatures, since no kinematic corrections
or source assumptions were made. Nevertheless, the approximately constant
slopes for the Ne+NaF reactions, independent of reaction centrality, is
significant and could signal the formation of a participant zone in which
projectile and target nucleons have, on the average, equal representation.
In this case, the excitation energy per nucleon would be constant,
independent of the number of participating nucleons. For the asymmetric
reactions, Ne+Sc and Ne+Au, the slopes increase with decreasing impact
parameter, also as expected in a simple participant-spectator picture.
Working from this hypothesis, we used the specific symmetries and
sensitivities of this experiment to extract a pseudo-temperature
T=ll±l MeV from the alpha-particle spectra of the Ne+NaF reaction at
45 MeV/u. A paper reporting these results has been prepared for
publication.
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TABLE 3.1.1.1

SLOPES, S, OBTAINED FROM EXPERIMENTAL DATA

Exponential slopes, S, were obtained from fits of exp(-Ea/S) to the alpha-
particle spectra (70<Ea<120 HeV) measured at 9lmb=it7° for three different
centrality regions.

Target (E b e a m)

NaF (45 MeV/u)

Sc (45 MeV/u)

Au (45 MeV/u)

NaF (35 MeV/u)

1.2 Breakup of

MB=0-2
2ZF=6-10
(Peripheral)

24.8±0.7

33.4±1.5

38.6±6.2

23.8±0.8

30 MeV/u 35C1

MB=l-4
2ZF=3-6

(Intermediate)

25.5±0.8

30.4±l.l

41.2±5.6

22.4±0.7

MB=3-8
2ZF=0-2
(Central)

25.8±0.8

27.1±0.7

30.8±1.2

21.2±1.3

in Peripheral Collisions with a Gold
Target

L. Beaulieu, R. LaForest, J. Pouliot, R. Roy and C. St-Pierre
(Universite Laval)
G.C. Ball, E. Hagberg, D. Horn and R.B. Walker (Nuclear Physics
Branch)

The excitation and breakup of 35Cl ions was studied with the new 32-
element phoswich array (C. Pruneau et al., Nucl. Instr. & Meth. in Phys.
Res., A297 (1990) 404, and PR-PHS-P-8: 3.2.4; AECL-10102) and 8 tapered
phoswiches provided by the Universite Laval. In this experiment, the
forward angles from 6° to 11° were covered with about 47Z geometric
efficiency (0graZing~9°) and the range between 11° and 25° with about 94%
geometric efficiency. Breakup products of 3 5C1 projectiles were
intercepted by the 40 phoswiches and parameters corresponding to energy
(E), energy loss (AE), and time were recorded event by event on magnetic
tape, subject to five different hardware multiplicity requirements, from
M>1 to M>5. All Z's, from 1 to the Z of the projectile (17) were
resolved.

Elastically scattered chlorine and carbon projectiles, both at
30 MeV/nucleon, served as heavy-ion calibration points. An additional
"upstream" gold calibration target located at the entrance to the 1.75 m
scattering chamber permitted the outer ring of phoswiches to be included
within the grazing angle for 12C+197Au. The light-ion calibrations were
accomplished by the forward scattering of target atoms from a deuterated
polyethylene (CD2) target with a

 1 2C beam of 7.9 MeV/nucleon from the MP
tandem, illustrating the value of having both cyclotron and tandem beams
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at the same facility. Analysis of the data is in progress at the
Universite Laval.

Availability of the 35C1 beam and the 40-phoswich setup also permitted a
feasibility test for a future experiment on central collisions. Ue
inserted a 1 2C target and measured the detection efficiency and Z
distributions for high-multiplicity (M^5) events in the "inverse
kinematics" reaction. The efficiency for detecting and identifying
charged fragments with an angular distribution typical of high-
multiplicity events was 64%, meaning that a reaction producing ten such
fragments should be completely detected (i.e. as a ten-fragment event)
about \Z of the time. Furthermore, a significant yield of events with a
total identified atomic number gre?ter than 902 of Z(C1)+Z(C) was
observed. Accordingly, preparations are being made for an experiment in
which this approximate detector geometry serves as a reaction filter to
select central collisions leading to highly excited nuclear systems.

3.1.3 Heavy-Ion Collisions Between 29 and 70 MeV per Nueleon

D. Horn

A one-year sabbatical posting with the Laboratoire de Physique
Corpusculaire (LPC) of the Universite de Caen enabled the author to
participate in the set-up, running, and analysis of several experiments at
GANIL. The period also provided an extended opportunity to observe the
overall operation of GANIL, Europe's pre-eminent heavy-ion accelerator
facility in the energy range between 10 and 100 HeV/u.

The main thrust of work by the heavy-fragment group at the LPC in 1990 was
a series of experiments to study collisions of 29 MeV/u Pb, 44 MeV/u Xe,
and 60 MeV/u Kr with a variety of targets, usually silver, gold and
thorium. The heavy-fragment multi-detectors DELF and XYZt and the light-
ion scintillator arrays MUR and T0NNEAU were used, as well as a set of
multiple-element Si detector telescopes. The group also participated in
an experiment (E. Piasecki et al., submitted to Phys. Rev. Lett.) to study
the same Pb-induced reactions with the neutron-multiplicity filter ORION.
In all these experiments, the Si telescope setup remained fixed, serving
as the common link for comparing the response of observables from the same
reactions to heavy-fragment, light-ion, and neutron-reaction filters.
Data reduction has begun.

Analysis of an experiment performed earlier, 43 MeV/u Kr+Ag, Au, and Th,
had by 1990 reached an advanced stage, and the group was working on the
physics interpretation of the central collisions in terms of collective
variables and comparisons with Monte Carlo simulations. A difference
observed between the shapes in momentum space of Kr+Ag and Kr+Au central
events could be related to collective dynamical effects (R. Bougault, et
al., Proceedings of International Winter Meeting on Nuclear Physics,
Bormio (1990) and to be published). The Strasbourg part of the
collaboration led the analysis of the peripheral events (L. Stuttge et
al., to be published).
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Other experiments in which the author participated during this period
included a study of hot nuclei produced in the 40Ar+Ag reaction at 50 and
70 MeV/u led by the LPC's MUR (plastic wall) group, and a measurement of
the fragmentation of 50 and 70 MeV/u 1 60 ions, which was led by the
Universite Laval group. The latter experiment has been analy2ed in terms
of the projectile excitation-energy spectrum, the energy sharing between
projectile and target, and the evolution of these quantities a? a function
of beam energy (J. Pouliot et al., to be published). The work is linked
with other aspects of the Laval projectile-fragmentation program, some of
which are being pursued at TASCC (see 3.1.2 in this report).

3.1.4 Exotic Nuclei Production Through Fragmentation of a 30 HeV/A 35C1
Beam

E. Hagberg and V.T. Koslowsky (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
K.S. Sharma (University of Manitoba)

This was our first attempt at using a cyclotron beam to produce exotic
nuclei for study with the on-line isotope separator and the FEBIAD ion
source. The fragmentation reactions possible with the higher energy
cyclotron beams allow us to access areas of the chart of nuclides that
were previously out of reach. However, the more energetic particles also
mean thicker targets and deeper implantation of recoils in our catcher,
with consequently larger losses in the diffusion process out of the
catcher into the ion source. The goal of this first test run was to
obtain some operating experience and to evaluate some of the advantages
and disadvantages of cyclotron beams over lower energy Tandem beams.

A large part of the test was spent optimizing the beam transmission from
the cyclotron to the ISOL target, a task made difficult by the presence of
three bending magnets in a row with no space for beam diagnostics between
them. The conclusion is that more effective steerers are needed in
section lo so that the beam can be properly injected into the first
bending magnet.

Two different targets, carbon and tantalum, were used to fragment the
incoming 35Cl projectiles and the yields of isotopes of Na, Mg and Al were
studied. Not surprisingly, the carbon target was better for the
production of neutron-deficient isotopes whereas the tantalum target, with
its higher ratio of neutrons-to-protons, was superior for neutron-rich
ones.

When using carbon as a target, we had the option of either using our
graphite catcher as both a target and recoiling-product catcher or of
inserting an external target. With the external target, the recoiling
fragments are slowed down in Lhe thick target and therefore not implanted
as deeply into the catcher. The depth of recoil implantation plays a
significant role since the yield obtained with the target inserted was
typically 2.5 times higher than when the catcher was used as a target.
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During this short run, we gained some valuable knowledge on the most
efficient use of cyclotron beams with the ISOL. For the first time, ve
were also able to produce light neutron-rich nuclides including 26Na and
30Al, both 3 neutrons away from stability.

3.1.5 The 1-Forbidden Gamow-Teller Decay of 37K

E. Hagberg, T.K. Alexander, V.T. Koslowsky, J.S. Forster and
G.C. Ball (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
J.R. Leslie and H-B. Mak (Queen's University)

Studies of 1-forbidden Gamow-Teller and Ml decays offer a possibility of
obtaining information on second-order nuclear effects, such as
configuration admixtures and meson-exchange currents, since these
transitions are forbidden in lowest order. We have already studied the
Gamow-Teller transitions from 39Ca (see 3.1.7 in this report) and have now
done two experimental tests on the next lighter case, 37K.

The first test explored various ways of producing 37K, with the 40Ca(p,a)
reaction being the cleanest and most efficient one. In addition to the
production of copious amounts of 37K, small amounts of 40Sc were also
seen initially. This minor contaminant disappeared when the beam energy
was lowered from 17 MeV to 15 MeV.

In the second test, we used our standard set-up for measuring weak
branching ratios, with the large HPGe detector and two thin scintillators
(PR-PHS-P-9: 3.1.2; AECL-10196); the background level in the 1.4 MeV
region of the 7-ray spectrum was investigated. A study of the 1-forbidden
decay in 37K is going to be much more difficult than our successful study
of 39Ca because i) the branching ratio is expected to be 20 times smaller,
ii) a two-percent branch in the decay of 37K feeds a level of 2796 keV in
37Ar and 7 rays from the de-excitation of this level produce a continuous
Compton background in the region of interest.

The 1-forbidden decay of 37K, which has yet to be observed, feeds a
1410 keV excited state in 37Ar. In our 4-hour test experiment, we did see
a 1410 keV 7-ray peak but also a 1386 keV 7-ray peak, both with
intensities of about 6x10"5 per 37K decay. Neither of these 7 rays had
been seen before and they obviously originate as a cascade from the
2796 keV level, accounting for about 0.2£ of the intensity of the de-
excitation from this level. This again complicates a study of the 1-
forbidden branch since it now has to be evaluated from the intensity
difference between the 1410 keV and 1386 keV 7 rays. Our present limit on
the intensity of this branch is 5x10"5 whereas the lowest limit achieved
by other experimental groups is 1x10"*, based on their not seeing either
of the two 7 rays. Our experience from the two test experiments leads us
to conclude that our sensitivity limit in a full blown experiment will be
down in the 10"6 range.

Another previously unknown cascade of 1185 keV and 1611 keV 7 rays from
the 2796 keV level was also seen in our experiment. A previously reported
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de-excitation branch from the 2796 keV level to the 2217 keV with an
intensity of 2% was not seen by us. We place an apper limit on the
intensity of this branch at 0.3Z.

3.1.6 The 1-Forbidden Ml Decay of the 2522 keV Level in 3 9K

T.K. Alexander, G.C. Ball and J.S. Forster (Nuclear Physics
Branch)
I.S. Towner (Theoretical Physics Branch)
J.R. Leslie and H-B. Mak (Queen's University)
J.K. Johannson, J.A. Kuehner and J.C. Waddington (HcMaster
University)

The first-excited-state to ground-state transition in 3 9K and its analogue
in 39Ca are single-particle lsi)2->0d3^2 transitions. The Ml contributions
to these mixed M1/E2 transitions are strictly 1-forbidden for the standard
Ml operator and are of particular interest because of their sensitivity to
core polarization, delta excitations and meson-exchange currents (I.S.
Towner and F.C. Khanna, J. de Phys. 45 (1984) C4-519). In a previous
experiment (T.K. Alexander, G.C. Ball, J.S. Forster, I.S. Towner, J.R.
Leslie and H.-B. Mak, Nucl. Phys. A477 (1988) 453), ve reported a
measurement of the lifetime of the first-excited state of 39Ca. These
data, when combined with published values for the mirror decay in 3 9K,
resulted in an isovector Ml matrix element that was larger than
theoretical predictions by a factor of four. To help resolve this
discrepancy, we have remeasured the lifetime of the 2522 keV level in 39K
by the Doppler-shift attenuation method at high recoil velocities. This
technique eliminates many of the systematic uncertainties associated with
previous low-velocity measurements. A preliminary result was reported in
PR-PHS-P-5: 3.1.3; AECL-9759. The analysis of the data has been completed
and a manuscript describing the results has been accepted for publication.

In addition to the lifetime of the J71 = l/2+, 2522 keV level
(7=93 ± 13 fs), we measured the lifetimes of the 3/2", 3019 keV and 5/2-,
3883 keV levels to be 20 ± 4 fs and 11 ± 6 fs, respectively. Even with
more accurate experimental results for the Ml matrix elements (see Table
3.1.6.1), the large discrepancies between theory and experiment remain.

3.1.7 The Gamow-Teller Decay of 39Ca

E. Hagberg, I. Neeson, T.K. Alexander, V.T. Koslowsky, G.R. Dyck,
G.C. Ball and J.S. Forster (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schineing (TASCC Accelerators and Development Branch)
J.R. Leslie and H-B. Mak (Queen's University)

A three-day experiment on the decay of 39Ca was done with the equipment
that was investigated and optimized in two previous tests (PR-PHS-P-9:
3.1.2; AECL-10196). The analysis of this experiment is almost completed.

The weak 1-forbidden decay branch from 39Ca to the first excited state in
3 9K <d3/2-*s1/2) gives rise to a 2522 keV 7 ray. This 7-ray peak is
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TABLE 3.1.6.1

SUMMARY OF THE 1-FORBIDDEN Ml MATRIX
ELEMENTS FOR A - 39 NUCLEI

Matrix Element *' Experiment b> Theory c>

M (39K) -0.100 (0.013) -0.020 (0.019)

M (39Ca) +0.081 (0.008) +0.024 (0.019)

M<°> (d3/2-s1/2) -0.010 (0.008) +0.002 (0.001)

M(1) (da/a-'Si/j) -0.091 (0.008) -0.022 (0.019)

a) M = [B(.:i; d 3 / 2-s 1 / 2

M<°) = 1/2 [M(39K) + M(39Ca)] uK.

M'1* = 1/2 [M(39K) - M(39Ca)]^N.

b) Sign from theory.

c) T.K. Alexander et al. ibid..

clearly seen in an BPGe counter spectrum (Figure 3.1.7.1) that was
obtained with gate and veto signals from our two plastic scintillators
(PR-PHS-P-9: 3.1.2; AECL-10196). If the scintillator conditions are
removed, the continuous background at this energy in the 7-ray spectrum
increases by a factor of 400 and the 2522 keV peak is then not visible.
Our experimental set-up has therefore been proven to be well suited for
the measurement of very weak excited-state beta branches.

The area of the 2522 keV peak seen in Figure 3.1.7.1 is about 200 counts.
The only previous measurement (E.G. Adelberger et al., Nucl. Phys. A417
(1984) 269) of the 1-forbidden decay branch in 39Ca had 2000 counts in
this peak. However, since that experiment was based on singles 7 ray
acquisition, i.e. equivalent to our ungated 7-ray spectrum, the peak-to-
background ratio was only 0.015 and the quality of the data was much
poorer than ours. Although our analysis is not completed yet, the
indications are that our result for the branching ratio of the 1-forbidden
decay of 39Ca will agree reasonably well with that of the earlier
experiment and will consequently not resolve the present disagreement
between theory and experiment (PR-PHS-P-8: 3.1.3; AECL-10102).

In order to get a more systematic knowledge of the intensity of the 1-
forbidden transitions in s-d shell nuclei, we have started to investigate
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the case of 37K, where this branch has not yet been seen (PR-TASCC-1:
3.1.5; AECL-10337).

C
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C
3
O

2100. 2500. 2760. 2800. 2900.2380. 2400. 2500. 2600.

Gamma-ray energy (keV)

Figure 3.1.7.1 Gated y-ray spectrum corresponding to 2xlO10 39Ca decays.

3.1.8 Charge-Dependent Mixing of 0* States in <6Ti

E. Hagberg, V.T. Koslowsky, W.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)

One source of uncertainty in the extraction of the weak vector coupling
constant Gv from nuclear fi decay is the size of the necessary charge-
dependent corrections. The transition rates for superallowed 0+-»0+ /?
decays are affected by the imperfect overlap of the parent and daughter
ground-state wavefunctions. The theoretical corrections cannot be tested
directly since there is no case that is free of charge-dependent effects.
One way of indirectly testing the calculated corrections is to study
systematically many cases and to look for consistency in the deduced Gv
values. This approach has met with quite some success and improved our
confidence in the accuracy of the calculated charge-dependent corrections

3008
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(PR-PHS-P-7: 3.1.20; AECL-9995). Another totally independent way of
testing the calculations is to look for those small missing parts of the
pure single-particle ground-state wave functions that have been mixed with
excited 0+ levels. The magnitude of the weak 0 branches feeding the
first-excited 0+ state in the daughter is predicted by the same
calculations and can be tested against experiment. So far, however, only
the case of 42Sc is known experimentally.

We have recently completed an experiment aimed at finding the weak /3-decay
branch from 46V that feeds the 2611 keV 0+ state in 46Ti. This state is
known to be de-excited by a 1722 keV y ray populating the 889 keV, 2+

first-excited state in 46Ti. During our experiment, we did indeed see
both 889 keV and 1722 keV y rays. However, the 889 keV 7 ray appears to
be more intense than the 1722 keV one. Many higher-lying states in 46Ti
are depopulated mainly by transitions to the 889 keV state whereas only
one state is known to weakly feed the 2611 keV state. It is therefore
likely that, in addition to the weak 0-decay branch that we observe
feeding the 2611 keV state, there are other, weaker branches feeding
higher-lying states and we have some indications of one such case. The
existence of those other /8-decay branches will necessitate some minor
corrections to our deduction of the intensity of the branch feeding the
2611 keV statp *VJ main goal of our experiment. Analysis of the data has
not begun ye\, but should result in an accurate, conclusive branching
ratio.

3.1.9 Search for 50Fe

V.T. Koslowsky, E. Hagberg, W.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)

Earlier searches for 50Fe have been unsuccessful (see PR-PHS-P-3: 3.1.3;
AECL-9503). Decay of this isotope is expected to be predominantly ground-
state to ground-state with some feeding to an excited 1+ level at 650 keV
in 50Mn- The energy of this excited state affects the results of an
earlier measurement of the Q^-value difference between the superallowed
0+->0+ emitters 50Hn and 54Co (V.T. Koslowsky et al., Nuclear Physics A472
(1987) 419). We are interested in improving the accuracy of the
excitation energy of this level from ±0.5 to ±0.1 keV or better by
measuring the energy of the 650 keV ^-delayed 7 ray.

Improvements in our experimental hardware brought about by our precise
halflife and branching-ratio measurements prompted us to search for this
isotope again. In this experiment we used the 15-capillary target
chamber, which provided good yields of short-lived 54Co, with the fast
tape station and its flexible, atmospheric-pressure counting location. A
pair of thin plastic fi detectors were used to reduce 0-y pile-up in the
HPGe detector by counting 7 rays in coincidence with the far p detector
and in anti-coincidence with the near one (as viewed by the 7-ray
detector).
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As before, the 4°Ca(12C,2n)50Pe reaction vas used. Three targets,
1.6 mg/cm2 thick, were placed about 1.5 cm apart in the front half of the
target chamber. The rear half of the chamber was blocked. The chamber is
cylindrical, 6 mm in diameter and, in this experiment, vas 4.5 cm long.
It was evacuated by 9 of the 15 short target-chamber capillaries linked to
a 2 mm diameter, 12.5 m long transfer capillary. The helium transfer gas
was seeded with a NaCl aerosol and the activity-laden aerosol was blown
through the capillary onto a mylar tape. After a 200 ms collection
period, the tape and counting sample automatically advanced to the
counting location where it was viewed by the two thin plastic
scintillators and a shielded HPGe detector. After a 800 ms counting
interval, the cycle was repeated.

For 1500 particle jiC of beam, about 50 y rays were observed at 650 keV.
These events were observed only after the helium flow rate was increased
from 210 to 350 standard cm3/s. By monitoring the relative yields of the
short-lived 49Mn and long-lived 50Mn isotopes as a function of gas flow
rate, we estimated that the total dwell time in the chamber and capillary
at a flow rate of 350 standard cm3/s is about 400 to 500 ms. The transit
time in the transfer tube is calculated to be 150 ms. Since theoretical
estimates suggest that the 50Fe halflife is less than 100 ms, improvements
in the transfer system and reductions in the tape movement time should
bring substantial gains in yield in a subsequent experiment.

3.1.10 Nuclear Structure Effects in Proton Evaporation Spectra

D.J. Blumenthal, C.J. Lister, P. Chowdhury, B. Crowell,
P.J. Ennis and Ch. Winter (Yale University)
H.R. Andrews, G.C. Ball, D. Radford and D. Ward (Nuclear Physics
Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake, A Galindo-Uribarri and G. Zwartz (University of
Toronto)

Analysis of the experiment described in PR-PHS-P-9: 3.1.5; AECL-10196 has
been continued at Yale University with particular emphasis on the possible
dependence of the evaporated proton spectrum on nuclear structure. We
studied the reactions 58Ni(29Si,2pn)84Zr and 58Ni(29Si,2pa)8*•Sr at
110 MeV, whereas in a recent publication, in which structure effects were
observed, Sarantites et a!, studied the 52Cr(3*S,2p2n)82Sr reaction (Phys.
Rev. Lett. 64 (1990) 2129).

It was found that extreme care was needed in data analysis because many
peaks in the gamma-ray spectra were complex multiplets of transitions
belonging to different bands or, more importantly, to different nuclei.
To ensure correct analysis, 7-7 and proton-7 matrices were produced under
the same gating conditions. Windows were set on specific peaks in the 7-7
matrices and, with careful background subtraction, the projected spectra
were examined to test that only 7-ray peaks known to be coincident with
the selected peak in that nucleus appeared. If this criterion was not
satisfied, the transition was not used in further analyses. Only if the
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gating transition appeared uncontaminated by competing reaction channels
were the coincident proton spectra projected from the proton-7 matrix; in
that case ve then used exactly the same gating conditions as were used for
the 7-7 matrix. In 64Zr, only 6 out of 15 transitions unambiguously
passed this stringent test.

We were able to confirm that the centroid of the proton distribution gated
on the 84Zr(2+-»0+), 540 keV transition shifts to lower energies as K is
increased, where K is the number of elements firing in the BGO
calorimeter. The K-dependent shift is in accordance with energy
conservation: increased angular-momentum in the residue reflects higher
rotational energy and thus decreased average proton kinetic energy. A
more subtle shift of the same type is observed when proton events are
selected with a fixed high-K cut (K>10), and sequentially higher gating
transitions are chosen in the ground-state band. The peak of the proton
distribution shifts very little (-500 keV) but the mean proton energy does
tend to decrease with increasing spin of the gating transition. This is
also seen in Figure 3 of Sarantites et al.

When we compare three transitions from different bands in 8 4Zr (the
transitions 10+->8+, 979 keV; 10--8-, 832 keV and 9"-7-, 885 keV) at
similar spins and excitation energies, we find no significant differences
in the proton mean energy, i.e. centroid shifts of less than 400 keV.
This is in contrast to the observation of Sarantites et al. who showed a
variation of up to 2 MeV. It may be said that the chosen transitions in
84Zr are at lower spin than the 82Sr transitions studied by Sarantites et
al. but they all lie above the point where interband transitions cease,
and thus should be sensitive to any structural dependence on the proton
spectra.

We have repeated these analyses with the requirement that a coincident
alpha particle is detected. The alpha-particle detection strongly
enhances 81Sr, but removes angular momentum and lowers the peak K-value
from K=11(J~22 ft) for the 2+-»0+ transition in 84Zr to K=9(J-17 ft) for the
13/2+-»9/2+ transition in 81Sr. Nevertheless, 81Sr is interesting for our
present purpose as its population is divided into many unconnected bands,
which have considerably different structures (E.F. Moore et al. Phys. Rev.
C38 (1988) 696). Again, no discernible differences were found either by
comparing proton spectra for several transitions in the same band or by
comparing spectra from different bands.

A careful examination of the data reveals that at least eight different
nuclei are produced in the reaction and can be individually enhanced by
suitable gating requirements. Many of these nuclei have similar moments
of inertia, so that different bands with near-degenerate transitions are
common. We have examined the proton spectra from reaction channels
leading to »°' e i' l 3Sr, 8 4' 8 5Zr, and **.**x, and found very large
differences in the shape of the proton spectra associated with each. This
is not at all surprising as the numbers of particles evaporated and
reaction Q-values vary considerably.
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In conclusion, we have been unable to confirm the influence of nuclear
structure on evaporated proton spectra suggested by Sarantities et al. We
have found strong dependence of the shape and centroid of evaporated
proton spectra on the reaction channel involved, and on the angular
momentum selected with a given channel. However, within a given reaction
channel and under fixed angular-momentum selection all proton spectra
appear to be the same in our data. These findings are consistent with the
expectation from statistical calculations and do not indicate significant
evaporation of particles from states that lie near the yrast lines of
these nuclei.

3.1.11 Direct Mass Measurement of 102Cd

K.S. Sharma, J. Hykawy, P. Unger and R.C. Barber (University of
Mani toba)
E. Hagberg and V.T. Koslovsky (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

A direct measurement of the na.ss ratio of the isotopic doublet 102Cd-103Cd
was made with the on-line isotope separator. The activity was produced
with a 70 MeV, 0.5 p.k 1 4N 5 + bean; incident on the 1.6 mg/cm2 thick,
enriched 92Mo target. The eighteen scans made over this doublet will
allow us to deduce the unknown mass of 102Cd from the known mass of 103Cd
with a precision of about 1.5 ppm. This precision is slightly worse than
OIL previous Sn mass measurement (PR-PHS-P-9: 3.1.8; AECL-10196) because
of the lover intensity of the 14N beam and the run being cut short by
arcing in the tandem ion-source cage.

The analysis of the data has not yet begun. When it is completed and
added !.o our previous data on indium and tin, we shall be able to do a
systematic, study of the nuclear mass surface close to the proposed doubly
magic nucleus U;05n.

3.1.12 S\>ecjjosc£py_. cf _x 25Ba at High Spin

u V«r-J, H.F. Andrews and D.C. Radfo.d (Nuclear Physics Branch)
E. liaas (CRN, Strasbourg)
V.P. Janzen (TASCC/McMaster University)
J.C. Waddington and D. Prevost (McMaster University)
T.E. Drake and A, Galindo-Uribarri (University of Toronto)

As part of our program to study the nuclei neighbouring 1 2 6Ba, we
performed an experiment populating high-spin states in 1 2 5Ba. A beam of
29Si at 130 MeV was incident on two stacked 100Mo foils, each -250 /igcnr2

thick and backed vith -100 figent'2 of gold, in the 8n spectrometer. The 4n
channel produced 1 2 5Ba. The event trigger required a minimum 2-fold
Compton-suppressed 7--* coincidence in the HPGe array with a minimum 10-
fold coincidence in the BGO ball. A beam current of about 4 pna produced
an event rate of approximately 1000 per sec with the above trigger, and a
total of 2.2xl03 events were acquired. On replay of the data, we selected
gating conditions to suppress unwanted reaction channels, namely K > 14
and 21 < H < 32 MeV where K is the number of BGO ball elements triggered
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and H their summed energy. Nevertheless, contaminating channels could not
be totally eliminated as shown in Table 3.1.12.1.

The most recent level scheme for 125Ba, prior to the present study, was
published by Martin et al. (Nucl. Phys. A489 (1988) 169). They observed
both signature partners of a vh 1 1 / 3 rotational band, which are crossed at
hu>=0.4 MeV by a 3-quasiparticle structure. The highest spins assigned
were 43/2* and 37/2- in the favoured and unfavoured signatures
respectively. In the present work, ve find agreement to spin 37/2'; above
that spin, however, we propose alternative assignments. A preliminary
level scheme is shown in Figure 3.1.12.1.

In addition to the vh11/2 structure, we also observe two signature-partner
bands with positive parity. Based on the systematic^ of the region, we
expect that these bands are vd5/2. The or=-l/2 signature partner of this
structure was observed to spin 47/2+• The positive-parity bands decay
across to the negative-parity bands at spin 25/2+ and 23/2+, which allows
us to fix their relative excitation energies. We find that the band-head
of the negative-parity band lies 68±1 keV above that for the positive
parity band. This is confirmed by the 0-decay study of 125La-»125Ba by
J. Genevey et al. (5th International conference on Nuclei far from
Stability, Rosseau Lake, 1987, p. 419) who observed a 67-keV El transition
depopulating the negative-parity band-head (7/2*) to a state of 5/2+.
This transition was not detected in the present experiment because of our
low counting efficiency at that energy.

Further analysis is in progress.

TABLE 3.1.12.1

CONTAHINENTS OBSERVED

The relative strengths of contaminant coincident r-ray pairs compared with
the strongest coincident pair in 125Ba in the Ey-E^ matrix selected with
gates K>14, 21 < H < 32 HeV. In each case, the strongest coincident pair
in that reaction channel is shown.

Nucleus

125Ba

126Ba

12«Ba

1 2 5Cs

122Xe

Coincidence
E7-E7 (keV)

603:731

256:455

230:421

366:573

331:497

Intensity

100

25

30

47

23
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Figure 3.1.12.1 Preliminary level scheme for 12sBa from (his experiment.
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3.1.13 Gamma-Rav Spectroscopy of 127Ba at Moderate Spins: Addltlvltv of
Aligned Spins and Routhlans

D. Ward, H.R. Andrews and D.C. Radford (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
J.K. Johansson, D. Prevost and J.C. Vaddington (McMaster
University)
A. Galindo-Uribarri and T.E. Drake (University of Toronto)

The experiment described in PR-PHS-P-9: 3.1.12; AECL-10196 has been
analysed and is being prepared for publication. The level scheme was
organized into 12 rotational bands (c.f. Figure 3.1.12.1 op. cit). We
have suggested one-quasiparticle assignments for all bands at low spin as
shown in Table 3.1.13.1. These assignments are based on comparison with
the cranked shell model and on measured B(M1)/B(E2) ratios for bands 2/3
and 7/8, which are signature partners. The large discrepancy in the
calculated and observed signature splitting for bands 2/3 may be due to
triaxiality as discussed in a companion contribution (see 3.1.14 in this
report).

The properties of the three-quasiparticle bands are shown in Table
3.1.13.2. The measured B(M1)/B(E2) ratios indicate that the t(h 1 1 / 2)

2

structure (Routhians e,f) is involved in bands 4/5 and bands 9/10. It has
not been possible to make a firm assignment to bands 11/12.

Since the n(h 1 1 / 2)
2 structure is observed as a two-quasiparticle band in

126Ba (in fact, it is yrast for 0.35 nu<0.45 MeV) we can test the cranked
shell-model expectations that:

and e(u) j / l j r 2 =

where i(w) is the aligned spin and e(w) the Routhian energy; v1 denotes a
one-quasineutron band, n2 denotes the i(h 1 1 / 2)

2 band observed in 126Ba,
and v1*2 the three-quasiparticle band.

Results for the aligned spin are shown in Table 3.1.13.2. The observed
aligned spin tends to be -10% lower than expected from additivity.

The Routhians show very significant failures of the additivity
relationship as shown in Figure 3.1.13.1. Ve use a common rotational
reference for all bands. Bands 9/10 are proposed to have the structure
fd5/2 f(h 1 1 / 2)

2; however, the predicted Routhian lies -200 keV higher in
energy. Bands 4/5 are proposed to be vh11/2 * ( h 1 1 / 2 )

2 but the predicted
Routhian lies -250 keV lower in energy.

These discrepancies are manifestations of the effects that cause shifts in
ine rotational frequency between the t ( h 1 1 / 2 )

2 crossing in 1 2 6Ba,
hwc=0.39 MeV, and the same crossing observed in 1 2 7Ba with a »>d5/2



TABLE 3.1.13.1

PROPOSED ASSIGtMENTS AND COMPARISON OF
MEASURED AND CALCULATED PROPERTIES
FOR 1-QUASIPARTICLE BANDS IN 127Ba

1-quasiparticle structure

Spherical
Band Signature Shell Model Nilsson Routhian

1

2

3

6

7

8

-1/2

+ 1/2

-1/2

-1/2

+ 1/2

-1/2

11/2

[532]5/2

[523]7/2

[523]7/2

[4O2]5/2

[402]5/2

G

F

E

D

A

B

Aligned
at lfo=

Expt.

4.5

2.8

3.4

1.3

1.7

1.7

Spin (h)
0.3 MeV

Calc

3.

3.

3.

1

0.

0.

6

3

3

.3

.3

Signature Splitting (keV)
at hw=0.3 MeV

Expt. Calc.

110

200

20

260

0

I



TABLE 3.1.13.2

PROPERTIES OF 3-QUASIPARTICLE BANDS IN 1 2 7Ba

Band

4

5

9

10

11

12

Signature

+ 1/2

-1/2

+ 1/2

-1/2

-1/2

+ 1/2

3-quasiparticle
Routhian

F ef

E ef

A ef

B ef

Crossing

Expt.

420

450

360

360

frequency
(keV)

Calc.

330

330

330

330

Aligned Spin (h)
at Kw=0.3 MeV

Expt.

9.8

9.8

8.3

8.6

7.5

7.9

Calc.a>

11.6

11.6

8.6

8.6

Add.b>

10.8

11.4

9.7

9.7

Signature
at liu=0.

Expt.

45

0

20

splitting
35 MeV

Calc.

20

0

1
t—»

a) i(ef)=8.3 h, i(eb)=6.8 n as determined in the present cranked shell-model calculation.

b) Experimental one-quasiparticle neutron alignment added with the experimental ef or eb alignment
measured in 1 2 6Ba, i(ef)=8.0 n, i(eb)=6 h.
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spectator, namely liwc=0.36 MeV, and with a v\\11/2 spectator, namely
fiwc=0.435 MeV. The upward shift in the crossing frequency with a fh11/2

spectator is explained as a shape-driving effect of the particular orbital
involved. The mid-shell vh11/2 orbital polarizes the core toward a
triaxial shape, which is unfavourable to the *(h 1 1 / 2)

2 crossing since the
latter orbitals tend to polarize the core to 7=0°. But we can offer no
explanation for the downward shift in the *(h 1 1 / 2)

2 crossing with a vd5/2

spectator unless there is a previously unsuspected strong residual
attractive interaction between the quasiparticles concerned.

3.1.14 Gamma-Rav Spectroscopy of 127Ba at Moderate Spins; Triaxial
Effects

D. Ward, H.R. Andrews and D.C. Radford (Nuclear Physics Branch)
J.K. Johansson, D. Prevost and J.C. Waddington (McMaster
University)
V.P. Janzen (TASCC/McMaster University)
A Galindo-Uribarri and T.E. Drake (University of Toronto)

The work described in PR-PHS-P-9: 3.1.12; AECL-10196 has been completed
and is being prepared for publication.

We find strong evidence that in the v^n/2 band the nucleus of 127Ba has a
triaxial shape. However, since it is not clear how realistic one should
expect the cranked shell model to be for significant 7 deformations, it is
difficult to be quantitative. This problem with the cranked shell model
concerns primarily the validity of cranking about only one axis, whereas
for f-yj-30° the nucleus presumably takes advantage of its ability to
rotate about all three axes. This problem has been discussed extensively
in the literature (e.g. I. Hamamoto, Lund MPh-88/8).

Nevertheless, if we proceed with the cranked shell model, we can approach
the triaxiality of the fh11/2 band from: i) the observed signature
splitting, which is much larger than can be accounted for with 7=0° and
implies 7~-18° (c.f. Figure 3.1.14.1a), and ii) the shift of the crossing
frequency vhll/2-*vh11^2 • n(h 1 1 / 2)

2 (c.f. Figure 3.1.14.1b). The
calculated crossing frequency for 7=0° is ttwc=0.33 MeV whereas the
observed value is nwc=0.435±0.010 MeV (average over both signatures),
corresponding to 7—26°. This latter calculation is much more sensitive
to other parameters, such as the pairing and ^-deformation, than is the
former calculation, which in the model is sensitive mainly to 7
deformation. A negative 7 deformation is consistent with the expected
occupation of the vh11/2 7/2[523] orbital.

Independently of the cranked shell model, the electromagnetic properties
of rotational bands, i.e. B(M1) and B(E2) transition matrix elements
between signature partners, are sensitive to nuclear triaxiality as
discussed by G.B. Hagemann and I. Hamaaoto (Phys. Rev. C40 (1989) 2862);
we have applied some of their ideas to 127Ba. Figure 3.1.14.2a shows the
ratio Q!/Q2 for the vd5/2 and yh11/2 bands:
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Figure 3.1.14.1a Calculated dependence of the signature splitting of the
quasi-neutron orbitals on 7 deformation.
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Figure 3.1.14.1b Calculated dependence of the crossing frequency, liuc, on 1
deformation for the /-»3-quasi-particle crossings, x*xn(h}j/2)

2 and
x->x-v(hij/2)2, where x is any 1-quasi-neutron Routhian.



3-21

0.0
13/2 15/2 17/2 1»/2

15 -

10

<3

OS

00

" /

k A
1 \ 1/ \

I

"•••n/1

\ f
J I

13/2 "5/2 )7/2 W/2 21/?
SPIN I

Figure 3.1.14.2a Ratios of transition quadrupole moments across (Qj) and
within (Q2) signature-partner bands. In the simplest model with axial
symmetry, the ratio would be unity.
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Figure 3.1.14.2b The mean of the signature averaged Qj/Q2 ratios shown in
Figure 3.1.14.2a. According to Hamamoto, departure from unity is a possible
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B(E2; I^I-l)1/2 <IK2O[l-2, K>
B(E2; I-I-2)1/2 ' <IK20|l-l, K>

For an axially symmetric nucleus, we expect Q1/Q2=l for any spin, whereas
this quantity will oscillate with the signature quantum number if the
nucleus is triaxial with 7 > -30° and further, the signature-averaged
value will be:

_ sin (7+60°) K.,f
cos (7+30°) " K

where Keff is the effective K-value of the odd quasi-particle (we assume
K e f £/K=l). As can be seen in Figure 3.1.14.2a, the vh11/2 band shows a
large oscillation whereas yd5/2 does not. Further, Figure 3.1.14.2b shows
that the signature-averaged values for uh11/2 correspond to 7 - -18°, in
agreement with the value obtained from the energy signature splitting.

Finally, comparison of the signature splitting with the splitting of the
B(M1) values between the signature partners can be used as a measure of
triaxiality independently of the cranked-shell model. Hagemann and
Hamamoto (loc cit) have shown that the factor AB(Ml)/B(Ml)Av, which we
will call A, and the factor 4(Ae' )lW[(Ae' ) 2 + (liw)2] which we will call
B, are equal for axially symmetric nuclei; i.e. the signature splitting of
the energies, Ae', is related to that in the B(M1) values in a particular
way. However, according to the 7-deformation parameter, they show that
A>B for 7>0° and A<B for 7<0°. As can be seen in Figure 3.1.14.3, the
present situation corresponds to A<B and hence 7<0°. Unfortunately, the
exact magnitude of 7 in their model is a sensitive function of the one-
quasi-particle orbital and the position of the Fermi level. Nevertheless,
it is interesting that the A and B values measured in 1 2 7Ba (71 neutrons)
in the y[523]7/2 band are very similar to those determined in 163Lu (71
protons) for the n[523]7/2 band, and imply -25"<7<-15°.

3.1.15 Kigh-Spin States in 1 2 7La

D. Ward, H.R. Andrews and D.C. Radford (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)

As part of our program to study the immediate neighbours of 1 2 6Ba, we have
performed an experiment to examine the structure of 1 2 7La with the 87r
spectrometer. High-spin states were populated in the reaction
9 4Zr( 3 7Cl,4n) 1 2 7La at a bombarding energy of 165 MeV. The targets
comprised two stacked foils of 94Zr rolled to approximately 600 /jgcnr2.
Valid events required a 2-fold Compton-suppressed HPGe coincidence and a
10-fold or greater coincidence in the BG0 ball. With this trigger, the
event rate was 2100 per sec for a beam current of approximately 1.5 pna.
During the experiment, 4.8xlO8 events were recorded.

The principal competing reaction channels were 3n (12SLa); p,3n (127Ea)
and p,4n (126Ba). By selecting gates on the fold, K, and total energy, H,
registered in the BG0 ball, we could suppress competing channels to some
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/ igure 3.1.14.3 Comparison of the signature and B(M1) staggering as defined
by Hamamoto and Hagemann. For axial symmetry, the staggering parameters
as defined would be equal.

extent. In the final replay, we selected 24 < H <36 MeV with the results
shown in Table 3.1.15.1.

Preliminary examination of the E7-E7 matrix shows that the level scheme of
Smith et al. (J. Phys. G: Nucl. Phys. JJ. (1985) 1271) can be extended
from spin 49/2+ to spin 73/2+ in the positive-parity side band and from
spin 47/2- to 51/2- in the negative-parity yrast band as shown in Figure
3.1.15.1. In addition, we observe a new negative-parity side band from
spin 25/2- to 45/2", which is almost certainly the signature partner of
the negative-parity yrast band. Observation of both signature partners of
7th11/2 now allows us to compare Routhians with those observed for the
7 r( hn/2) 2 structure in 126Ba.

Two new bands were observed, which we have not as yet connected to the
level scheme. They are signature partners with properties typical of the
strongly-coupled oblate bands found throughout this region, i.e. they have
high K with near-zero signature splitting and have very strong B(M1)
transitions between the signature partners. This band could have the
structure v(h11/2)

2 7r(h11/2) where the proton occupies a high-K Nilsson
orbital with an oblate shape driven by the rotationally aligned neutrons.
Further analysis is in progress.
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Figure 3.1.15.1 Preliminary level scheme for 127La from this experiment.
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TABLE 3.1.15.1

THE RELATIVE STRENGTHS OF COINCIDENT
7-RAY PAIRS IN CHANNELS COMPETING
WITH •«Zr(S7Cl,4n)1"La AFTER

SELECTION OF THE GATE 24 < H <36 MeV

Nucleus

127La

1 2 8La

1 2 5Cs

128Ba

1 2 7Ba

1 2 6Ba

Population

Reaction
Channel

4n

3n

a2n

p2n

p3n

p4n

Coincidence Pair
EyEy (keV)

252:458

235:222

366:572

284:479

644:774

256:455

of Superdeformed Bands in 146Gd

Intensity

100

8

13

9

23

28

3.1.16

D. Prevost, J.C. Vaddington, N. Cioran, A. Omar, M. Savicki and
P. Unrau (McMaster University)
V.P. Janzen (TASCC/McMaster University)
B. Haas (CRN, Strasbourg)
P.P.H. Brown, D.C. Radford and D. Ward (Nuclear Physics Branch)
T.E. Drake and G. Zwartz (University of Toronto)

We have populated the nucleus 146Gd via three different reactions as shown
in Table 3.1.16.1. The corresponding maximum angular momentum (lmax) and
excitation energy (E*) in each residual nucleus are listed; for
comparison, values are also given for the reactions leading to 149Gd.
Intensities of the superdeformed bands are given relative to the total
population of the nucleus. Kinetic energies of 1.5 MeV per neutron have
been subtracted to obtain the excitation energies.

The first 1 4 6Gd reaction, 1 2 2Sn( 2 9Si,5n), represents our preferred
approach to populating superdeformed states in this mass region since,
based on our previous experience, the cross-section is largest for entry
states that are fairly close to yrast (i.e. which are "cold"). For most
beam-target combinations, this requires a 5n or 6n channel. To our
surprise, the known superdeformed band assigned to 146Gd (G. Hebbinghaus,
et al. Phys. Lett. B240 (1990) 311) had an intensity of only 0.3±9.1% of
the 5n channel in this experiment. We located a second band, which we
have tentatively assigned to 146Gd with an intensity of 0.25±0.10%.
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In reality, the feeding of the superdeformed bands occurs from an entry
region, rather than from a well-defined point, and the simple picture
presented by the parameters of Table 3.1.16.1 is only schematic. Note
also that since the superdeformed yrast lines have slopes of -0.7 HeV/ft at
spin 55 li, the two reactions with a relatively low 1B.X will tend to
populate their residual nuclei at a higher "temperature" than if they
brought in a maximum angular momentum of 67 K (the average for the other
reactions listed). Nonetheless, it appears that the optimum excitation
energy for populating the 146Gd yrast band is considerably higher than the
corresponding E* for 149Gd. It might be reasonable to assign this band to
1 4 5Gd, were it not for the weak intensities of known i45Gd low-spin
transitions in the K > 21 (30Si,xn) 7-7 matrix. An alternative
explanation is that the excitation energy of the superdeformed band in the
feeding region is higher by a significant fraction of one neutron binding
energy (BEn~8 MeV) in

 146Gd than it is in 149Gd. Since 146Gd is the
lightest nucleus so far known to exhibit superdeformation in the A-150
mass region, this hypothesis could mean that we are nearing the edge of
the "pocket" of accessible superdeformed structures and that we might have
some measure of the correlation between superdeformed excitation energies
and population characteristics. Such a trend toward higher E* for lower
neutron numbers, however, is in contradiction with the preliminary report
of a superdeformed band in 1 4 2Eu (S. Mullins et al., TASCC Workshop
Contributions (1990)). In that case, the lloPd(37Cl,5n) reaction at a
beam energy of 160 MeV implies an "ultra-cold" population of superdeformed
states instead of the "hot" population we have discussed in 146Gd. The
assignment of the band reported by Mullins et al. is not definite, and if
it were linked to 143Eu there would be much better agreement between the
two cases.

TABLE 3.1.16.1

REACTION CHARACTERISTICS AND INTENSITIES OF THE YRAST
SUPERDEFORMED BANDS IN 149Gd AND 146Gd

Reaction -•bean (MeV) E* (MeV) lnall (h) I- (Z) Ref.

124Sn(30Si,5n)149Gd
12*Sn(29Si,4n)149Gd

122Sn(29Si,5n)146Gd
12OSn(3OSi,4n)146Gd
122Sn(28Si,4n)146Gd
lloPd(4OAr,4n)146Gd

155
147

155
155
155
175

38
44

40
44
51
39

69
62

67
66
66
61

2
-

0
1
-

.0
*)

.3

.4
i )

-1

this work
2)

this work
this work
this work

3 \

1) Not observed.
2) B. Haas et al., Phys. Rev. Lett. 60 (1988) 503.
3) G. Hebbinghaus et al., loc cit.
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3.1.17 Orbital Configurations of Superdeformed Bands In Gd Nuclei

V.P. Janzen (TASCC/McMaster University)
D. Prevost, A. Omar, H. Savicki, P. Unrau and J.C. Vaddington
(McMaster University)
B. Haas (CRN, Strasbourg)
S. Flibotte and P. Taras (Universite de Montreal)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
T.E. Drake, G. Zvartz and A. Galindo-Uribarri (University of
Toronto)
I. Ragnarsson, T. Bengtsson and S. Aberg (Lund Institute of
Technology)

We have performed a series of experiments to study the systematics of
superdeformed bands in i*5rn6,i«7,i«8,i49g(i, as described in a previous
report (PR-PHS-P-9: 3.1.14; AECL-10196). The properties of the nine bands
now known in those nuclei have been examined with the intent of
determining the occupancy of specific nuclear orbitals that are predicted
to be near the Fermi surface in this mass range. As such, this represents
the first comprehensive attempt to compare experimental data on
superdeformed bands with theoretical calculations for this mass region.

At present, we have no reliable method for assigning spins and parities to
the discrete levels in these bands. We rely instead on the measured
dynamical moments of inertia, which depend only on 7-ray energies and
which may be readily compared between bands and also to theory. Bands
with very similar moments of inertia are expected to have the same high-j
"intruder" orbitals occupied. We can also compare the transition energies
directly to those of other bands either in the sa*ne nucleus or in
neighbouring nuclei. In the first instance, we can infer the existence of
signature-partner bands, where the two configurations are identical except
that one nucleon occupies an orbital for which the two signatures are
nearly degenerate. In the case of neighbouring nuclei, we can identify
so-called "identical bands" and/or infer the difference in aligned spin
due to one or two additional particles (I. Ragnarsson, Phys. Lett. B, to
be published). We can then compare these results to calculations for
specific orbitals.

The experimental J(2) moments are shown in Figure 3.1.17.1. There are
noticeable "humps" for the yrast bands in 146'147Gd and for the excited
band in 148Gd, which are interpreted as arising from unpaired band
crossings. As originally suggested by Hebbinghaus et at. in the case of
146Gd (G. Hebbinghaus, et al., Phys. Lett. B240 (1990) 311), they most
probably occur as a result of the interaction between the close-lying
neutron orbitals 1/2*[651J and 5/2+[642]. A closer examination of the two
bands in 147Gd reveals that at low rotational frequency the transition
energies of band 1 lie halfway between those of band 2, suggesting they
are signature partners.

The calculated neutron energy levels in the rotating frame, or Routhians,
are shown in Figure 3.1.17.2. Based upon the evidence of band crossings
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Figure 3.1.17.1 Dynamical moments of inertia for super deformed bands in
146-149Qdt Solid points indicate the yrast bands; lines are drawn solely to link
the data points. The assignment of the excited band in 146Gd to that nucleus
is tentative.
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Figure 3.1.17.2 Single-particle neutron levels as a function of rotational
frequency, calculated with a Woods-Saxon potential and deformation parameters
&2 — 0.545, 04 = 0.076. The Routhians are characterized by (TI,OC) quantum
numbers ( + , + 1/2) (solid lines), ( + ,-1/2) (short-dashed lines), (-, + 1/2) (long-
dashed lines), (-,-1/2) (dot-dashed lines).
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and the presence or absence of signature partners, two possibilities
emerge as the most likely scenarios for occupation of the neutron
orbitals, as indicated schematically in Figure 3.1.17.3. They differ
mainly in that scenario II considers configurations for the 1 4 6- 1 4 8Gd
bands that do not include the first N.h>11=7 (i.e. 7X) Nilsson orbital.
This contradicts the most widely held view of the relative ordering of
these orbitals in the superdeformed shell model, and thus it is important
to determine which scenario is correct.

In order to compare fully the experimental results with either a) the
results of the two scenarios, or b) Ragnarsson's calculations of the
aligned spins, we require some knowledge of the relative spins of these
bands. Unfortunately, it has proved difficult to estimate those values
with the accuracy required to distinguish among different occupation
scenarios. The method of determining the spin at which the superdeformed
states decay into the yrast states, by gating on "clean" superdeformed
transitions and measuring the intensities of known 7 rays in the medium-
spin region of a level scheme, is fraught with difficulties. This is
mainly because of the high probability of contamination by weak, unknown
transitions and/or because of improper background subtraction. Work is
underway to develop a background-elimination method that is more accurate
than the current procedure, and to model the decay from superdeformed to
"normal"-deformed states. It remains to be seen whether or not the
problem of contamination by low-intensity transitions can be overcome.

A preliminary publication on the systematic features of the Gd
superdeformed bands has been submitted (V.P. Janzen, et al., Proceedings
of the International Conference on High Spin Physics and Gamma-Soft
Nuclei, Pitt/Carnegie-Mellon, September, 1990 (World Scientific) in
press).

3.1.18 Level Scheme of 149Gd

S. Flibotte, F. Banville, J. Gascon and P. Taras (Universite de
Montreal)
B. Haas (Universite de Montreal/CRN, Strasbourg)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
J.C. Waddington (McMaster University)

High-spin states of 1 4 9Gd were populated via the 12iSn(30Si,5n)149Gd
reaction at 150 MeV. Gamma-ray spectroscopy was performed with the 8TT
spectrometer. Valid events required 7-ray detection in at least 2 of the
20 Compton-suppressed Ge detectors and at least 10 of the 71 BGO counters
of the spectrometer. Two different types of target were used. In the
first measurement, 4.7xlO8 Compton-suppressed Ge-Ge coincidence events
were recorded with a self-supporting target consisting of two stacked
0.4 mgcm-2 Sn foils (enriched to 96.4Z 1 2*Sn). Two hundred million events
were also recorded with a backed target consisting of 0.9 mgcm"2 of 124Sn
on a 14 mgcnr2 gold foil.



3-30

7,
'I

[65i) 1/r —(_

[«<.!) s/r —^

7, _ _ -

i

7
'I

7
'1

(4Si|vr —<(_

[«.2] 5/ r —<~'

— ^ -

- H . ^ —

1

(a)

SCENARIO 1

— • •

- * .

(b)
SCENARIO II

— • •

1 1

A = 146 K7 K8 K9 150

Figure 3.1.17.3 Schematic picture of two possible scenarios for the
configurations of superdeformed yrast bands in 146-ISQQ^ Occupied orbitals
are marked by filled circles.

The reaction produced three dominant exit channels, 6n(148Gd), 5n(149Gd)
and 4n(150Gd), with relative yields of 312, 49Z and 202, respectively. In
the off-line analysis, conditions on 7-ray multiplicity (26 < M < 47) and
sum energy (21.5 < Es < 38.8 MeV) detected by the BGO ball vere imposed in
order to suppress further the detection of low-spin events. These
playback conditions resulted in relative yields of 16£, 502 and 24% for
the 6n, 5n and 4n channels, respectively. Therefore, the contamination
arising from ^ G d , which has a large near-yrast level density compared to
the 150Gd, was reduced.

The analysis of the E Y 1 - E 7 2 energy correlations and the angular
distributions, which were obtained with the self-supporting and backed
targets, permitted the decay scheme established by previous workers
(Piiparinen et al., Zeit. fur Phys. A300 (1981) 133) to be extended up to
J=85/2 K and E*=16 MeV. The proposed level scheme is presented in Figure
3.1.18.1.

The complex and irregular spin dependence of the energy levels is typical
of a ne^t-spherical or oblate nucleus, whose spin arises from the
alignment of single-particle angular momenta along the symmetry axis. The
number of parallel decay branches is particularly high in the region of
J=71/2 n. Above the 49/2+ isomer, the intensity pattern is similar for
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Figure 3.1.18.1 Proposed level scheme for 149Gd. The widths of the
transition arrows are proportional to the observed y-ray intensities. The isomer
lifetimes are taken from the Nuclear Data Tables.
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the self-supported and backed-target experiments, indicating that the
observed transitions are not fast enough to be affected by Doppler
attenuation and therefore are not collective. If the three superdeforraed
bands are excluded, the discrete-line spectroscopy of 149Gd does not show
any evidence of collective rotational structure. However, the quasi-
continuum y-ray spectrum o f 1 < 9 G d presents an E2 bump suggesting the
presence of collective structures.

The theoretical high-spin level scheme of 149Gd was investigated by means
of the calculations developed by Dudek et al. (Phys. Rev. C26 (1982)
1712). 149Gd has three neutrons outside the 146Gd doubly-magic core. In
the ground state these neutrons occupy the f-//2 orbital. The three
valence neutrons can occupy the f7/2, h9/^ and i 1 J / 2 orbitals to form the
relatively low-spin states. At moderate spin (-25/2 h ) , it becomes
energetically favourable to break the proton core, with the protons moving
from the d5/2 (or g 7 / 2 at higher spin) to the h 1 1 / 2 orbital. In
particular, the configuration with two protons fully aligned in the h 1 1 / 2

orbital is highly favoured. The quadrupole deformation stays relatively
constant at ji2~-Q.10 until very high spin (-67/2 n). Thereafter, the N=82
neutron core can be broken, inducing an increase in oblate deformation up
to ^ 2~-0-20. At this stage, the density of states close to yrast
increases both experimentally and theoretically.

Single-particle configurations corresponding to maximum angular Tiomenta
play an important role in the level scheme. For example, the ]owest
energy, fully aligned 49/2+ state is isomeric; similar configurp^ons in
many other odd-N nuclei such as 147Gd and 151Dy are also isomeric in this
mass region. A comparison of theoretical and experimental results is
shown in Table 3.1.18.1.

3.1.19 Spin Dependence of the Giant Dipole Resonance

S. Flibotte and P. Taras (Universite de Montreal)
B. Haas (Universite de Montreal/CRN, Strasbourg)
ii,R. Andrews, D.C. Radford and D. Vard, (Nuclear Physics Branch)
J.C. Waddington (McHaster University)

The shape evolution of hot rotating nuclei as a function of angular
momentum and temperature is a topic of current experimental and
theoretical interest. In the rare-earth region, the Landau theory of
shape transitions predicts (Y. Alhassid et al. Phys. Rev. Lett. 57 (1986)
539, Phys. Rev. Lett. 63 (1989) 31) that prolate nuclei at low spin and
temperature become triaxial and eventually oblate when spin and
temperature increase. One method that could possibly determine the
nuclear deformation experimentally is to study the giant dipole resonance
(GDR) built on an excited high-spin state. The GDR splitting is reflected
in the high energy y-ray spectrum and in the angular distribution of its 7
decay. Recent investigations have suggested th-t the dysprosium isotopes,
Z=66, undergo a prolate-to-oblate transition as the nuclear angular
momentum increases (A.M. Bruce et al., Phys. Lett. B215 (1988) 237,
A. Stolk et al., Phys. Rev. C40 (1989) R2454). In contrast, the erbium
isotopes, with two more protons, remain prolate (D.R. Chakrabarty
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TABLE 3.1.18.1

SINGLE-PARTICLE CONFIGURATION ASSIGNMENTS 70R A NUMBER
OF HIGH-SPIN STATES IN l'»Gd

I"

7/2-

29/2"

33/2*

33/2-

37/2-

37/2*

41/2-

41/2*

45/2*

49/2*

53/2*

51/2"

53/2-

53/2*

bill*

bin-

59/2-*

59/2-*

61/2-

63/2"*

65/2-

65/2-

67/2"*

75/2**

E.xp
(MeV)

0.00

4.05

4.71

4.80

5.30

5.46

5.63

6.10

6.47

6.66

7.82

7.82

8.00

8.22

8.56

8.94

9.32

9.44

9.50

10.36

10.60

10.93

11.20

13.19

Eth**
(MeV)

0.00

3.08

3.75

5.02

5.49

5.71

5.86

6.64

6.87

6.12

7.97

7.93

8.45

8.18

8.79

9.14

8.83

9.18

8.95

10.53

10.66

11.38

11.55

13.83

fi ***

0.00

-0.10

-0.10

-0.12

-0.08

-0.10

-0.10

-0.08

-0.12

-0.12

-0.12

-0.10

-0.12

-0.20

-0.08

-0.12

-0.12

-0.12

-0.12

-0.10

-0.14

-0.12

-0.12

-0.20

Neutron

(£7/2)7/2

(£7/2)0 (n9/2 )9/2

(£7/2)0(^13/2)13/2

(£7/2)0 ("9/2)9/2

(£7/2)o(h9/2)9/2

(£7/2)o(^13/2)l3/2

(£7/2)6^9/2)9/2

(£7/2)o(*13/2)l3/2

(£7/2)6(^13/2)13/2

(£7/2 ?7/2 (^9/2)9/1 (*1 3/2)l 3/2

(£7/2)7/2(^9/2)9/2(*13/2)l3/2

(£7/2)7/2(il3/2)l2

(h9/j)9/2(ij3/2)12

(£7/2)7/2(h9/2)9/2(113/2)l3/2

(£7/2)7/2(h9/2)9/2(113/2)l3/2

(£7/2)7/2^9/2)9/2(113/2)13/2

ll7/2'7/2\"9/2/9/2V-'I3/2/13/2

(£7/2)7/2(n9/2)9/2(ll3/2)l3/2

(£7/2)7/2 (n9/2)9/2(^13/2 )l3/2

(£7/2)7/2(h9/2)9/2(113/2)l3/2

( £7/2 )7/2(n9/?)9/2(ll 3/2)l 3/2

(£7/2)7/2(^9/2)9/2(113/2)13/2

(£7/2)7/2(h9/2)9/2(ll3/j);3/2

(d3;2)0(^/2)6(h9/2)9/2dl
23/2)l2

Proton

(d5>2)o(h?1/2)io

(di^2)o(hi2i/2)io

(di^)2(h?1/2)io

(dS^)4(hll/2)l0

(d5^)2(hll/2)l0

(d5^)o("21/2)l0

{d552)4(hf1/2)10

(d5?2)0(
hll/2)l0

(d5^2)o(hll/2)lO

(d^2)2(h!l/2)l0

(dS/2)o(hll/2)lO

(d^2)4(hll/2)«

(d5/2)4(hll/2)l0

(d5/2)3/2(hll/2)25/2

(di>2)3/2(hl3l/2)27/2

(d5/2)o(g7>2)3/2(hll/2)27/2

(d5/2)5/2(nll/2)27/2

(d5/2)o(gV2)7/2(h?1/2)27/2

(d^2)4(g7>2)l/2(hl
3
1/2)27/2

(d^ 2) 4(g^ 2) 3 / 2(h 1
3
1 / 2) 2 7 / 2

(^2)3/2(^1/2)27/2

* The spins of these states are not known experimentally; they correspond to
the theoretical predictions.

** The theoretical energies are normalized to that of the ground state.

*** Theoretical quadrupole deformation
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et al., Phys. Rev. C37 (1988) 1437). It thus becomes important to find out what
happens in the Gd isotopes, which have two fewer protons.

The Gd isotopes were produced by the 124Sn + 30Si reaction at a bombarding
energy of 150 MeV. The target consisted of two stacked C.4 mgcnr2 Sn foils
(enriched to 96.4% 1 2 4 S n ) . The calculated excitation energy of the compound
nucleus l54Gd was 80 MeV and the maximum angular momentum transferred -70 ft.
Emitted y rays were detected with the 8JT spectrometer. The 71 BGO elements
served as a multiplicity and sum-energy spectrometer as well as individual high-
energy 7-ray detectors. The 20 HPGe detectors selected specific exit channels.
To favour the observation of high-spin states, an event was accepted only when
at least 10 BGO counters and 2 Compton-suppressed HPGe detectors were fired.
Under these conditions, the relative yields of 6n (148Gd), 5n (149Gd) and 4n
(150Gd) channels were respectively 312, 49£ and 20%. A total of 2.5xl08 events
were recorded. To reduce the neutron-induced background, only the backward BGO
hemisphere was used in the off-line analysis since, kinematically, the neutrons
are preferentially emitted in the forward direction.

The high-energy 7-ray decay of Gd isotopes has been studied for four spin
ranges, selected by imposing conditions on the number, K, of BGO counters fired,
namely [10<K<16], [17,20], [21,25] and [26,36]. These quantities were converted
to 7-ray multiplicity (M) and subsequently to spin (J) where, in this mass
region, it has been found (R. Holzmann et al. Phys. Lett. B195 (1987) 32) that
<J>-1.4<M>. With this approximation, the four spin ranges were [19 KCJ<30 ft),
[31 ft,38 ft], [39 h,49 ft] and [50 ft,78 ft]. With the measured multiplicity
distribution taken into account, the centroids of our spin ranges are <J> = 27,
35, 43 and 55 ft. For each spin range, the sum-energy distribution was split in
such a way as to yield two 7-ray spectra with the same number of counts. As
displayed in Figure 3.1.19.1, the spectra gated by the higher sum energies
(Eu>23,7, 28.0, 34.5 and 43.2 MeV respectively for the four spin ranges under
study) clearly show the typical broad bump from the GDR near 14 MeV, but those
gau:d by the lover sum energies do not, with the possible exception of the
highest spih range. This demonstrates that high energy 7 rays associated with
the decay of the GDR originate at high temperatures. For the remaining
analysis, no restriction on the sum energy was imposed.

For axially symmetric nuclei, the GDR splits into two components, one
corresponding to a vibration along the symmetry axis (a) and the other one
corresponding to a vibration along the two perpendicular axes (b), where the
deformation 0 is given by:

/?=1.05(d-l)d-1/3 (1)

with

d=1.098(Eb/Ea-0.089) (2)

The experimental 7-ray spectra were fitted with a statistical code, with the GDR
strength function assumed to be reproduced by two lorentzian components. Three
parameters characterize each component: its energy Eit its width rd and its
relative intensity Fi , The intensity of the GDR was fixed assuming 100%
exhaustion of the El energy-weighted sum rule.
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Figure 3.1.19.1 y-ray spectra for given spin ranges gated by lower sum energies (H-)
and higher sum energies (H + ) . For each spin range, the total number of counts in
H- and H+ are rigorously identical.
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Two statistical-model codes used most frequently in the analysis of 7-ray
spectra following Hi-fusion reactions are PACE (A. Gavron, Phys. Rev. C2I
(1980) 230) and CASCADE (F. Puhlhofer, Nucl. Phys., A280 (1977) 26). Both
codes have advantages and disadvantages. On the one hand, CASCADE is fast
and reproduces reasonably well the 7-ray energy spectra but, in our mass
region, it cannot reproduce the experimental relative cross sections of
the different exit channels. On average, it predicts the evaporation of
about one neutron more than is observed experimentally. On the other
hand, if the yrast lines are carefully extracted from fits to experimental
data, PACE does reproduce these relative cross sections correctly (Table
3.1.19.1), but being a Monte Carlo based code, it requires extensive CPU
time. For both codes, calculated spectra have to be convoluted with the
detector response function before they can be compared with the
experiment.

The detector response was calculated by a Monte Carlo simulation carried
out vith the GEANT (R. Brun et al. CERN DD/EE/84-1 Feb. 1985) subroutine
package. Using the symmetries of the 8TT detector, we could codify its
geometry with a precision of the order of 1 mm. In the program, the
energy deposited by a 7-ray was recorded for each interaction with the
detector material. Three physical processes were allowed: the
photoelectric effect, the Compton effect and e+e" pair creation.

Our strategy consisted in fitting experimental spectra with CASCADE and
then running PACE with the best set of parameters thus obtained. In our
calculations, the level-density parameter was fixed to a=A/9 MeV'1 and the
yrast lines were extracted from fits to the experimental data.

Best fits to the experimental spectra are presented in Figure 3.1.19.2;
recalls aro given in Table 3.1.19.2. As predicted by random-phase
approximation calculations (M. Gallardo et al., Nucl. Phys. A443 (1985)
• M 5 ) , the CAM centroid energy is remarkably constant as a function of spin
(Table 3.1.19.2). The deformation /? calculated from eqs. 1 and 2 with the
first set of GDR energy parameters is presented in Table 3.1.19.3 for each
spin range.

The shape and deformation of nuclei can also be determined by measurement
of Lhe angular distribution of 7 rays emitted in the decay of the GDR. An
angular distribution with respect to the beam axis is difficult to measure
reliably since it is very sensitive to the gain matching of the individual
BGO counters, because of the exponential dependence on 7-ray energy of the
gamma spectrum. Moreover, the effect of the neutron-induced background,
which varies with the angle, is not negligible even if only the backward
hemisphere is used. However, these difficulties are minimized if the
angular distribution is measured with respect to the nuclear spin axis,
since in that case the complete angular distribution is measured by the
same counter and hence the gain and the background are the same for all
angles. Based on the fact that the stretched-E2 transitions are
preferentially emitted perpendicular to the spin axis, it is possible to
determine the direction of the spin axis on an event-by-event basis
(F. Banville, Master's thesis, Universite de Montreal, 1988). Since, in
our reaction, it is a good approximation to assume that the spin axis is
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located in the plane perpendicular to the beam axis, the BGO counters with
an angle close to 6=90° with respect to the beam axis are the most useful
to measure the angular distribution. The ensuing angular distributions
were fitted to a series of Legendre polynomials up to the second order.
The theoretical (K. Neergard, Phys. Lett. H O B (1982)) A2 Legendre
coefficients were corrected for an attenuation factor (Q2) that takes into
account the spectrometer geometry and the error on the spin-axis
determination.

The 7-ray angular distribution was measured for the same four spin ranges
as those used for the analysis of the 7-ray spectra. Figure 3.1.19.3
shows the experimental results compared to the theoretical distributions
calculated with the GDR parameters found with the CASCADE code. The
theoretical curves were calculated for prolate, oblate non-collective and
oblate collective nuclei. In Figure 3.1.19.3, these are shown as 7=0°,
-60° and +60°, respectively. For each spin range, the prolate curve
reproduces better the experimental data.

A set of GDR parameters can also be obtained by a direct fit of the
angular distribution parameter (A2) as a function of 7-ray energy. This
has the great advantage of being independent of any statistical code and
particularly of some critical input parameters such as the level-density
parameter. Since we have found that experimentally and theoretically
<EGDR> is remarkably constant as a function of spin and temperature,
<EGDR> was fixed to its average value of 14.6 MeV (Table 3.1.19.2).
Moreover, rx was fixed to its average value of 6.5 MeV. Thus, in this
case, the fit was based on two free parameters: the deformation 0 and the
nuclear shape (prolate, oblate collective or oblate non-collective). A
paper describing this work has besn submitted to Nuclear Physics A.
Results are presented in Table 3.1.19.3; the prolate shape always yields
the best fit.

TABLE 3.1.19.1

EXPERIMENTAL AND CALCULATED RELATIVE CROSS
SECTIONS OF DOMINANT CHANNELS, ACCORDING TO

THE STATISTICAL CODE PACE.

The sum of the 4n, 5n and 6n cross sections represents 83.2% of the total
cross section calculated with PACE. With a threshold of 10 on the number
of BGO detectors fired, no other channels are observed experimentally.

Channel

4n

5n

6n

Experiment

20.1(4) Z

48.8(9) Z

31.1(6) Z

16

48

34

PACE

.6(5)

.6(9)

.8(7)

Z

Z

z
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TABLE 3.1.19.2

GDR PARAMETERS OBTAINED FROM CASCADE
FITS TO THE EXPERIMENTAL SPECTRA MEASURED

IN THE 7-RAY DECAY OF GD ISOTOPES.

The values in parentheses are the results of fits to spectra obtained by
summing only the spectra corresponding to the 4n, 5n and 6n exit channels.
The estimated errors are ±0.5 MeV for Ei , ±1.0 MeV for Tlt ±0.1 for F2 and
±0.8 MeV for

(h)

27

25

43

55

<EGDR>-

(MeV)

13.5

13.5
(13.8)

12.5
(13.0)

12.0

(MeV)

7.5

7.5
(8.0)

5.5
(5.5)

5.5

TABLE

(MeV)

15.3

15.3
(15.3)

15.5
(15.8)

16.0

3.1.19.3

i

0.

0.
(0.

0.
(0.

0.

70

70
70)

70
70)

60

<EGDR>
(MeV)

14.8

14.8
(14.9)

14.6
(15.0)

14.4

DEFORMATION FOR DIFFERENT SPIN
RANGES.

The nuclear shape is taken,,to be prolate in all cases and the estimated
error is ±0.08.

(h)

27

35

43

55

P
CASCADE

0.15

0.15

0.26

0.35

P
angular

distribution

0.01

0.20

0.20

0.35

P
average

0.08

0.18

0.23

0.35
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Figure 3.1.19.2 The %-ray energy spectra for the indicated spin slices
multiplied by exponential functions. The solid lines show the best-fit results
obtained with the statistical code CASCADE.
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Figure 3.1.19.3 Energy dependence of the A2/A0 Legendre polynomial
coefficients for the y-ray angular distributions measured with respect to the spin
axis. The theoretical curves are calculated using the GDR parameters of Table
3.1.19.2 assuming prolate (y = 0°), oblate non-collective (y = 60°) and oblate
collective (y = -60°) nuclear shapes.
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3.1.20 Search for Superdeformed Bands in 149Dy

V.P. Janzen (TASCC/McMaster University)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
D. Prevost, M. Sawicki and P. Unrau (HcMaster University)

Although the superdeformed band in 152Dy has historically been regarded as
the definitive example of such structures, there is only one other band
known in the lighter Z=66 isotopes, that in 151Dy (G. Rathke et al., Phys.
Lett. B209 (1988) 177). This paucity of information stands in marked
contrast to the large number of superdeformed bands now known in the Gd
(Z=64) series of isotopes (see 3.1.16 in this report and PR-PHS-P-9:
3.1.14; AECL-10196). We therefore decided to search for superdeformed
bands in the nucleus 149Dy which, by comparison to its isotone, 147Gd,
might be expected to display one or more bands with reasonable intensity.

The 12oSn(34S,5n)149Dy reaction was used in conjunction with the Qn 7-ray
spectrometer, Approximately 4.2xlO8 and 1.5xlO8 7-7 events were acquired
at bean energies of 175 MeV and 170 HeV, respectively, for a BGO-ball
prompt multiplicity of K>12. In order to take advantage of the known 40-
ns isomer at spin 49/2, we tagged on a delayed multiplicity derived from
the BGO ball during the time period 10-800 ns after the prompt burst.

Because of the low multiplicity of decays between the 49/2 and the 27/2
isomeric level (r=720 ms), we could set the trigger level no higher than
Kdei«yed > 2> which limited our ability to distinguish between the 149Dy
and 1*°Dy (4n exit channel) residual nuclei.

Matrices were constructed for prompt Ge-Ge events having a prompt BGO-ball
K>17 and K>21, for both incident beam energies. These matrices were then
examined with gating and correlation methods that have detected
superdeformed bands in other nuclei. So far, no discrete-line evidence
for superdeformation has been found. A clear ridge-valley structure can
be seen, however, along the diagonal of the background-subtracted E71-E-y2
matrix shown in Figure 3.1.20.1. The separation between ridges
corresponds to a moment of inertia very similar to those of known
superdeformed bands in nearby nuclei. Interestingly, the ridges are much
more pronounced than those observed in our studies of superdeformed Gd
nuclei, an example of which is shown in Figure 3.1.20.2. The simplest
explanation is that many similar superdeformed bands are being populated
in 149Dy, whereas in the heavier Dy isotopes, as in the Tb and Gd nuclei
we have studied, the intensity is concentrated in a few bands.
Nonetheless, we find it surprising that we have failed as yet to locate
any discrete-line superdeformed bands in this case. The analysis of these
data is continuing.
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Figure 3.1.20.1 Eyl-Ey2 matrix from the 12OSn(34S,5n)]49Dy reaction at
175 MeV. The background has been subtracted. A superdeformed ridge-valley
structure can be seen in the upper right-hand quadrant of the matrix.
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Figure 3.1.20.2 A similar matrix from the 124Sn(29Si,5n)149Gd reaction at
155 MeV. Superdeformed ridges can be seen here as well, most clearly in the
vicinity of Eyl=E^2-1300 keV (channel 325), but they appear over a more
limited energy range and with greatly reduced intensity compared to I49Dy.
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3.1.21 Search for Superdeformation in 152Tb
P. Fallon, C. Beausang, G. Smith and H. Joyce (University of
Liverpool)
V.P. Janzen (TASCC/McMaster University)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
J.C. Waddington, P. Garrett and D. Prevost (McHaster University)
T.E. Drake and A. Galindo-Uribarri (University of Toronto)

The nucleus 152Tb is expected to exhibit superdeformed rotational bands in
view of its proximity to 152Dy, which can be regarded as the doubly closed
shell for the superdeformed shape with axis ratio 2:1. We produced the
nucleus at high spin in the reaction 13OTe(27Al,5n)152Tb. At the planned
incident bombarding energy, 146 MeV, the yield of 151Tb was dominant in
the HPGe spectra; therefore we ran the experiment at a beam energy of
142 MeV. The acquisition rate was limited by damage to the targets (two
stacked, unbacked 130Te foils, each about 500 /ig/cnr2). Nevertheless, we
acquired approximately 5xlO8 events with a trigger comprising a 2-fold
Compton-suppressed HPGe coincidence and a K-fold coincidence in the BGO
ball with K > 13.

For the first replay of the data tapes, we selected gating conditions
K > 18 and 22 < H < 43 MeV. We searched the resulting E7-E7 matrix for
evidence of superdeformed rotational bands using a variety of procedures
that have proven successful in similar experiments. No good candidates
have yet been found; however, analysis is continuing at the University of
Liverpool.

3.1.22 Studies of Superdeformation in the Mass Region A-190

T.E. Drake, G. Zwartz, A. Galindo-Uribarri and M. Cromaz
(University of Toronto)

The mini-ball is especially well suited to aid in superdeformation studies
of nuclei in the A-130 and A-190 mass regions where charged-particle
emission channels compete favourably with neutron emission. In
preparation for studies to be made with an upgraded 4n mini-ball, a search
has been made with the 8n spectrometer for superdeformed bands (SD) in
A-190 nuclei. SD bands were observed in 190Hg and the data set taken for
189Au is currently being analysed. The SD bands reported to date in
1 8 9 , 1 9 0 , 1 9 1 , 1 9 2 , 1 9 3 , 1 9 4 H g f 1 9 3 , 1 9 5 T l f a n d 1 9 4 , 1 9 6 p b > a n d t h e s i x S D b a n d s

observed in 1 9 4T1, have all been populated through neutron-emission
channels. All of these bands have dynamic moments of inertia I'2' which
slope gently upward with increasing rotational frequency. The excited SD
bands are the result of changes in the neutron configuration as the proton
gap is large for Z=80 at large deformation. What happens when a proton is
removed from the [411]1/2 orbital is a question of considerable interest.
So far, no SD bands have been seen in this region for Z<80, although the
second potential-well depth remains large (R.R. Chasman, Phys. Lett. B219
(1989) 227). We plan to extend the search to other nuclei using the
charged-particle-emission channel filter provided by the 47r mini-ball.
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3.1.23 Radiative Electron Capture (REC) and Resonant Transfer and
Excitation (RTE) by Highly-Stripped 79Br Ions CVinneled in a Thin
Si Crystal

J.S. Forster, T.K. Alexander, G.C. Ball W.G. Davies and
J.S. Geiger (Nuclear Physics Branch)
J.U. Andersen (Aarhus University)
J.A. Davies (McMaster University)
H. Geissel (GSI, Darmstadt)

In an earlier report (PR-PHS-P-9: 3.1.7; AECL-10196), we reported
measurements of radiative electron capture (REC) by 14.55 MeV/u 79Br ions
with incident charge states of 34+ and 35+. The REC was observed for
these ions channeled along the <112> direction in a 2 (im thick Si crystal.
These measurements were limited because only the charge state of the
incoming ion was known.

We have continued these measurements using an 18 MeV/u 7 9Br 2 2 + beam from
the TASCC cyclotron. The goniometer, with a 1.4 fiva thick crystal mounted
in it, was placed in the Q3D magnetic spectrometer scattering chamber.
The Br beam was stripped to higher charge states by a foil placed directly
before bending magnet BE7, which was used to select the charge state of
interest.

A 15 cm long, resistive-wire, transmission gas counter was placed in the
focal plane of the Q3D spectrometer. Directly behind the gas counter was
a 15 cm long scintillator, 2 mm thick, with a phototube at one end. The
scintillator was coated with black paint in order that the pulse height
from the phototube could give position information; the scintillator was
required for coincidence experiments in which the particle counting rate
was ~5xlO5/s.

A 7 9Br 3 4 + beam bombarded the Si crystal, which was aligned with the <111>
axis parallel to the beam. An intrinsic Ge x-ray detector positioned at
97.5° to the beam recorded x-rays in coincidence with 7 9Br 3 3 + ions
detected in the scintillator on the Q3D focal plane. The output spectrum
from the scintillator allowed us to select well-channeled Br ions which
underwent REC. The x-ray spectrum in coincidence with the well-channeled
7 9Br 3 3 + ions showed both K-REC and L-REC lines as well as the associated
Ka, K^ and Ky x-rays for a He-like Br ion.

In a separate experiment, we varied the energy of 79Br 3 3 + ions from
17.7 MeV/u to 12 MeV/u in ten, roughly equally-spaced intervals using Be
and Al degrading foils of various thicknesses. A beam with low energy-
spread was selected with the two bending magnets, BE7 and BE8 located
between the stripper foil and the Q3D chamber. At each energy the
lineshape of the incident 7 9Br 3 3 + ions, as well as that for the one-
electron pickup 7 9Br 3 2 + ions, were measured in the 15 cm long gas counter.
For the 7 9Br 3 2 + ions, the lineshape was peaked for minimum energy-loss
particles. The intensity of this peak reached a maximum in intensity at
-15.5 MeV/u, the predicted energy for the KLL resonance.
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The next experiment is planned to measure the RTE cross section. These
measurements require simultaneous measurement of at least two charge
states. This vill be accomplished by additional resistive wire counters
in the focal plane of the Q3D spectrometer.

3.1.24 K X-rays from Long-Lived Compound Nuclei

J.S. Forster, T.K. Alexander, G.C. Ball and J.S. Geiger (Nuclear
Physics Branch)
J.C.D. Milton (Physical Sciences)
C. Broude (Veizmann Institute, Israel)

The experiment reported earlier (PR-PHS-P-3: 3.1.11; AECL-9503) has been
repeated. The experiment consisted of our bombarding a thin (-500 /ig/cm2)
W target with a 97 MeV 1 60 beam and observing x-rays in coincidence with
fission fragments. The measurement is complicated because 7-rays from the
excited fission fragments represent an unwanted background. Also, the
yield of x-rays from the compound nucleus are estimated to be only 2-3 per
106 fission events based on ionization probabilities, solid angle of the
x-ray detector and the long-lived component of compound nuclei from
crystal blocking lifetime measurements (J.U. Andersen et al. Matt. Fys.
Medd. Dan. Vidensk. Selsk. 40 (1980) No. 7).

In order to separate K x-rays emitted from compound nuclei (preceding
heavy-ion induced fission) moving in the beam direction from low energy 7
rays emitted from fission fragments, we used an annular parallel-plate
avalanche detector (PPAD) with r and x position resolution to detect
fission fragments in coincidence with photons detected in a 7 mm thick,
200 mm2 planar Ge detector positioned at 65° to the beam. Vith this
technique, 7 rays from fission fragments have different Doppler shifts
depending on the angle of detection of the fission fragment; K x-rays from
compound nuclei preceding fission, however, have a constant Doppler shift
because they decay while moving along the beam direction.

The data were analyzed to generate the angular yield of fission fragments
relative to the x-ray detector. The resultant spectrum was relatively
flat, as expected, since the fission fragment angular correlation follows
a 1/sin 6 distribution while the solid angle of the PPAD follows a sin $
distribution. X-ray spectra were generated for different windows on the
fission fragment angle spectrum.

Differences in the x-ray spectra were observed for the various angles
which indicated that the x-ray yield was mainly from fission fragments.
Preliminary analysis of the data precluded definite identification of any
of the lines, including pre-fission K x-rays from the compound nuclei.
More detailed analysis of the data is in progress in an attempt to set an
upper limit on the yield of x-rays from long-lived compound nuclei.
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3.1.25 Feasibility Study of the Crystal-Blocking Technique for
Proleetile-Fragment Lifetimes In Heavy-Ion Reactions

G.C. Ball, T.K. Alexander, J.S. Forster, E. Hagberg, R.B. Walker
(Nuclear Physics Branch)
C. Broude (Veizmann Institute, Israel)
A. Galindo-Uribarri (University of Toronto)

Recently, Gomez del Carapo et al. (Phys. Rev. C4_L (1990) 139) reported an
application of the crystal-blocking technique to measure the lifetimes for
projectile fragments in the reaction 40Ar+Ge at 44 MeV/nucleon. In this
experiment, highly excited primary fragments were produced at the lattice
sites of a Ge crystal. Subsequently, these fragments decayed to produce
the secondary fragments measured in a position-sensitive detector
telescope. The data analysis was complicated because the primary fragment
and its recoil direction were not unique and assumptions about them must
be made. The use of a large detector array to observe the other decay
particles of the primary fragment in coincidence with the secondary
fragment detected in the position-sensitive detector telescope would help
to resolve many of the difficulties associated with such measurements.

In the present work, we have assessed the feasibility of using the
phoswich forward array (see 3.2.6 in this report) to detect these
fragments in coincidence with a secondary fragment detected in a 100 nm Si
(AE)-IO cm Csl (E) counter telescope. A 30 MeV/u 35C1 beam was used to
bombard 1.1 mg/cm2 targets of Al and Zn. Measurements were made with the
telesc >' e positioned at 7 and 10 degrees. Preliminary results show that a
reasonable coincidence efficiency can be achieved with the existing
forward array. Further analysis is in progress.

3.1.26 Depth Profiles of 2D and 4He in Thin Carbon Films Measured by
Scattering Recoil Coincidence Spectrometry

J.S. Forster (Nuclear Physics Branch)
J.R. Leslie and T. Laursen (Queen's University)

The new experimental technique reported earlier (PR-PHS-P-7: 3.1.18; AECL-
9995) has been used for further studies of 2D and 4He implanted into thin
(50-100 /ig/cm2) carbon foils. This technique allows the use of detectors
with solid angles of the order of steradians instead of millisteradians;
the depth resolution that would normally be lost because of the large
solid angles is retained to a reasonable extent by the requirement of a
specific coincidence relationship between the scattered beam particle ana
the recoiling light ion.

The experimental set-up used two annular, surface-barrier detectors of
300 mm2 active area with a 6 mm hole in the centre of each detector. The
first detector was placed with the surface of the detector =4 mm
downstream from the target and subtended on angular range from 40° to 68°;
the second detector was placed with the surface of the detector =13 mm
downstream from the target and subtended an angular range from 15° to 35°.
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The targets vere bombarded by a 2.0 MeV 4He beam from the Queen's
University 4 MV Van de Graaff accelerator and coincidences between the two
annular detectors were collected, event-by-event, on the Queen's
University PDP-15 computer. Each event consisted of the energy signal
from each detector and the time correlation between them.

The foils used were: 1) a 50 fig/cm2 CD2 foil, 2) a 110 jig/cm
2 carbon foil

implanted with 7.5 keV 2D + atoms to a dose of 5 x 1016/cm2, 3) a
60 fig/cm2 carbon foil implanted with 7.5 keV 2D + atoms to a dose of
2 x 1016/cm2, 4) a 60 jig/cm2 carbon foil implanted with 15 keV 4He+ atoms
to a dose of 5 x 1015/cm2 and 5) a 25 jig/cm2 cracked ethylene foil.

The data were analyzed on the TASCC Concurrent 3230 minicomputer. During
analysis, the individual energy spectra (El and E2), the time spectrum and
the total energy spectrum (sum of El and E2) were generated. It should be
noted that the geometry used in this experiment excluded 4He-H
coincidences unlike the earlier measurement (PR-PHS-P-7: 3.1.18; AECL-
9995) in which only 4He-H coincidences were allowed.

Two-dimensional spectra of intensity as a function of El and E2 were also
generated for windows on time and total energy; as well, two dimensional
spectra of intensity as a function of time and total energy were
generated. These two-dimensional spectra proved invaluable in
understanding the other spectra as the present geometry not only allows
4He-2D and 4He-4He coincidences but also allows coincidences between 4He
and 1 2C (for 34° > Bx > 35° and 66° > 62 > 68°). In addition 12C-12C
coincidences are observed which result from the detection of the primary
1 2C from a 4He-12C collision and a second 1 2C recoil produced by collision
of this primary 1 2C with another C atom of the target (for 22° > 01 > 35°
and 53° > 02 > 68°).

The 2D and 4He distributions were clearly observed in the two-dimensional
spectra as well as in the cotal-energy spectra. Experiments in which the
implanted 2D (or 4He) faced the beam and in which the 2D (or 4He) faced
downstream clearly showed a shift in the total energy spectra (and in the
El vs. E2 two-dimensional spectra) as expected.

Further analysis to determine limits on depth resolution and sensitivity
are in progress to determine the viability of this technique compared to
the more conventional elastic-recoil-detection (ERD) technique.

3.1.27 Radiolvsii of Water

A.J. Elliot, M.P. Chenier and D.C. Ouellette (System Chemistry
and Corrosion Branch)
V.T. Koslowsky and E. Hagberg (Nuclear Physics Branch)

When water is irradiated with ionizing radiation, the energy is deposited
in tracks. After about 1 /us, ions in the track react to form the primary
species, aqueous electrons (e a q), OH, H, H2, H202 and H02. These species
react further to form stable end-products of H2, 02 and H 20 2. These
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products affect the corrosion chemistry in nuclear-reactor pressure tubes,
and efforts are underway to simulate the radiolysis of water along a CANDU
pressure tube.

The density of ionization events along a track depends on the local
energy-loss of the radiation, called Linear Energy Transfer (LET). The
radiation field in a reactor arises from low-LET (=0.2 eV/nm) y rays and
high LET (=20 eV/nm) fast neutrons. While the radiolysis of water is
understood at room temperature, no data are available on high-LET effects
at reactor temperatures near 300°C. The purpose of these measurements is
to fill this void by measuring the yields of the primary species formed
during heavy-ion bombardment at TASCC as a function of water temperature.

To date we have performed two, 24-hour experiments with 27 MeV deuterons
to establish the feasibility of the technique and have begun measuring
e a q, H and H2 yields as a function of temperature. The deposition energy
is equivalent to an average LET of 5 eV/nm. After heavy-ion bombardment,
yields of primary species are determined indirectly by colorimetrically
assaying the sample for chemical products that have resulted from the
reaction of the primary species with chemical scavengers that were added
to the water sample prior to irradiation.

Water samples (including chemical scavengers) of about 1.5 cm3 are
contained in 1-cm-diameter quartz "NMR" tubes with very uniform 0.5 mm
wall thickness. The tubes are flame-sealed and pre-heated to the desired
temperature, lying between 20°C and 200°C, then inserted into a
temperature-controlled target chamber. The bombardment takes place in
air, the beam first passing through a 20 mg/cm2 Ni window, a thin 2 mg/cm2

Ni heat shield, the quartz container, and finally stopping and depositing
about 75% of its energy in the water sample. To avoid local saturation
effects, the sample is rotated at about 1 Hz and beam currents are kept
below 0.15 nA. Beam position and intensity must be stable during the
bombardment. If the beam wanders left or right by 2 mm, the results
become erratic because of apparent variations in the cylinder wall
thickness. Beam intensity must be stable to permit a reliable evaluation
of the dose from the bombardment times that range from 10 to 3000 seconds.
Beam currents cannot be integrated because the sample is presently
grounded by heaters and a motorized turntable. This limitation was
overcome in the second experiment when the signal from a calibrated ion
chamber placed ahead of the sample was integrated and used to determine
the dose.

3.1.28 The Effect of Near-Surface Fe on Deuterium Ingress into Zr-
2.5wt%Nb at Room Temperature

J.S. Forster and T.K. Alexander (Nuclear Physics Branch)
D. Phillips (Reactor Materials Research Branch)
R.L. Tapping (System Chemistry and Corrosion Branch)
T. Laursen and J.R. Leslie (Queen's University)

We have reported (PR-PHS-P-8: 3.1.15; AECL-10102 and PR-PHS-P-9: 3.1.19;
AECL-10196) results on deuterium ingress into thin (2.5-5 /xm) foils of Zr-
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2.5wt£Nb, which had been implanted with 40 keV 56Fe ions to doses between
1015 and 1017 atoms/cm2. The amount of deuterium taken up by these foils,
when plotted as a function of relative Fe content as determined from SIMS
analysis, increased from -4xlO16 atoms/cm2 (at a dose of -1015 Fe
atoms/cm2) to ~20xl016 atoms/cm2 (at a dose of -1017 Fe atoms/cm2).
However, at ~101£ Fe atoms/cm2 there was an anomalously low point of
3xlO16 atoms/cm2. To determine if a possible phase change occurs at
~1016/cm2 Fe concentration, more measurements were made.

Foils of Zr-2.5wtZNb were implanted with 40 keV 56Fe atoms to doses of
lxlO16 atoms/cm2 and 5xlO16 atoms/cm2. Measurements were made as
described previously (PR-PHS-P-9: 3.1.19; AECL-10196) for one foil of
lxlO16 Fe atoms/cm2 and for three foils of 5xl016 Fe atoms/cm2. Analysis
of deuterium uptake shows that low levels, 2-3xlO16 atoms/era2, occurred
for all four foils. The SIMS analysis to determine the Fe content has not
yet been carried out.

To make the SIMS measurement of the Fe-implanted Zr-2.5wt%Nb foils more
absolute, we implanted Al foils with 40 keV 56Fe atoms to doses of 1015

atoms/cm2, 1016 atoms/cm2 and 5xlO16 atoms/cm2. Aluminum was chosen
because it has a sputtering coefficient similar to that of Zr-2.5wt%Nb and
because its mass is considerably lower than Fe, making an accurate
measurement of the Fe content possible by Rutherford Backseattering (RBS).
The foils were bombarded with 1.0 and 2.0 MeV *He particles from the
Queen's University 4 MV Van de Graaf accelerator, and backscattered 4He
ions were observed in a silicon surface-barrier detector at 170° to the
beam. Measurements were made for several beam spots on the 1-cm-diameter
implanted region.

Preliminiary analysis indicates that the 56Fe content is considerably
lower than the incident dose; i.e. foils implanted to 5xlO16 atoms/cm2

retained ~2xlO16 atoms/cm2 as measured by RBS. Also, the five spots which
were measured gave similar results, indicating uniform implants. This
result may not be surprising as model calculations predict sputtering
rates for the Zr-2.5wt%Nb foil to result in erosion of the surface of the
same order as the mean range of the implanted Fe ions for a dose of
5xlO16 atoms/cm2 of Fe. When the SIMS measurements for the Al foils and
the Zr-2.5wt%Nb foils have been done, it should resolve the question of
whether or not a phase change in the metal occurs at -1016/cm2 Fe dose.

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 ISOL; Operation

V.T. Koslowsky, E. Hagberg, W.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)

Three on-line experiments have been performed. One involved yield
measurements of the superallowed 0+-»0+ 0 emitters, 10C, 140 and 34C1, and
of the neutron-rich isotopes, 116<118Pd, with the He-jet ion source. The
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second and third experiments, in collaboration with K.S. Sharma from the
University of Manitoba, determined yields of I, Te and Sb isotopes of
interest to our mass-measurement program and determined the 1 0 2 1 0 3 C d mass
difference with the FEBIAD ion source. In addition, two shifts of beam
time were used to measure yield and transfer times as a function of helium
flow rate, and to test a new helium-jet ion-source.

3.2.2 The ISOL Helium-Jet Transfer System

V.T. Koslowsky, E. Hagberg, W.L. Perry and M.J. Watson (Nuclear
Physics Branch)
R. Sah, N. Azam and G. Voo (Deep River Science Academy)
J.C. Hardy (TASCC Division)

The ISOL helium-jet transfer system is used to transport radioactivity
from a remote target location to either a counting location or the ISOL
ion source. Presently, the helium passes over a 600°C bed of granulated
Na£l, in order to form an aerosol- It then passes through a 6 mm
diameter, 4 m long tube, from the aerosol generator to the target chamber.
Here the energetic reaction recoils thermalize and adhere to the aerosol
particles. Finally, the aerosol and radioactivity are transported through
a 0.75 mm diameter, 2-m-long capillary to the ion source or through a
2-mm-diameter, 12.5-m-long capillary to the counting location.

The mass yield of aerosols has been measured as a function of gas flow
rate, capillary diameter and time after the oven was turned on for both
600°C NaCl and molten NaCl (800°C). In addition, one shift of beam time
was devoted to correlating radioactive yield of 3 8K with the aerosol
yield. The results are summarized below.

1) The yield of aerosol and radioactivity decrease by a factor of 3 over
a period of about 1 hour after a fresh charge of NaCl is placed in the
600°C oven. This effect occurs independent of flow or capillary size.

2) The yield of aerosol as a function of flow rate increases sharply up
to about 3 to 4 atm 1/m and then remains constant for higher flow
rates. This effect is independent of the capillary diameter. The
yield of radioactivity tracks the aerosol yield up to 3 or 4 atm 1/m
and then diminishes beyond this flow rate.

3) A 1 mm diameter capillary transports about twice as much radioactivity
and aerosol as a 0.75 mm diameter capillary for the same gas flow
rate.

4) The 800°C aerosol generator produces a significantly higher aerosol
yield than the 600"C oven but about half the yield of radioactivity.
Increases in the temperature beyond 800°C increase the aerosol yield
but further reduce the radioactivity yield.

5) Lastly, the time delay of the gas-transfer system was measured by
cyclically pulsing the accelerator beam on for 0.1 s and recording the
mass-separated 38"K decay rate as a function of time during the next
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10 s. In this experiment, the mass-separated 38"K beam was produced
by operating the He-jet ion source in the surface-ionization mode and
the activity was detected with a plastic scintillator.

At a flow cf 2 atm 1/m, 300 to 350 ms of delay occurred before any
activity was seen. The expected dwell time in the target chamber and
capillary are calculated to be 100 and 30 ms, respectively. Vhen the
flow was increased to 4 atm 1/s, the measured delay decreased by an
amount consistent with laminar flow calculations, although the
absolute delay still significantly exceeded the estimates based on
these calculations. Either turbulence in the target chamber or ion-
source hold-up could cause the additional 200 ms delay. This delay
was also observed in a later gas-jet experiment, not involving ISOL,
where the 49-50Mn yields were measured as a function of flow rate (see
3.1.9 in this report) indicating that turbulence may be the cause of
this delay.

3.2.3 Yield Measurements with the He-let-Coupled Ion Source

V.T. Koslowsky, E. Hagberg, W.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)

One experiment was devoted to the measurement of yields of 1 0C, 1 40 and
3 4Cl to determine whether precise lifetime determinations of these
isotopes are possible with the He-jet-coupled ion source.

The isotope 1 0C was produced via the 10B(p,n)10C reaction with a proton
energy of 12 MeV. No activity was seen at the mass numbers 10,
24(10C14N+) or 26( 1 0C 1 6O +). Relative to He-jet yields, the upper limit
for the ion-source efficiency is 0.03Z.

The isotope 34C1 was produced via the 34S(p,n)34Cl reaction with a proton
energy of 14 MeV. Activity was seen at mass-34, although a lifetime
experiment with a full complement of 15 A12S3 targets and 6 /xA of beam
would yield only 1.5xlO5 0 events per hour - too low to provide sufficient
counting statistics for a ± 0.05Z experiment in a reasonable length of
time.

The isotope 1 40 was produced via the 14N(p,n)140 reaction with a proton
energy of 14 MeV. A pure N2-gas target was initially used but its aerosol
transfer properties are completely different from the commonly used He
carrier gas. While He provides a narrow jet of aerosols, capable of
passing through a 1-mm-diameter skimmer orifice, pure N2 results in a
broad cone of aerosols 10 times larger than that found in helium.
Consequently, very little activity could pass through the skimmer orifice.
Stable 23Na beams seen in the ISOL from the transmitted salt aerosol were
also greatly attenuated by this effect. A mixture of 20Z N2 and 80% He
was found to allow 65Z of the aerosol through the skimmer orifice
(relative to the aerosol yield with pure He), yet, under these conditions,
no 1 40 was observed at masses 14 or 26( 1 2C 1 40 +). Relative to the gas-jet
yield, the ion-source efficiency it; less than 0.02Z.
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In another experiment, production rates of mass-separated 1 1 6' 1 1 8Pd,
produced by proton-induced symmetric fission of 2 3 8U, were measured to be
about 1000 atoms/s with 2 fiA of 27 MeV protons striking 3 targets,
15 mg/cm2 thick, located about 3 cm apart in a chamber pressurized to 2.5
atmospheres. These yields should permit the detailed spectroscopy of
these neutron-rich isotopes.

3.2.4 He-1et Ion-Source Development

M.J. Watson, M.G. Steer, V.T. Koslowsky, E. Hagberg and
W.L. Perry (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

A second helium-jet-coupled ion source described in an earlier progress
report (PR-PHS-P-9: 3.2.2; AECL-10196) has been fabricated and assembled.
The new ion source has been designed to improve on the reliability and
serviceability of the former one and facilitates future modifications that
will permit higher-temperature operation. First off-line tests without
the use of the top heater indicate that the source behaves similarly to
the old source, as expected. Good ion-beam characteristics are maintained
as a modest amount of additional heat (0.5 kW) is applied via a top heater
but at high top-heater power (1 kW) the ion-beam mass-resolution is
degraded by a factor of two. The cause of this effect is presently under
investigation.

One shift of beam time was devoted to tests of the on-line performance of
the new source. Under experimental conditions identical to those of tests
on the old source, comparable yields of 46V were measured.

3.2.5 ISOL Beam Shutter

N.C. Bray and J.J. Hill

A water-cooled, rapid-cycling paddle-type beam shutter has been developed
to replace the carousel-type system presently in use in the TASCC beam
line at BI2. This shutter is used during ISOL experiments to block the
Tandem beam which limits the production of unwanted long-lived
radioactivity during intervals when ISOL experiments are counting short-
lived activity.

The new device consists of a 4-cm-square, 6-mm-thick, high-density
graphite beam stop mounted on one end of a cranked stainless-steel tube
that, when rotated, swings the beam stop in or out of the path of the
beam. Water cooling is provided co-axially through this tube, which
passes into the high vacuum through a hollow-shaft rotary ferrofluid
feedthrough. Operation of the device is by means of a double-acting air
cylinder and crank arm, with the drive taken from the center of the
piston, thereby eliminating the piston rod and its sliding seal.

Position status and in-out control is available at the operator's touch
panel or the ISOL control console. The status information is provided by
two photo-electric sensors mounted to look at a reflective line on the
feedthrough shaft collar. These sensors have been used to obtain cycle
times for the operation of the shutter, with 7 complete cycles/sec



3-53

achievable. However, for continuous, reliable operation, end of stroke
air damping is used, which reduces the maximum cycle-rate to 5/sec.

3.2.6 A Phoswich Array for Reaction Studies with TASCC Beams

G.C. Ball, D. Horn, E. Hagberg, M.G. Steer, R.B. Walker and
T.G. Whan

The new phoswich array (PR-PHS-P-9: 3.2.3; AECL-10196, PR-PBS-P-8: 3.2.4;
AECL-10102) has been successfully commissioned with reaction products from
30 MeV/u 35C1 bombardment of a 1.1 mg/cm2 Au target. Both the small and
the large detectors gave excellent separation of the hydrogen isotopes and
of elements up to Z=17. In addition, most modules of a given type gave
similar AE-E response.

The electronics required to instrument the array with LeCroy FERA ADC's
has been ordered and design of a third (inner) ring has begun.

3.2.7 Phoswich Array: Extension to More Forward Angles

R.B. Walker and T.G. Whan

A decision has been made to extend the angular coverage of the new 32-
element phoswich array (C. Pruneau et al., Nucl. Instr. & Meth. in Phys.
Res., A297 (1990) 404, and PR-PHS-P-8: 3.2.4; AECL-10102) toward more
forward angles by the addition of a third, 16-element ring. Since this
ring, covering 7° to 11°, will be smaller than the two already in use,
smaller-diameter photomultiplier tubes will be required. Accordingly, an
assessment of such photomultiplier tubes is needed. Six types were
identified as potentially suitable and one of each has been ordered for
testing. A voltage-divider network for each type has been designed.

3.2.8 Miniature Array of Particle Detectors

A. Galindo-Uribarri and T.E. Drake (University of Toronto)
H.R. Andrews, G.C. Ball, D.C. Radford, D. Ward, N.C. Bray,
J.D. Lori, F.J. Sharp and L.V. Smith (Nuclear Physics Branch)
J.C. Waddington (McMaster University)

To increase the solid angle coverage and the versatility of the miniball
we decided to mount eight additional triangular detectors on a new
support structure. The initial configuration consisted of sixteen
detectors positioned on the square faces of a rhombicuboctahedron but not
in a close configuration. With these additional triangular detectors in a
closely packed configuration, the miniball covers 90Z of solid angle.

a) Photodiode Detectors

Ten specially made triangular photodiodes have been purchased from
Hamamatsu Corporation and ten triangular CsI(Tl) crystals 2 cm per side
from Harshaw. A mounting jig to help match the surfaces of the crystals
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and the photodiodes during the bonding process has been machined out of
Delrin plastic.

b) Electronics

Additional electronics has been acquired to operate the 24-detector array.
Charge-sensitive preamplifiers are being developed to replace the ORTEC
142B. These low-cost, compact units will allow us to expand the number of
channels of the miniball. Ve have purchased an eV-550 preamplifier
assembled on a teflon printed-circuit board. Ve are also developing a
printed-circuit preamplifier board with appropriate shielding, and
connectors for power, input, output, high voltage and test signals, which
can be used with several hybrid amplifier elements. The following
preamplifiers will be tested: a) eV-5091 and eV-5092 (Electron Control
Corp. eV Products Division, 2B Old Dock Road Yaphank, NY 11980), b) Rel-
Labs RL-724 (Rel-Labs Inc. 30 Midland avenue, Hicksville, New York 11801;
supplied by Yale university), c) Amptek A250, and d) MSU-preamplifier
board (supplied by M. Maier). A second preamplifier power-supply has been
provided which can power up to 12 ORTEC 142B preamplifiers. A quad
Timing Single-Channel Analyzer (TSCA) was developed to replace the ORTEC
455 TSCA's presently being used and to allow us to expand the number of
channels.

c) Hiniball support

To increase the solid angle coverage and the versatility of the miniball a
new support structure was designed and constructed (PR-PHS-P-8: 3.2.8;
AECL 10102). The individual detector mounts allow the removal of any
detector (Figure 3.2.8.1). Depending on the requirements of the
experiment, various solid angles can then be achieved by placing the
detectors at different distances from the target. If the emphasis is on
energy and angular resolution, they can be moved away from the target,
keeping the kinematic spread small. If the emphasis is on channel
selection they can be closely packed. Additional detectors or different
configurations are also possible as required by the physics to be studied.
The rhombicuboctahedron geometry gives us an adequate granularity for the
study of evaporation particles from fusion reactions. With increasing
beam energies, the increasing multiplicity and energy of light particles
to be detected requires a greater number of detectors and a larger
detector thickness. We can easily segment or reconfigure the present
geometry. For example, we can increase the granularity for the forward
angles, segmenting the front squares into four 1 cm2 detectors.

The target frame was designed to maintain the axial symmetry and minimize
the shadowing of the 90° detectors. The target frame (0.4 mm thick) is
supported by four very thin wires (two of them spring loaded) attached to
the Delrin shells. The support structure to mount preamplifiers was
expanded to provide support for the 24 preamplifiers.
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Figure 3.2.8.1 View of the array support structure that allows a close-packed

geometry.
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3.2.9 Channel Selection with the Miniball

A. Galindo-Uribarri and T.E. Drake (University of Toronto)
H.R. Andrews, G.C. Ball, D.C. Radford and D. Ward (Nuclear
Physics Branch)

Particle-7 coincidences provide a unique opportunity to study nuclear
spectroscopy and reaction mechanisms. With a particle-7 instrument, such
as the miniball with the 8*, we can study the formation of various
compound nuclei and measure their decay modes. We have explored the
channel-selectior. potential of this instrument in the mass regions A - 40,
50, 80, 130, 150 and 170.

For fusion-evaporation reactions between heavy ions, many exit channels
involving the emission of neutrons and/or charged particles are open, and
a study of individual channels requires good discrimination. One can
favour the detection of a particular exit channel by using the An BGO ball
and measuring the total 7-ray sum energy (H) and the 7-ray coincidence
fold (K) distributions. In general, for xn exit channels the smaller H, K
values are associated with the larger number of neutrons emitted. However
for reactions where charged-particle channels are favoured, there is more
overlap between H and K distributions for various channels and the (H,K)
discrimination is less effective.

In general, lighter compound nuclei decay into charged-particle channels
with equal or greater probability than the xn channels. Many more
evaporation residues can be formed compared with heavier compound nuclei,
such as A-150, for which neutron emission predominates. Also, the closer
the compound nucleus lies to the proton drip line the stronger the
competition expected from charged-particle channels.

With particle-7-7 coincidences we can divide the E.y-E~ matrix into
submatrices based on the type and number of charged particles emitted.
Alternatively, one can study the charged-particle evaporation spectra by
sorting the data in two-dimensional matrices with the energy of the
selected particles for each detector on one axis and the 7-ray energy on
the other. Results of the study of the role of charged particles in the
population of superdeformed bands have been described previously (PR-PHS-
P-8: 3.1.11 and 3.1.13; AECL-10102). Results on nuclear-structure effects
in proton evaporation spectra are reported in 3.1.10 of this report.
Previously, most of the studies of charged-particle evaporation from
compound-nucleus reactions have been made without selection of the final
product nucleus, giving only average properties.

For the reaction 3 2S + 1 0 5Pd at 155 MeV, we have identified twenty
different residual nuclei, which were populated in the (xp,yn), (a,yn)
and (a,yp,yn) reactions, with 2 to 11 nucleons fewer than the compound
nucleus (Figure 3.2.9.1). In some cases the final nucleus is found to be
populated by more than one decay mode. The signature of the final
nuclide, but not necessarily of the reaction exit channel, is the
characteristic 7-ray spectrum.
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Figure 3.2.9.1 Part of the nuclide chart showing the residual nuclei observed in
the decay of the compound nucleus I37Sm*. The exit channel observed is
indicated. The numbers at the end of the diagonals indicate ACN-Aresidual.
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Figure 3.2.9.2 Energy spectra for protons detected at 0/aft = 45°: a) spectrum
of all protons, b) the sum of the two spectra in c), and c) the spectra for
protons corresponding to the 2p and 2pn channels, obtained by gates on the
782 and 272 keV transitions in 50Cr and 49Cr, respectively.
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In the mass region A-150 (PR-PHS-P-8: 3.1.13; AECI.-10102) the neutron
channels are dominant; and, in general, when charged particles are emitted
the charged-particle multiplicity is one. Therefore, the requirement *o
detect a single charged particle (thus selecting Z) together with the
(H,K) gates (thus selecting N) provides the channel selection.

The 1 2C + 40Ca data (PR-PHS-P-9: 3.1.4; AECL-10196) demonstrate that
strong selectivity on the channel can be achieved by the use not only of
charge discrimination but also of energy discrimination in the charged-
particle detectors. Figure 3.2.9.2(a) shows the energy spectrum for all
protons detected at 6llkb=U5°. Figure 3.2.9.2(c) shows the energy spectra
for the protons corresponding to the 2pn and 2p channels (main exit
channels) leading to the residual nuclei 49Cr and 50Cr, respectively.
For comparison, figure 3.2.9.2(b) shows the sum of these two spectra. In
Figure 3.2.9.3 we show the 7-ray spectra obtained by requiring a lov-
energy proton (E = 2 to 3 MeV) and a high-energy proton (Ep > 14 MeV).
They correspond^ mostly to 4 9Cr and 5 0Cr ; respectively. A large
enhancement factor on the channel selection can be achieved with this
method.

The nearly 4TT solid-angle configuration (see 3.2.8 in this report) of the
upgraded 24-element miniball, together with the good resolution of the
detectors, low detection threshold and ease of matching their response,
will allow more exclusive measurements and complete kinematical
reconstruction techniques where charged-particle evaporation dominates.

3.2.10 The Interpretation of 87T Spectrometer Spin-orientation Data

H.R. Andrews and D. Ward

One of the standard features of the 8n spectrometer is its ability to
generate spin-orientation data on an event-by-event basis. Extensive
Monte Carlo calculations have been done to predict the spin-orientation
performance of the 8TT and these have been corroborated by experimental
results for stretched-E2 transitions.

The use of spin-orientation data for quantitative deduction of multipole
mixing ratios requires care in the treatment of the statistical
uncertainty in the spin direction arising froir the limited number of E2
gamma rays emitted per event.

Following a fusion-evaporation reaction, the nuclear spin tends to be
aligned in a plane perpendicular to the beam direction; in fact, the spin-
orientation analysis is usually reduced to a two-dimensional problem for
this reason. The angular uncertainty in the spin direction is thus an
uncertainty in the plane (a "fan-shaped" distribution). It is therefore
incorrect to model this uncertainty in terms of incomplete alignment
because this implies a "conical" spin distribution lying largely out of
the perpendicular plane. This complicates the analysis because the simple
attenuation of the distribution from reduced alignment (B2,B4) values must
be replaced by averages over a gaussian distribution of azimuthal
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angles of the spin direction with the width of the distribution defined by
the results for stretched-E2 transitions.

The spin-orientation r-ata for 126Ba have been analyzed in this fashion.
The data vere sorted into bins of 10° width with respect to the nuclear
spin and, for simplicity, the data were reduced to a ratio, R, of the
average of the first three bins (0=18°) to t>-<» last three (0=77°). The
average value of R for the strongly populated Bit transitions was 1.43±C.O3
from which the standard deviation of the spin distribution was deduced to
be a=45°±2°. This a value predicts a stretched-dipole R value of
0.85*0.02. This is in reasonable agreement with experiment 1 values for
two strong El transitions: 0.78±0.04 and 0.77±0.04. E?'M1 mixing ratios
vere also determined for those transitions where counting statistics vere
adequate.

3.2.11 Directional Correlation Ratios with the 8ft Spectrometer

H.R. Andrews and D. Vard

The HPGe detectors of the 8?r spectrometer are situated in four rings of 5
each at angles, 6, to the beam axis of 37°, 79°, 101° and 143°. With only
two independent angles, the spectrometer is thus not useful for
measurement of angular distribution with respect to the beam direction.
On the other hand, it is veil suited for the measurement of directional
correlation (DC0) ratios. For this purpose, data from the 37° and 143°
detectors can be added as can those from the 79° and 101° detectors.

Experimental data from the 8JI spectrometer normally involve Compton-
suppressed BPGe-HFGe coincidences with related BGO-ball information on sum
energy, multiplicity, and hit pattern on an event-by-event basis. For DCO
ratio purposes, two approaches are useful:

1) A 7-7 matrix is formed with one dimension involving the 79° and 101"
rings and the other the 37° and 143° rings. The DCO ratio then is
simply W(71(37

6)72(79°))/W(7i(79
<>)72(37°)). This has the advantage

that it is relatively insensitive to errors in the efficiency
co--ection from ring to ring but it has the disadvantage that
stretched-E2 transitions give a DCO ratio of unity, which conveys no
useful information about the nuclear-spin alignment.

2) Two matrices are formed, one with 37° data, the other with 79° data.
The ratio is W(71(37°)72(37°))/W(71(79°)72(79°)). In this case, the
DCO ratio for stretched E2's is about 2 and it thus serves to define
the alignment of the states involved. However, this method is
directly sensitive to errors in the efficiencies of each ring
determined with standard sources; this is the dominant uncertainty in
cases not limited by counting statistics.

A program has been written to calculate both types of DCO ratio with the
azimuthal-angle averages of the 8* geometry for multipolarity 1 and 2 and
mixed transitions as a function of the alignment of a higher spin
reference state and arbitrary numbers of unobserved transitions above and
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between the 7 rays involved in the ratios. Some tables relevant to data
presently under analysis were generated.

3.2.12 Calibration of DCO Measurements With the 8TT Spectrometer

V.P. Janzen (TASCC/McMaster University)
H. Sawicki and P. Unrau (McMaster University)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)

The assignment of angular momentum and parity to discrete states is
critical to the understanding of nuclear level schemes. The most commonly
used method involves the extraction of DCO (Directional Correlation of
Oriented states) intensity ratios for coincident 7 rays detected at two
dissimilar angles with respect to the beam direction (see 3.2.11 in this
report). If accomplished with sufficient accuracy, E2/M1 mixing ratios
may also be extracted, providing more detailed information about
transition matrix elements. It is therefore worthwhile to ensure that our
current DCO analyses provide accurate values.

Ge-Ge coincidences from a 1 5 2Eu source were measured with standard
acquisition software and hardware. An E ^ - E ^ DCO matrix was constructed
from coincidence events involving one 7 ray detected in the ±37° or 143°
rings of Ge detectors combined with a second one in the ±79° or 101°
rings. Peaks in the matrix were fitted with our standard procedures, and
ratios taken for as many coincident pairs of 7 rays as possible. Since
the nuclei are not initally aligned, the DCO ratios must be identically
unity. As shown in Table 3.2.12.1, the results are very close to one.
The average value is 0.979(8).

TABLE 3.2.12.1

DIRECTIONAL-CORRELATION RATIOS FOR
GAMMA-RAY TRANSITIONS IN l 5 2Eu

(iceV) DCO Ratio Number of Coincident Pairs

6

2

4

2

2

2

2

121.8

244.7

344.2

367.8

411.1

444.0

964.1

0.963(20)

1.009(20)

0.968(8)

0.999(23)

1,021(18)

0.974(31)

0.968(25)
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3.2.13 Software Development

R.V. MacLeod and D.C. Radford

A cranked-shell-model code provided by B. Crovell at Yale University has
been installed on the VAX cluster. Graphical presentation of data from
this program requires a software package called PAV (Physics Analysis
Workstation) which is a subset of the CERN library. This library of
physics and mathematics subroutines has been ordered. It is expected that
PAW will become a standard interactive data analysis and presentation
package for the group.

A VAXstation 3100 M38 workstation has been delivered and all software for
analysis of 8JT data has been transferred to it. An on-line help ileature
has been implemented for GELIFT.

In an effort to improve the background subtraction for a two-dimensional
matrix, several methods of automatically determining the background for a
one-dimensional spectrum are being investigated.

3.2.14 Improved Background Subtraction from y-y Coincidence Matrices

D.C. Radford and R.V. MacLeod (Nuclear Physics Branch)
J.C. Waddington (McMaster University)

Two-dimensional background subtraction from an E~-E-y coincidence data set
has conventionally used an algorithm similar to tnat developed by Palameta
and Waddington (Nucl. Instr. and Meth. A234 (1985) 476). Such background
subtraction is useful in the investigation of quasi-continuum ridge and
valley structures, and to facilitate rapid inspection of discrete gates.
The technique of Palameta and Vaddington will, in principle, work
perfectly for a data set based on the 7 decay of a single residual nuclear
species. However, virtually all heavy-ion fusion reactions have several
competing evaporation channels that cannot be completely eliminated even
with the information on 7-ray multiplicity and sum energy from the 8JI BGO
ball. Typically, reaction channels with fewer evaporated particles have
higher average spin, and hence a larger "E2 bump" than channels with more
evaporated particles, so that the shape of the background differs with
reaction channel. This gives rise to "stripes" in the Ê -E-y matrix which
are not perfectly removed in the background subtraction process.

We have developed a new algorithm for calculation of a two-dimensional
background, which provides a significant improvement in the treatment of
the stripes over that of Palameta and Vaddington. Two projections and
their background spectra are used, while only one is used in the standard
procedure. We have used the new technique on several data sets from the
8n spectrometer with very satisfactory results.

The two projections used are taken from:

1) the total projection of the matrix. This is also the projection used
in the "standard" procedure, and



2) a projection taken from gates set on background channels in the E2-
bump region, with a normalized total projection subtracted. This
gives a spectrum related to the difference between the various
reaction channels. Gates on the E2 bump are used only because
experience indicates that that is where the various spectra show the
largest differences.

The following algebra demonstrates that an exact treatment of the two-
dimensional background is possible with this technique, in the case where
there are only two competing reaction channels. Experience shows that the
technique works very veil for actual data, where three or more channels
are open.

Consider an experiment where the two primary reactions are (HI,zn7) and
(HI,(z+1)n7). Let the total projection and background be:

Pi =

where

x + y = 1

We define

B\ - B\2)-B\1)

Hence

{ () + pi

and similarly for the backgrounds.

The two-dimensional background given by the conventional technique would
then be:

bW = KB; + BiiPt - Bj) . •
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The correct procedure would yield a two-dimensional background,

(1)

With simple algebra, one can show that the difference between these two
backgrounds is:

If we now set gates on channels in the E2-bump region that agree
statistically with the background (i.e. P<n> = B^ for n=l,2) and define

gatcM gateM

then, from eqn. 1, e and f, we get a spectrum:

Qi = EMij
gates

Now we define the spectrum B.i, and its background distribution Si, such
that:

= fxyP!
Si = fxyBl

where the normalization factor (e+fy) is chosen to give
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Ve define

gatct

Then

b'{j =

3.2.15 Level-Scheme Analysis: Nev Version of Program LF8R

D.C. Radford and P.P.H. Brown

A new version of LF8R (see PR-PHS-P-8: 3.2.5; AECL-10102, PR-PHS-P-3:
3.2.7; AECL-9503) has been written that incorporates the level-scheme file
system described in PR-PHS-P-9: 3.2.5; AECL-10196. These level-scheme
files tell the new LF8R about the current proposed level scheme so that
the program is able to report not only the (experimental) coincidence
intensities, but also the intensities predicted from the proposed level
scheme. The new program has been used on several data sets from the 8JT
spectrometer, and has proven to be of tremendous benefit. The user can
easily and quickly extract reliable intensities and energies for the
transitions in the scheme, and identify problem coincidences for which the
intensities are not well-described by the existing level scheme.

New features of the program enable the user to:

a) Fit intensities of gamma rays in the level scheme to the
measured coincidence intensities. Up to 500 intensities can
be fitted simultaneously with all doublets and conversion
coefficients correctly accounted for.

b) Fit gamma-ray energies to the coincident energies in the data
base. Again, doublets are correctly accounted for.

c) List the greatest discrepancies between the predicted and
measured coincidence intensities for all coincidences in the
data base. This makes it very easy to identify new bands and
transitions not yet incorporated in the level scheme.

d) Search for "missing links", i.e. El, E2 or Ml transitions
between known levels in the scheme. The program inspects all
pairs of levels where such transitions are allowed and, if no
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such transition is assigned, performs a least-squares analysis
for the most likely intensity of the missing transition. The
user may then include such transitions if the intensity is
significant.

e) Subtract predicted coincidence intensities from the measured
o n e s , and then list the d i f f e r e n c e s . Ratios
(measured/predicted) of intensities may also be calculated.

f) Perform an on-line edit of the level scheme to add new bands,
levels or transitions, or change 7-ray energies and
intensities.

3.2.16 Data Acquisition

G.C. Ball, E. Hagberg, D.C. Radford, F.J. Sharp and G. Tapp
(Nuclear Physics Branch)
G. LeBlond, R. Roiha and M. Thompson (Mathematics and Computation
Branch)

During the past six months, the priority for hardware and software
development has continued to be directed towards the new Phase II
Experimental Computing Facility. However, a new 1.2 GB disk, drive was
installed on the CCUR 3230 to replace three older drives that had become
expensive to maintain.

Software was developed to control and monitor, via CAMAC, the LeCroy High
Voltage supply for the new phoswich array. In addition, new 3D plotting
routines were written for the Tektronix 4200 terminals and software was
developed to program function keys on VT320 and Tek 4200 terminals.

3.2.17 Phase II Experimental Computing Facility

G.C. Ball, E. Hagberg, R.W. MacLeod, D.C. Radford, F.J. Sharp,
L.V. Smith and G. Tapp (Nuclear Physics Branch)
G. LeBlond, R. Roiha and M. Thompson (Mathematics and Computation
Branch)

During the past six months, the CCUR 3280 has continued to be extensively
used for data analysis. Several new hardware/software upgrades were also
implemented. New peripherals installed on the CCUR 3280 include a 6250
bpi tape drive, a second 1.2 GB disk drive and an additional dual 2.3 GB
Exabyte tape-drive system.

Further testing of the new CAMAC FIFO module and associated DMA interface
revealed a fundamental hardware problem with the 8-bit FIFO IC chosen for
these modules. As a result, the printed-circuit boards were redesigned
and the replacement modules are now under test. This has delayed
implementation of data-acquisition with the CCUR 3280 by several months.

Three new Sun SPARCstation-2 workstations have been ordered to replace the
Chromatics color graphics terminals for on/off-line analysis. These units
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have RISC processors running at 40 MHz, which deliver 28.5 HIPS. They
come with 16 MB of memory, a graphics accelerator and a high-speed I/O bus
with a spare slot that will be used to input spectra from the CCUR data-
acquisition system via a specialized CAMAC interface. The workstations
will also be networked to the CCUR computers. Delivery of the work
stations is expected in early February.

A VAX-3100 workstation has been delivered and is connected by Ethernet to
the CDC-VAX network. This workstation will be used for off-line VAX-based
analyses. It will be located in Bldg. 114, Room 144 along with a HP
LaserJet III printer and several other terminals/PC's connected to the CRL
network.

3.2.18 Progress in Accelerator Mass Spectrometry

H.R. Andrews, G.C. Ball, W.G. Davies and V.T. Koslowsky (Nuclear
Physics Branch)
B.F. Greiner, Y. Imahori and J.W. McKay (TASCC Accelerators and
Development Branch)
R.M. Brown, R.J.J. Ccrnett and G.M. Milton (Environmental
Research Branch)
J.C.D. Milton (Physical Sciences)

During this reporting period, there were three accelerator-mass-
spectrometry runs devoted to system development as well as to the
measurement of standards and natural samples of scientific interest.
Successful measurements were made of a series of ground-water samples from
the vicinity of the Cigar Lake uranium deposits as well as of 36C1
standards supplied by the University of Rochester. Detailed reports on
various topics are given below. Overall, we have achieved systematic
accuracy of better than 10% and a measurement capability down to ~10"13 in
the ratio 36C1/C1.

a) Overall System Stability and Accuracy

Our measurements consist of ratios of average 36C1 count rates in the
detector to average 35C1 or 37C1 currents measured in front of the gas-
filled magnet normalized to similar measurements of a local "100 x Modern"
(100 M) standard with 36C1/Cl=l.3x10"10. An estimate of the system
stability can be obtained from an analysis of the results of repeated
measurements of this standard. In the most recent run, there were 13
repeats of this sample with a standard deviation of the mean of 2.32,
incorporating the normalized x2 of 9.7. The largest deviation from this
mean was 25%; three others were about 15% and the average of the absolute
value of the other nine deviations was 4.2%. Comparable results were seen
in the previous run where two sets of four measurements of the 100 M
standard gave standard deviations of the mean of 4.2% and 1.4%. There was
also one Cigar Lake sample that was measured once in November and twice i.:
the December run. The error in the average results was 10% allowing for
the normalized x2 of 15. Thus, with two or three repeat measurements, we
should achieve systematic accuracy of 10% or better.
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An independent test of the accuracy of our 100 M standard and our
measurement system comes from a series of comparisons of standards from
Rochester ag .nst our Chalk River standard. Our results are in excellent
agreement as follows: Rochester value 5x10"ll 36C1/C1, Chalk River
(4.88±0.14 and 4.81±O.24)xlO"11; Rochester value lxlO"11, Chalk River
(0.89±0.06)xl0- 1 l ; and Rochester value 5 x l 0 1 2 , Chalk River

b) Background Limits

There are two types of limiting backgrounds: true 36C1 from ion-source or
sample contamination and misidentified stable ions such as 3 6 S , and
3 5 < 3 7 C 1 . The 3 6S has essentially the same mass as 36C1 and is minimized
by good chemistry in sample preparation, proper ion-source materials and
by the use of a gas-filled magnet and particle identification in the final
detector. With the injector set for mass-36, some ions of mass-35 and -'l~>
are nevertheless injected. A few of these can undergo charge-changing
collisions in the accelerator tube that give them the same effective
rigidity as mass-36 ions. The velocity filter suppresses these spurious
ions but a small number still reach the final detector. They are the
limiting background of misidentified ions. Efforts will be made to
increase the resolution of the velocity filter, and also to reduce the
flux of unwanted ions from the injector by our putting a slit between the
ion-source cage and the injection Y magnet. The present measured
background is between 1 0 1 4 and 10 - 1 3 36C1/C1 with the residual counts
appearing to be real 36C1 rather than misidentified stable species. Some
aspects of sample preparation are carried out in a new fume hood and other
aspects in a laminar flow fume hood to minimize cross contamination.
Since the observed 36C1 in the background samples is well above the
expected levels, new equipment will be prepared for handling the lower
level samples, and in addition the work vill be carried out in a special
low-background building. Further background studies are planned for the
next running period.

c) Detection System

The detector described previously (PR-PHS-P-9: 3.2.6; AECL-10196) was
shortened by about a factor of two to improve its aspect ratio. However,
this detector was still found to be inadequate and a new one will be
constructed with a 5 cm larger active diameter in order to avoid edge
effects.

Some difficulties have occurred in our maintaining constant gas pressures
in both the detector and the gas-filled magnet (-250 and 3 mbar,
respectively). A new regulated dual gas-handling system will be built
but, in the interim, independent capacitive-manometer systems vill be used
for continuous monitoring of both. Playback programs have been developed
that correct for pressure-induced shifts in peak positions but higher
pressure stability is needed for optimum results.
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d) Ion Source and Injector

The AMS program uses the UNIS source. Although its output current is
small, it has the advantage of multiple samples and minimal memory
effects.

In the most recent run, the source was operated conservatively; the
injected 3 5C1 current was typically -200 na. To determine whether
spurious 35-37Cl events arose as a result of source sparks, a monitoring
system was devised to label events when a spark had occurred. In
addition, each counting period was subdivided into 0.5-second bins so that
the fine structure of the particle flux could be recorded. It was found
that sparks were not correlated with spurious ion injection; consequently,
the source will be run harder in the future to increase its output.

On a few occasions, there were very large fluxes of 35C1 or 37C1 lasting
for a few seconds. These are likely the result of loss of regulation in
the inflection or Y magnets caused by spark-induced temporary failures in
the Hall-probe systems or their microprocessor-based controllers. These
rare events are easily detected and eliminated during data analysis.

The multiple-sample, spherical-ionizer source from McMaster has been
prepared for testing. A leaking seal has been patched and a sample-
changing drive has been attached. It should give high currents and it
offers ease of sample changing, but memory effects are a possible concern.
It will be tested in early 1991 as scheduling permits.

e) Gas-filled Magnet Calculations

These are discussed in detail in a separate submission (see 3.2.19 in this
report),

£) Resultj for Cigar Lake Samples

The 36C1 contents of five samples from the Cigar Lake uranium deposit were
measured in the latest run. All but one sample contained between 2 and 5
times modern concentrations of this isotope, indicating substantial in situ
production in the region of high neutron flux. The more precise values
available following the detailed data analysis currently in progress will
be used for the calculation of groundwater residence times in the vicinity
of the deposit.

g) Tandem Transmission and Overall System Efficiency

Because of the design and complexity of the beam-transport system, the
experiments are carried out at constant settings on the post-Tandem
magnets; the 3s,36,37Ci j o n s a r e seiected by changing the inflection and
Y-magnet settings and the Tandem-accelerator terminal voltage. Thus,
100 MeV 3 6C1 7 + is obtained at a terminal voltage of about 12.5 MV; 35-37Cl
of the same magnetic rigidity at 12.86 MV and 12.16 MV, respectively.
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Measured at the Faraday cup in front of the Tandem, the isotopic ratio of
35C1 to 37C1 was correct to within 2t, while after transmission through
the Tandem, it was wrong by about 30Z. Since these measurements were made
at 12.86 and 12.16 HV, it was possible that a terminal-voltage effect was
responsible. However, we checked this by measuring the ratio of pre-
Tandem injected current to analyzed 3 5 C 1 7 + at magnetic rigidities
corresponding to 100 MeV 3 6 C 1 7 + down to 86 MeV 3 6Cl 7 + (12.85 MV to
11.07 MV). Over this whole range the ratio of image-cup electrical
current to the current at the pre-Tandem cup varied from 0.529 to 0.404,
but between 12.85 MV and 12.10 MV it varied only from 0.529 to 0.522.
Variations in transmission as a function of isotopic mass presumably
reflect different injection steering. This problem will be investigated
in greater detail and it is hoped that a slit placed between the two
injector magnets will define the injection conditions better.
Fortunately, with computer control of all relevant variables, it is
possible to have as many parameters as necessary optimized for each
isotope.

A second unresolved question is the overall efficiency of detection of
36C1 relative to 35Cl or 3 7C1. Given the fact that the "100 x Modern"
standard is 1.3xl0-10 36C1/C1, the overall efficiency of detection of 36C1
is less than 102 relative to the observed 35C1 current. On the basis of
3 6S measurements before and after the gas-filled magnet, we would expect
an efficiency through the gas-filled magnet and the counter aperture of
about 302. Some of the loss in efficiency is from tight software gating
of the detector spectra but a factor of at least 2 is still unexplained.

Since all measurements are done relative to a standard, the effects of
these problems, in principle, cancel out; however, they must be understood
and rectified to achieve the best in reliability of results.

3.2.19 Calculations on the AEclicabllitv of Gas-Filled Magnets to AMS

J.C.D. Milton (Physical Sciences)

Detection of the rare isotope, 3 6C1, is complicated by the omnipresence of
the isobar, 3 6 S . Despite careful sample preparation, it is advantageous
to increase the number of redundant parameters determined by adding
another to the usual velocity, residual energy, energy IOJS and multiple
determinations of the magnetic rigidity. A method that has proved
practicable is to make use of the small difference in average atomic
charge of fast moving ions of neighbouring elements in a low-pressure gas.
This phenomenon was first applied to a measurement of the primary nuclear
charge on fission fragments by Fulmer and Cohen (C.B Fulmer and B,G.
Cohen, Phys. Rev. 109(1958) 94), and more recently has been applied in AMS
measurements (M. Paul, B.G. Glagola, V. Henning, J.G. Keller,
V. Kutschera, Z. Liu, K.E. Rehm, 8. Schneck, R.H. Siemssen, Nucl. Instr.
and Meth. A277 (1989) 418). If a magnetic field exists in the gas-filled
region, then the small difference in average charge ca;i be translated into
a spatial separation at the focal plane of the magnet. A Monte Carlo
computer program to calculate the separation as a function of the elements
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concerned, gas type and pressure, and magnetic system has been written by
Paul et al. The program is based on the old (early 1980fs) version of the
HIT program RAYTRACE (S. Kowalski and H.A. Enge, Pvt. Comm., 1987 July).
Onto this is grafted a Honte Carlo program to take into consideration the
energy loss and scattering of the ions in the gas. These effects are
calculated rather accurately, but nuclear scattering of the ions in the
gas is ignored in the angular distributions (though not in the energy
loss). This means that the distributions along the detector plane are
likely to be somewhat longer-tailed than calculated.

The Fortran source code for the Paul program was obtained for Chalk River
from K.W. Allen of Oxford in October. As received, the program was
suitable for running on a VAX, but was accompanied only by an annotated
data set for an Enge Split Pole Spectrograph - there was no sample output.
Considerable effort was therefore required to ensure that the program was
behaving properly on the Chalk River VAX computers, after which it v.'.s
applied to magnetic systems available for AMS purposes here. For the
moment, these are the Q3D Spectrometer and one of the magnets in the beam
transport system, BE3.

The optimum magnetic system for use in AMS is one with a large bending
angle, at least 90°, large vertical aperture, maximum gas-filled path in
the magnetic field, and a non-uniform magnetic field of the n=l/2 type.
The uniform field magnet, BE3, with its 50° bending angle, 60 cm path of
gas before the onset of the magnetic field, 278 cm path from the exit of
the magnet to the focal plane, and 3 cm gap, is far from ideal for AMS
purposes; it is, nonetheless, available and easy to use. The calculations
for this magnet indicate that with the entrance to the detector at 3J cm
from the exit (far in front of the focal plane) and with a pressure of
3 mbar of N2, a separation of 2.7 cm (slightly greater than the half
width) can be obtained between 3 6S and 36C1 at an entrance energy of 100
MeV. Preliminary results indicate that:

a) For N2, 3 mbar Pa is close to the optimum pressure.

b) The calculated separation is approximately correct.

c) The counting efficiency is not limited by the vertical aperture.

d) Multiple scattering in the entrance foil (100 ug/cm2 mylar) is not
serious.

e) Energies above 100 MeV are desirable.

The calculated optimum gas pressure and separation in the detector plane
agree reasonably well with those observed in BE3. The calculations also
indicate that the Q3D is not suitable for AMS work because much of a
typical trajectory is in a region free of magnetic field.
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Many minor improvements have been made to the program. These include:

a) It has been extensively annotated to make it more intelligible for
new users.

b) In addition to the distribution in x along the detector plane,
the program now outputs distributions in final energy, average
ionic charge, transit time and in y at the detector plane. These
distributions are also graphed.

c) Energy loss in the entrance foil is accounted for.

For most purposes it is sufficient to calculate 100 rays. However, if the
shape or the tails of the distributions are of interest, 1000 or more are
necessary. For BE3 at 3 mbar, 1000 events require about 35 minutes of VAX
CPU time; the time increases rapidly with higher pressure, and for the
Q3D. For these reasons, consideration is being given to modifying the
program so that it will run on the CYBER 990. It is also planned to look
at the suitability of the method for separating 32Si/32S and 58Ni/58Fe.

3.2.20 Target Laboratory

P. Dmytrenko, J. Trochimowski and H.R. Andrews

During the second half of 1990, the target laboratory's main activity was
the production of thin-film targets for nuclear physics experiments and
the preparation of carbon stripper foils for the low- and high-energy
terminals of the Tandem accelerator. Standard stripper foils and
experimental composite stripper foils were also prepared for the
superconducting cyclotron. Stable isotopes were procured and converted
into required compounds for TASCC ion-source use. Chemical cleaning
procedures were carried out on various components of the TASCC ion source.

a) Preparation of Targets for Nuclear Physics Branch

The following targets were produced for the Nuclear Physics Branch:
natural Al, Ag, Ca, Gd, KF, Mo, U, Zr; and 10B, 3<S, 46Ti, 92Mo, 130Te,
148Nd, 149Sm, 151Eu, 16«Dy.

b) Targets for Commercial Sales

Isotopic targets and carbon stripper foils were produced for commercial
sales. Our customers included: TRIUMF, Yale University, University of
Washington, the Swiss Federal Institute of Technology, the New Zealand
Government, Daresbury Laboratories in England, the Institut Physique
Nucleaire in France and the Techno-Chemics Company of Japan.
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3.2.21 A Differential-Algebra-Lie-Algebra Orbit Dynamics Code for the
TASCC Superconducting Cyclotron

W.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)
G.D. Pusch (TASCC Accelerators and Development Branch)
G.E. Lee-Whiting (Theoretical Physics Branch)

The effort on the new differential-algebra-Lie-algebra orbit dynamics
code, DACYC (PR-PHS-P-9: 3.2.13; AECL-10196) being developed for the TASCC
superconducting cyclotron has concentrated on the development of an
appropriate magnetic-field model. The magnetic-field representation
should satisfy Maxwell's equations, have an analytic representation to be
used with DA, be expressed in terms of the vector potential (consequence
of using the Hamiltonian), make as direct contact as possible with setable
and/or measured parameters, and be computationally efficient.

We have decided to break the magnetic field into four major parts:

1) field from the coils,

2) saturation magnetization of the iron poles,

3) "field" from the trim rods, and

4) residual field (from unknowns an'' errors).

Models for items 1 and 2 have been developed and are described in 3.2.22
of this report. Preliminary fits to actual magnetic-field data have been
made and the results are encouraging. The theoretical development of the
Fourier Bessel solution to Maxwell's equations, which will be used to
describe the residual field, item 4, is described in 4.3.9 of this report.
This solution is derived from a Herz potential. It is not yet completely
clear how we deal with the "field" from the trim rods. We will begin with
a point mu.ltipole placed at the center of the volume of each retracted
trim rod. The parameters of the multipole will be fitted to measured
"trim-rod" field data. A three-dimensional vector potential is obtained.

Because of peculiarities in our r.f. design, we have distributed vertical
field components in the r.f. field. Thus, the r.f. field will be
represented by a Fourier-Eessel expansion rather than a kick
approximation. If we work in Coulomb gauge then we need only the vector
potential, A, so that E=-3A/3t. A Hertz potential formulation similar to
that used in the expansion of item 4 can be used, and the trigonometric
and Bessel functions will be a subset of those needed for the residual
field. Hence, very little extra calculation is required in order to
generate an accurate three-dimensional model of the r.f. field!

In addition to the effort on the magnetic-field representation,
significant progress has been made in the development of the Lie-algebraic
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aspects of the problem (see, for example, 3.2.25 in this report) as well
as on the mathematical foundations of the differential algebra (DA) and
Lie algebras used. In this regard, general DA algorithms have been
developed for finding the derivatives with respect to N variables to
arbitrary order for both the arctangent and the elliptic integrals (see
4.3.10 in this report). With the help of 6tienne Forest, the DA-mediated
Lie-algebra program package DALIE has been implemented, and a preliminary
program has been written to study resonances.

3.2.22 Magnetic Field Model for the TASCC Superconducting Cyclotron

G.E. Lee-Whiting (Theoretical Physics Branch)
G.D. Pusch (TASCC Accelerators and Development Branch)
W.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)

The new differential-algebra-Lie-algebra orbit dynamics code, DACYC, (see
3.2.21 in this report) being developed for the TASCC superconducting
cyclotron requires a three-dimensional analytic representation oil the
magnetic vector potential. This requirement is a direct consequence of
the use of differential algebra (see S.R. Douglas, AECL-10139) to effect
the Taylor series expansion of the Hamiltonian about the central
trajectory.

The geometry of the TASCC cyclotron is far too complicated to permit
useful ab initio calculation of the magnetic field. Extensive measurements
are available, but these are confined to the vertical component at points
in the horizontal plane of symmetry. Our initial attempt to fit the
measurements with a finite number of independent solutions of the empty-
space field equation, obtained by separation of variables, was not
satisfactory. Therefore, we resolved to make use of our knowledge of the
sources of the magnetic field.

Over the operating range of the cyclotron, between 302 to 50£ of the
midplanar field strength is generated directly by the superconducting
coils. We have excellent knowledge of the currents in these coils, and a
reasonable knowledge of the positions of the individual conductors. The
method used by G.E. Lee-Whiting in the design of the Chalk River iron-free
7r//2 beta spectrometer (CRT-668; AECL-381; October 1956) has been slightly
generalized and applied to the coil structure of the TASCC cyclotron. It
involves a moment expansion applied to each of a set of arbitrary
subdivisions of that structure. Excellent results (tested by more
detailed calculations) were obtained with as few as 4 subdivisions; the
time required for each evaluation was reasonable.

The next step is to find a reasonable analytical representation of the
bulk of the field of the flutter poles. Here we use the facts that the
iron near the pole faces is very nearly saturated and that the
magnetization is very nearly in the vertical direction. The boundary of
each pole's face may be approximated by a polygon. Each pair of poles is
replaced by an infinitely long prism erected on the polygon, with the
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portion between the two pole faces removed. The prism is filled with
"iron" uniformly magnetized in the direction parallel to its generators.
Analytic expressions have been derived for the vector potential and the
field of such a prism at an arbitrary point outside the iron. It is
proposed to choose the value of the uniform magnetization in such a way
that the coil field plus the field of four prisms gives a best fit to the
measured data. Several embellishments have been added to allow for the
fact that the magnetization is not everywhere vertical and uniform. One
of these is a loop of current on the polygonal boundary of each pole face;
this provides a second free parameter. Also, uniform distributions of
dipole moment are placed along each of the sides of the polygonal pole-
face boundary; here we gain three physically meaningful adjustable
parameters for each side of the polygon. Analytic expressions for the
vector potential and field have been derived for both of these extensions.
Moreover, they are given in terms of the same functions already required
for the field of the prisms.

All the formulae have been tested by numerical differentiation to ensure
that B = curl A and that curl B = 0 and div B = 0. A reasonable fit to
the pole face boundary was obtained with a 16-sided polygon. The time
required per field point was not excessive; we could consider going to,
say, 25 sides if necessary.

Preliminary fits of the model, consisting of the coils plus the polygonal
poles, to experimental data are encouraging. The correct mean and flutter
fields are produced; however, the lack, of iron in the valleys and the yoke
requires that the coil current be increased by a factor of 1.6. The ratio
of the inner to outer coil currents is also changed by about 6%. Since a
10 cm thick iron skirt placed in the valleys at outer radii provides a
significant portion of the field tilt, the small change in the current
ratio is not surprising. Both effects should be able to be compensated by
the addition of polygonal valley elements. Although the addition of the
extra "iron" vill approximately double the time required to calculate the
field from the polygonal poles, the estimated total computer time required
for a calculation of the central trajectory is comparable to that required
by the present orbit-dy! Miles code.

3.2.23 Estimate of the Temperature Dependence of the Magnetic Field in
the Superconducting Cyclotron

W.G. Davies

Slow changes have been observed in cyclotron performance that appeared to
arise from drifts in the r.f. voltage, especially in long runs involving
high-power 7T-mode r.f. operation. The most dramatic example of thxs
effect was in a recent 12C-45 MeV/u run where, after two days, it was no
longer possible to accelerate the beam to full radius. One possible
explanation is a slow drift in the magnetic field due to a change in the
saturation magnetization of the iron as a function of temperature. High-
power operation will raise the temperature of the poles by perhaps a few
degrees C. The resulting change in the magnetic field will cause a loss
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of isochronlsm with a resultant phase slip, which would need an increase
in the r.f. amplitude to maintain the operating conditions. A model of
the change in the magnetic field as a function of temperature has been
developed, which confirms the above hypothesis and provides a basis for
the adjustment of the field of the cyclotron magnet.

The model is based on the magnetic circuit approximation

(1)

where B is the magnetic field strength, NI is the number of ampere-turns,
1 is the mean length of the iron circuit with permeability n, g is the
mean gap and no is the permeability of free space. Ve assume HKS units.
We want to find the sensitivity of B to small changes in the temperature
T. On differentiating (1) with respect to T, we obtain

From Morrish (A.H. Morrish, The Physical Principles of Magnetism, Wiley,
New York, 1965), we have that the "spontaneous magnetization" of pure iron
in the vicinity of room temperature is described by the relation

M(r) = M ( 0 ) ( 1 - A T 2 ) - ^ ( T ) = /i(0)(l-Ar2) (3)

where /x(0) is the permeability at 0 K, r=T/Tf and Tt is the Curie
temperature for iron: Tf = 1043 K. The empirical constant A=0.2583. If
we substitute for /i(0) from (3) and introduce Km=/x//i0 where K,,, is the
relative permeability at the field B, we obtain the final expression

6B dT = (K,g + 6)

In the evaluation of (4), it is best to take the value of (i or K, from
experimental measurements of the fielo. (or fields) present in the iron
circuit.

Eq. (4) has been used to estimate the temperature dependence at the field
required for 12C-45 MeV/u. The result is (l/B)(dB/dT) = -1.08x10" V°C.
During the run referred to above, it was observed that the magnetic field
had to be raised by 0.06X in order to recover the isochronous field. This
implies a mean temperature rise in the "poles" of AT=5.6'*C, a reasonable
number.

With appropriate adjustment of the parameters, eq. (4) can be used to
estimate the temperature rise at any field where the temperature is in the
vicinity of room temperature; eq. (3) is only valid in this temperature
domain. Finally, it was pointed out by C.R.J. Hoffmann that measurements
were in fact made of the temperature dependence of the magnetic field
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(J.H. Ormrod, Magnetic Field Measurements of the Chalk River
Superconducting Cyclotron, AECL-7842, 1982). In these measurements, the
temperature of the room was changed to bring the whole cyclotron, poles
and yoke, to a new temperature. This was a better defined situation than
that discussed here. From those measurements, for B=3 Tesla, the
sensitivity was (l/B)dB/dT=lxlO4 to be compared with the value 1.08x10'*
from (4). The agreement is excellent! The present results have been
published in SCC Note (Series II) #107.

3.2.24 Derivation of the Focusing Limit in the TASCC Superconducting
Cyclotron

W.G. Davies

The question of the realistic limits in the mass-energy diagram for the
superconducting cyclotron has arisen again recently. The upper limit of
the energy is determined by one of three factors: i) the maximum
attainable magnetic field, ii) the point at which we no longer have
vertical focusing in the machine, known as the focusing limit, or iii) the
maximum Tandem voltage. Item ii) depends upon the charge-state, q, which
is also a function of the Tandem voltage. It is very useful to have a
simple yet reasonably accurate estimate of the focusing limit to avoid
having to run the orbit dynamics code to search for this limit.

From the expression for the momentum of a relativistic particle,

cp = m J1863E + E2 = /37m (1)

and the isochronous condit5on ct = cr/v = r/p = k = constant, we find that

where p is the momentum in (MeV/c), m is the mass of the particle in
(AMU), E is the specific energy in (MeV)/u, c is the velocity
of light and ~i=\/J\-p2 with p = v/c.

From Hagedoorn and Verster (H.L. Hagedoorn and N.F. Verster, Nucl. Instr.
& Heth. 18 (1962) 201) we have that the vertical betatron frequency, which
is related to the focusing strength, is given by

j/f ~ n +
1
j + tan2f = -(72-l) + K/B2 (3)

where bn is the strength relative to B of the dominant Fourier term
generating the flutter, b4 in our case, and {• is the mean spiral angle of
the hills; the field gradient, n, is defined by n=-[r/Bj3B/3r. It is
easily shown that n=-(72-l). Thus, if we define the focusing limit to be
that point at which ^,=0, and if we know where this occurs in the
cyclotron, we can determine the constant K in eq. (3). Substituting eqs.
(1) and (2) into (3), and solving the resulting equation for E we obtain
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E- -931.5 ^ ( )

whs re

a = 3.47O76xlO6 ; b = 7.65196xlO5.

Eq- (4) gives a good approximation to the focusing limit.

A much simpler expression can be derived if ve make a non-relativistic
approximation, which results in the expression

(5)

Equation (5) was originally communicated to the author by E. Heighway, but
over the years its pedigree got lost - hence the present vork. This work
has been published as SCC Note (Series II) #101.

3.2.25 A Detailed Analysis of the Decentering Resonance as an
Introduction to Lie-Algebraic Methods in Ion Optics

V.G. Davies

Although many papers have now been written on the Lie-algebraic
formulation of beam dynamics in accelerators, none provide a consistent,
detailed description of a realistic problem from beginning to end.
Futhermore, the detailed definitions and evaluation of the quantities that
arise in a hierarchy of Lie algebras often are not clearly stated. This
makes it very difficult for someone entering the field to understand the
literature or to do an actual calculation. In order to alleviate these
problems, a report has been written, presently in draft form, that
provides a detailed analysis of a realistic problem.

As was stated above, the purpose of this work is to cut a path, albeit
narrow, through the jungle of mathematical concepts and notation that are
required for the understanding and use of Lie-algebraic methods in ion
optics and accelerator physics. The jungle is even less penetrable
because much of the notation used in optics and accelerator physics
(A.J. Dragt, Nucl. Instr. & Meth. A258 (1987) 339; A.J. Dragt, F. Neri,
G. Rangarajan, D. Douglas, L.H. Healy and R.D. Ryne, Ann. Rev. Nucl. Fart.
Sci. 38 (1988) 455; E. Forest, M. Berz and J. Irwin, Part. Accel. 24
(1989) 91; A.J. Dragt, Lectures on Non-linear Orbit Dynamics, AIP
Conference Proc. 87 (1982)) is quite different from that used by
mathematicians and astronomers. Our path has been chosen with care to
lead us from the familiar ground at the edge, the Hamiltonian, to most of
the important villages along the way and finally to the golden temple of
normal forms and resonance bases, which provides a very elegant way of
analysing resonances.

We begin with a very simple time-independent (autonomous) system, the
motion of a charged particle in a uniform magnetic field - the uniform



3-80

field cyclotron. We then add a "time-dependent" perturbation, which
drives the decentering resonance, and analyze the consequences of this
perturbation in some detail. The mathematical methods and notation are
developed as we go. We limit ourselves to the use of the elegant Lie-
Algebraic techniques developed by Dragt, Forest and collaborators.
Although in numerical calculations, the Taylor series map would be
generated with differential algebra (M. Berz, Part. Accel. 24 (1989) 109),
this technique is not discussed here. However, for simple problems, the
equations of motion can be solved analytically in the Lie-algebraic
representation as can the transformation to the normal form. Such an
approach has the advantage, in simple problems at least, of exhibiting
important relationships which lead to a deeper understanding of the
dynamics of the problem. Hence, we take this approach.

3.2.26 Cyclotron Probe System

R.E. Howard

A VAXstation 3100 Model 38 was purchased to replace the Interface
Standards LSI-11 computer for controlling the probes. Hytec model 1365
Ethernet crate controllers and their VAX-driver software were purchased to
interface the VAX to the CAMAC crates used for probe control. Software to
allow probe control and data taking from the VAX is nearing completion.
Some problems have been experienced with the driver software for the crate
controllers; these are being corrected.

3.2.27 Bunched-Beam Diagnostics

G.R. Mitchel (TASCC Accelerators & Development Branch)
J.J. Hill and P. Jones (Nuclear Physics Branch)

See 4.2 of this report.

3.2.28 Operation

B.F. Greiner, D.J. Caswell, S.E. Carmody and A. Vanzella (TASCC
Accelerators & Development Branch)
W.F. Slater, R.B. Walker and T.G. Whan (Nuclear Physics Branch)

See 4.5.1 of this report.
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CONFIGURATION-DEPENDENT TRANSITION RATES IN 157Ho
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T. Komatsubara, J. Nyberg, S. Ogaza, G. Sletten, P.O. Tjdm, D.C. Radford,
J. Simpson, A. Alderson, M.A. Bentley, P. Fallon, P.D. Forsyth,
J.W. Roberts and J.F. Sharpey-Schafer
Nuclear Physics A513 (1990) 344
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DISCRETE AND CONTINUUM GAMMA-RAY STUDIES OF 147Gd AND 14«Gd
M.V. Drigert, M. Piiparinen, R.V.F. Janssens, R. Holzmann, I. Ahmad,
J. Borggreen, R.R. Chasman, P.J. Daly, B.K. Dichter, H. Emling, U. Garg,
Z.V. Grabowski, D.C. Radford and V. Trzaska
Nucl. Phys. A515 (1990) 466

ROTATIONAL BANDS AND SHAPE CHANGES IN 124Ba
S. Pilotte, S. Flibotte, S. Monaro, N. Nadon, D. Prévost, P. Taras,
H.R. Andrews, D. Horn, V.P. Janzen, D.C. Radford, D. Ward, J.K. Johansson,
J.C. Waddington, T.E. Drake, A. Galindo-Uribarri and R. Vyss
Nuclear Physics A514 (1990) 545

SHAPES AND TRANSITION RATES AT HIGH SPIN
G.B. Fagemann, J. Gascon, C-H. Yu and D.C. Radford
Winter School on Nuclear Physics, Zakopane, Poland, May 1989

SEARCH FOR RESONANCES IN THE ELECTRON-POSITRON ANNIHILATION IN FLIGHT
CROSS-SECTION BETWEEN 1 AND 4 MeV
T.K. Alexander, G.C. Ball, H.C. Evans, J.R. Leslie, H.-B. Mak,
W. McLatchie, T.J. Radcliffe, P. Skensved and A.T. Stewart
Phys. Rev. £42 (1990) R2275

OBSERVATION OF EXCITED PROTON AND NEUTRON CONFIGURATIONS IN THE
SUPERDEFORMED 149Gd NUCLEUS
B. Haas, D. Ward, H.R. Andrews, G.C. Ball, T.E. Drake, S. Flibotte,
A. Galindo-Uribarri, V.P. Janzen, J.K. Johansson, H. Kluge, J. Kuehner,
A Omar, S. Pilotte, D. Prévost, J. Rodriquez. D.C. Radford. P. Taras.
J.P, Vivien, J.C. Waddington and S. Âberg
Physical Review £42 (1990) R1817

NEW AND IMPROVED PHOSWICH DETECTORS MANUFACTURED BY A HEAT PRESS TECHNIQUE
C.A. Pruneau, G.C. Ball, P. Dmytrenko, E. Hagberg, D. Horn, M.G. Steer,
R.B. Walker, T.G. Whan, C. Rioux, R. Roy, C. St-Pierre, T.E. Drake and
A. Galindo-Uribarri
Nucl. Instr. and Meth. in Phys. Res. A297 (1990) 404

Reports

CYCLOTRON TRIM-ROD DRIVES REVISITED
R.B. Walker, B.F. Greiner, T.G. Whan, R.E. Milks and R.R. Tremblay
TASCC-1-04-09
1990 August

DERIVATION OF THE FOCUSING LIMIT IN THE TASCC SUPERCONDUCTING CYCLOTRON
W.G. Davies
SCC Note (Series II) #101, 1990 September

ESTIMATE OF THE TEMPERATURE DEPENDENCE OF THE MAGNETIC FIELD IN THE
SUPERCONDUCTING CYCLOTRON
W.G. Davies
SCC Note (Series II) #107, 1990 December
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Invited Lectures

FERMI BETA DECAY AND THE VECTOR COUPLING CONSTANT: TESTS OF CVC AND THE
STANDARD MODEL
J.C. Hardy, I.S. Tovner, V.T. Koslowsky, E. Hagberg ami H. Schmeing
Invited talk presented at the Lewi '90 Conference, Dubna, Russia, 1990
September 4-8

STUDIES OF SUPERDEFORMATION IN THE A=150 REGION
V.P. Janzen
Invited talk presented at the International Conference on High Spin
Physics and Gamma-Soft Nuclei, Pittsburgh, 1990 September 17-21

RECENT RESULTS ON SUPERDEFORMATION IN THE A=150 REGION
V.P. Janzen
Seminar presented at the University of Tennessee, Knoxville, Tennessee,
1990 September 20.

DACYC - A DIFFERENTIAL-ALGEBRA-LIE-ALGEBRA ORBIT DYNAMICS FOR THE TASCC
SUPERCONDUCTING CYCLOTRON
W.G. Davies, S. Douglas, G. Pusch and G. Lee-Whiting
Invited paper presented at the Workshop on High Order Effects in
Accelerators and Beam Optics, Michigan State University, 1990 October 29-
31

APPLICATION OF DIFFERENTIAL AND LIE-ALGEBRAIC TECHNIQUES TO THE ORBIT
DYNAMICS OF CYCLOTRONS
y.G. Davies
Seminar presented at the University of Alberta, 1990 December 17

IN-SITU NRA STUDIES OF HYDROGEN INGRESS INTO ZR-2.5WTZNB AT THE LIQUID-
SOLID INTERFACE
J.S. Forster, T.K. Alexander, D. Phillips, R.L. Tapping, T. Laursen and
J.R. Leslie
Invited talk at the International Conference of Accelerators in Research
and Industry, Denton, Texas, 1990 November 5-8

THE ROLE OF NUCLEAR ENERGY IN A SUSTAINABLE FUTURE
H.R. Andrews
Lecture given at Annual Radiation Safety Course, Pembroke, Ontario, 1990
Septemer 27

NUCLEAR ENERGY AND THE ENVIRONMENT
H.R. Andrews
Lecture given at the 25th Annual Association of Science Teachers
Conference, Halifax, Nova Scotia, 1990 October 26

FUTURE ENERGY SUPPLY AND A SUSTAINABLE SOCIETY
H.R. Andrews
Lecture given at Environmental Youth Alliance Conference, Ottawa, Ontario,
1990 November 2
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Conference Submissions

SPECTROSCOPY OF 127Ba
D. Ward, O.C. Radford, H.R. Andrews, V.P. Janzen, J.C. Vaddington,
J. Johansson, A. Galindo-Uribarri and T.E. Drake
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

DIRECT MASS DETERMINATIONS OF NEUTRON-DEFICIENT NUCLEI CLOSE TO 10CSn
G.R. Dyck, E. Hagberg, K.S. Sharma, V.T. Koslowsky, J.C. Hardy,
H. Schmeing and R.C. Barber
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

FIGURES OF MERIT FOR COMPARISON OF THIRD GENERATION 7-RAY SPECTROMETERS
D.C. Radford
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

SEARCH FOR RESONANCES IN THE ELECTRON-POSITRON ANNIHILATION IN FLIGHT
CROSS-SECTION BETWEEN 1 AND 4 MeV
T.K. Alexander and G.C. Ball, H.C. Evans, J.R. Leslie, Mak, H.-B.,
W. McLatchie, T.J. Radcliffe, P. Skensved and A.T. Stewart
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

OBSERVATION OF A LARGE-DEFORMATION ROTATIONAL BAND IN 113Sb
V.P. Janzen, H.R. Andrews, T.E. Drake, S. Flibotte, A. Galindo-Uribarri,
B. Haas, J.K. Johansson, A. Omar, D. Prevost, D.C. Radford,
J.C. Waddington and D. Ward
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

RECENT RESULTS ON LIGHT CHARGED PARTICLES FROM HOT NUCLEI OBTAINED WITH
THE MINIBALL AND THE 8JT SPECTROMETER
A. Galindo-Uribarri, T.K. Alexander, H.R. Andrews, G.C. Ball, T.E. Drake;
S. Flibotte, J.S. Forster, V.P. Janzen, J.K. Johansson, N. Nadon,
S. Piiotte, D. Prevost, D.C. Radford, P. Taras, J.C. Waddington, D. Ward
and G. Zwartz
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

THE INTERPRETATION OF 8* SPECTROMETER SPIN-ORIENTATION DATA
H.R. Andrews and the 8n Consortium
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

ANGULAR DISTRIBUTION AND CORRELATION MEASUREMENTS WITH A 22.5 MeV PER
NUCLEON 37C1 BEAM AT TASCC
D. Dore, S. Gilbert, S. Houde, R. Laforest, D. Noureddine, J. Pouliot,
R. Roy, C. St-Pierre, G.C. Ball and E. Hagberg
TASCC Workshop 90, Chalk River, Ontario, 1990 July 17-19

THE 1-FORBIDDEN GAMOW-TELLER DECAY OF 39Ca
E. Hagberg, T.K. Alexander, G.R. Dyck, V.T. Koslowsky, G.C. Ball,
J.S. Forster, J.C. Eardy, H. Schmeing, J.R. Leslie and H.-B. Mak
Fall Meeting of the Division of Nuclear Physics of the APS, Urbana,
Illinois, 1990 October 25-27
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CHARGED PARTICLE AND GAMMA-RAY SPECTROSCOPY OF «4Zr
C . J . L i s t e r , D . J . B lumentha l , P. Chowdhury, B. C rowe l l , P . J . E n n i s ,
Ch. Winter, H.R. Andrews, G.C. B a l l , D.C. Radford, D. Ward, V.P. Janzen,
T.E. Drake, A. Gal indo-Ur ibar r i and G. Zwartz
Urbana-Champaign Meeting of t he American P h y s i c a l S o c i e t y , Urbana,
I l l i n o i s , 1990 October 25-27

HIGH-SPIN DSAM LIFETIME MEASUREMENTS IN 8 6 Zr
P. Chovdhury, D . J . B lumentha l , B. Crowel l , P . J . E n n i s , C . J . L i s t e r ,
Ch. W i n t e r , H.R. A n d r e w s , D.C. R a d f o r d , D. Ward, V . P . J a n z e n ,
J . J o h a n s s o n , A. Omar, D. P r é v o s t , J . C . Waddington, T .E . Drake and
A. Gal indo-Ur ibar r i
Urbana-Champaign Meeting of t he American P h y s i c a l S o c i e t y , Urbana,
I l l i n o i s , 1990 October 25-27

DIRECT MASS DETERMINATION OF NEUTRON-DEFICIENT NUCLEI CLOSE TO 100Sn
G.R. Dyck, E. Hagberg, V.T. Koslowsky, J.C. Hardy, H. Schmeing,
K.S. Sharma and R.C. Barber
Fall Meeting of the Division of Nuclear Physics of the APS, Urbana,
Illinois, 1990 October 25-27

PRODUCTION OF SUB-SECOND Sc, V and Co ISOTOPES WITH THE CHALK RIVER
HELIUM-JET COUPLED ION SOURCE
V.T. Koslowsky, M.J. Watson, H. Schraeing, G. Dyck, E. Hagberg, J.C. Hardy,
and W.L. Perry
Third Workshop on Ion Guide Based Isotope Separation, Blankenberge,
Belgium, 1990 September 16-19
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4.1

4.1.1

CYCLOTRON

Operation

H. Schmeing

During the report period, we continued to operate the cyclotron in support of
experiments and, interspersed, in runs exclusively devoted to machine
development. Eight new beams vere developed, bringing the total of beams
available to experimenters to 34 (see Table 4.1.1). The most outstanding
achievement among the new beams vas the jr-mode beam 12C at 50 MeV/u, which is
the beam with the highest specific energy for which the cyclotron was designed.

TABLE 4.1.1
CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1991 JANUARY 01

Number

1*
2*
3
4
5*
6*
7
8
9
10*
11
12
13
14
15
16*
17
18
19
20
2i
22
23
24
25
26
27
28
29
30
31
J2
33*
34*

Ion

12C
12C
"C
12C
uc
35C1
35C1
"Cl
3*C1
3*C1
3 7C1
37C1
"Cu
63Cu
"Cu
7«Ge
79Br
7»Br
79Br
79Br
79Br
79Br
79Br
107Ag
10 7 A g
107Ag
107Ag
107Ag
127Z

127!
127!
127!

" 7 A u
* 9 7Au

Energy
TMeV/ul

50
45
40
30
10
35
30
11
10.25
6

22.5
5.5
20
18
10
4.2
22.5
20
18
15
13
10
6.5
13
10
6.5
5.6
4.7
11
10
5.6
5.12
8
5.6

R.F. Mode

JI
n
jt

jt

0
31

JT

0
0
0
Jf

0
0
0
0
JT

0
0
0
0
0
0
0
0
0
0
0
JT

0
0
0
n
0
0

Intensity
TnAl

140
260
325
23
0.5

130
260
32
24
5.5

100
8
33
50
33
1.3
7

< 1
120
60
35
55
6
8
8
20

< 1
1.3

< 1
70
10
6
13
10

*»New beam.
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Work continued in parallel on a broad range of technical developments aimed at
improving the reliability of the machine, at providing for increased ease of
operation and, particularly, at extending the operating range of the machine
over the full mass-energy range originally specified. Particular efforts have
been put into development of the control system for the remote operation of the
magnet and the cryogenic plant, and into improvement of the performance of the
electrostatic deflector. The latter system is now occasionally exceeding the
specified gradient of 140 kV/cm (a probable world record); however, it is not
yet satisfactorily reliable and is over a gap of only 5.5 mm rather than the
finally expected full gap of 7.0 mm. Our major effort in the field of beam
dynamics is continuing very well. Ve have operated the nev beam-dynamics code
in a rudimentary form. This code is based on differential-algebra formalism,
and will enable us to achieve considerably more accuracy in the prediction of
the beam trajectories within the cyclotron. Satisfactory progress has also been
made in the suitable parameterization of the magnetic field data.

A.1.2 Electrostatic-Deflector Development

W.T. Diamond, R.E. Hilks, G.R. Mitchel and R.R. Tremblay (TASCC
Accelerators & Development Branch)
J.F. Houris (Accelerator Physics branch)

The electrostatic deflector, the first extraction element in the cyclotron, uses
an electrostatic field to deflect the ion beam from its approximately circular
path into the magnetic extraction channel. The design requirements for the
deflector were a maximum electric field of 100 kV across a 7 mm gap (about 140
kV/cm) to extract the full range of ion beams that the cyclotron can accelerate.
It has proven to be difficult to attain this field with the TASCC cyclotron, or
indeed, with any of the other superconducting cyclotrons. The deflector must
operate in a restricted space, in a high magnetic field (3 to 5 T) and at
elevated temperatures, 200 °C or higher, from r.f. heating. The r.f. heating is
most severe for high-energy, light-ion beams.

Substantial progress has been made during this reporting period. The deflector
now operates at up to 128 kV/cm with the magnet and r.f. system operating. This
gradient has been obtained at up to 4.5 T, approaching the maximum magnetic
field tor cyclotron operation of 5 T. The improvement in deflector performance
is illustrated by figure 4.2.1.1 which shows the maximum deflector electric
field attainable at 3 different times. The data for March 90 was typical of
operation until late September. On the y axis we have plotted the leakage
current, believed to originate mainly from Field Emitted Electrons (FEE) from
the cathode. This leakage current has been the main physical limiter on
attainable fields. It has been observed that the deflector will operate
reliably at a FEE current as high as about 150 microamps. These data were
obtained with no magnetic or r.f. field present. R.f. heating, in particular,
proouced a significant reduction in the electric field that can be sustained.
Strong magnetic fields did not cause a large reduction in the maximum electric
field, contrary to early expectations and results reported in the literature.
FEE current is exponential in nature. Small gains in the highest attainable
electric field require large reductions in the FEE current. Indeed, we have
achieved a reduction of more than 2 orders of magnitude in leakage current in
the past 12 months to attain the present best results. There is some evidence
that thermal effects are non-linear.
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Some of the improvement In
maxiaua gradient has been
obtained through reduction of
deflector gap fro* 7 to 6.5 to
5.5 ma. For the sane electric
f i e l d , the stored energy
dissipated in a spark decreases
linearly with the gap.

Most of the improvements In the
d e f l e c t o r r e s u l t e d from
research on several t e s t
stands. One stand has been
used to t e s t many metal
combinations at high voltage in
a vacuum, but with no magnetic
field. A second test stand
with a magnetic field of up to
0.6 T was used for a series of
tests of electrode conditioning
in the presence of a magnetic
field.

46 ft & rd» via i
DEFLECTOR HELD (kV/cm)

Figure 4.1.2.1 - Deflector characteristics.
The leakage current, mostly from field electron
emission, is plotted against the deflector field
for best deflector performance at dates indicated.

Tests were conducted with a view to improvement in the survivability of various
electrode combinations after a large spark had occurred. During voltage
conditioning of a deflector in the cyclotron, large sparks would generally occur
as the electric field increased. Initial conditioning without magnet field was
used to reduce the damage from these sparks. The test stand was used to
determine the best combinations of materials. Small metal discs (typically 1.5
to 3 cm diameter by 1/2 cm thick) were used as cathodes, and similar cylinders
or metal sheets were used as anodes. Gaps of 2.5 and 5 mm were used. A typical
test consisted of increasing the electric field until a breakdown occurred that
produced permanent damage in the anode or cathode. The test was then continued
to determine the operating characteristics of the vacuum gap after the damage
and the maximum operating fields attainable, with many tests running 1 or 2
days. Tests such as this showed that molybdenum sheet was a poor choice for
sparking plates and the septum of the deflector. Sparks at a high electric
field apparently transferred small flakes of the brittle material from the anode
to the cathode. These then emitted FEE current at much lower fields. The
sparking plates and septum in the deflector were replaced by components made
from stainless steel. Electric fields as high as 138 kV/cm (90 kV over 6.5 mm)
were obtained with a stainless-steel high-voltage electrode (cathode) without
magnetic or r.f. fields. Magnetic fields of 3 T did not reduce the maximum
attainable electric field substantially, but r.f. heating did reduce it to about
115 kV/cm, which was not much better than was attained with the molybdenum
components.

Efforts were then directed toward reducing the temperature of the cathode, i.e.,
the high-voltage electrode. Two approaches were followed: one was to use a
copper cathode with its much better thermal conductivity; the other was to
design a water-cooled stainless-steel cathode. Although copper was known to
exhibit higher electric leakage current in a high-voltage gap than stainless
steel at the same temperature, with considerable conditioning it reached the
electric field shown in the figure with no magnetic or r.f. field, and would
operate reliably at about 128 kV/cm with all systems in operation. It is worth
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noting that carbon at 50 HeV/u was successfully extracted from the cyclotron
with the copper cathode in place. The water-cooled stainless-steel cathode has
been fabricated and is ready for installation in the cyclotron. Testing is
continuing In several test stands and in the cyclotron to improve further the
maximum electric field that can be reliably maintained. In conclusion, test-
stand results show that electric fields from about 160 to 200 kV/cm on a 5 mm
gap can be reliably maintained with small samples. However, the area of the
deflector is much larger than that used in the test stand, and the geometry is
more complex, which may produce higher peak fields at an edge for the same
average gap field. Therefore, we may be nearly at the maximum practical field
that can be obtained.

4.1.3 Electrostatic-Deflector Insulators

C.R.J. Hoffmann and J.P. Mouris (Accelerator Physics Branch)

Development and testing of high-voltage feed-insulators continued, with emphasis
on ceramic materials (Macor or alumina) rather than Teflon as the main
constituents of the insulators. Alumina components (99.5Z A12O3) were received
from a commercial manufacturer. One alumina feed-insulator is being prepared
for high-voltage testing. The cathode side of the alumina was coated with a
thin layer of Cr203 for reduction of secondary electron emission at the cathode-
insulator vacuum joint, and a stainless steel anode ring has been fabricated and
fitted onto the alumina. A Teflon lining remains to be installed. The lining
design had been tested previously in a Macor feed-insulator, which subsequently
was installed in the cyclotron and used for several months.

A Maccr feed-insulator has been developed, which allows connection to a water-
cooled deflector electrode system (see section 4.1.2) and supplies the cooling
water. This insulator does not have a boron-nitride sleeve at the cathode for
reduction of secondary electron emission. A Teflon flange at the cathode end
provides a surface for making a water-tight, vacuum-tight 0-ring joint, and also
provides adequate mechanical support for the electrode. This design has Teflon
flanges at both ends, and therefore requires that a joint be made in the Teflon
lining inside the bore of the Hacor. This is a lap joint with the mating
surfaces etched and epoxied together.

A plausible method for supplying high-voltage to an intermediate electrode
assembly, independent of the deflector-electrode supplyf has been devised. The
strategy, similar to that for the feed-insulator, is to have a resistor formed
irons flowing high-resistivity water in the bore of a post insulator, to provide
isolation and protection from sparks and r.f. pick-up. This insulator would be
at the location of the existing deflector-support insulator, which would be
abandoned In favour of other insulators to provide support to the deflector
electrode. The cross-section dimensions of a high-voltage cable and water path
components are roughly half those of the feed-insulator. The extreme operating
voltage on an intermediate electrode would be -50kV. A vacuum chamber has been
designed to test a model intermediate electrode and the proposed high-voltage
feed system in a modest magnetic field of about 0.5 T. Installation of this
high-voltage system in the cyclotron would require removal of the upper dee
stem.
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4.1.4 Main-Hagnet Power Supply

J.A. Hulbert and L.V. Shankland (Accelerator Physics Branch)

With the help of electrical maintenance personnel, the Vario transformer vas
given its annual cleaning and the carbon contact rollers checked. Four rollers
were found seized and were replaced. The roller failure is consistent vith
previous maintenance experience.

The present magnet-control software has operated satisfactorily for well over a
year. Slow long-term offset drifts in analog amplifiers in both the voltage-tap
monitor and in the hardware-Interlock circuitry have produced system conflicts,
which lead to magnet dumps. Another problea was traced to errors in a hardware-
failure logging subroutine. These problems have been reviewed as they have
occurred and the software revised to minimise the adverse effects of drifts, to
ensure that failures are logged correctly and to provide more explicit
diagnostic messages for the operators. One difficulty has been that the
circumstances of a failure affect the usefulness of a message format, and that
more experience of failures may be necessary to fine-tune the software.

4.1.5 Main-Magnet Controller Upgrade

J.A. Hulbert, C.R.J. Hoffmann and L.V. Shankland (Accelerator Physics
B.. men)

Design of the repackaging of a number of peripheral units of the magnet
controller has been passed to Plant Design for the preparation of final
construction drawings. This work will combine interfaces between CAMAC and the
analog voltage-tap monitor circuits with the controller mass memory and make
more efficient use of space in the instrumentation racks.

A set of water-cooled high-power silicon diodes is used as an adaptive load for
the final stages of the magnet discharge. In a review of the magnet system it
became apparent that the diode cooling flow could be interrupted, say, in the
event of a power failure. Failure of the diodes could result in damage to the
magnet winding. A new diode mount has been manufactured and is ready for
installation. In the new mount, the number of diodes has been doubled to reduce
the power loading, and the forced-flow channel cooling has been augmented by
cooling blocks immersed in a water bath. The bath heat-capacity is adequate to
maintain a safe diode temperature during one full magnet discharge.

The initial draft of the software for an extended controller, which will
communicate with the new Interface to the magnet power stpply, is complete. The
extended controller will enable the magnet current to be set and adjusted from
the control room, via the main CAMAC serial highway; with a minor addition, it
could allow automatic magnet-excitation compensation for pole heating at high
cyclotron r.f. power. To enable cooplete testing and debugging of the extended
controller software, a simulator scheme has been designed and implemented. A
library of simulated CAMAC access routines substitutes for the normal, well-
tested access routines. Simulated CAMAC reads, writes and commands are dealt
with at the operator's console. The scheme permits a mixture of simulated,
operatirg and manual CAMAC modules to be used in the tests, so that hardware
functions and interrupt service routines may be properly exercised. Some
initial diffjralties related to the requirements for a two-crate hardware
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assembly, two-crate interrupt operation and the Idiosyncracies of the real-tiae
system clock have been overcome, and the simulator routines have been proved.
Final testing of the full software systea is presently being carried out.

4.1.6 New Radial Probes

J.A. Hulbert and J.P. Weaver (Accelerator Physics Branch)

Two new probes with individually-cooled electrodes were completed for tests in
the cyclotron. These probes have plug-In heads with demountable connections for
electrical and water services. One head is fabricated in stainless steel with
Hacor insulators and the other has a one-piece body design in Vespel (polyimide
resin). The Vespel material had been adopted at a late stage in development
when the Macor proved subject to stress failure after a few cooling cycles.

The first test of the Vespel probe took place in a development run in which the
r.f. was run at high pover, high frequency and in x-mode, the most demanding
conditions. Before the probe could produce a useful beam signal, a freely-
burning r.f. arc ignited at the probe tip and destroyed the probe vacuum seal to
the barrel. The backup vacuum in the probe barrel masked the extent of the
damage until the probe was later removed for visual inspection. Examination of
the probe after the arc event leads to the following conclusions:

1) The design specification requiring five fingers to detect axial beam motion
is too restrictive on the limited space available. Only three axial fingers
should be used, which would provide aore space in the probe tip to support
and cool the barrel-to-head vacuum seal. The seal failed for a combination
of reasons, including mechanical damage to the barrel entering the
cyclotron, cooling to the seal adequate for a normal r.f. load but
inadequate under sustained arcing, and the use of 220°C solder to secure the
seal ring to the barrel.

Design solutions would then need to include: i) a stronger probe-barrel tip
made from a precipitation-hardened copper alloy with a thicker section, i.)
all-brazed barrel jointing, and iii) additional water cooling round the head
vacuum seal.

2) Adequate arc detection and protection must be provided for the cyclotron
r.f. cavity. In recent operation, arcs to the radial probes have caused some
damage to the cavity liner, which could be serious if allowed to build up
over a long period.

3) The wire radial beam pick-up is easily melted by Moderate beams.
Consideration should be given to the use of an edge-on strip rather than a
wire, to provide increased radiative cooling.

A further complication with this probe-head design, not fully understood at this
point, is that constant voltages between 0.5 V and 1.0 V could be observed
between each finger and ground as soon as cooling water was admitted into the
head, presumably the result of local electromotoric cells. These signals are
far higher than those generated by weak beams, and thus render the system, as it
stands, unusable.
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Owing to the cosing reduction of Accelerator Physics Branch effort on cyclotron
development, probe development is now the responsibility of TASCC Accelerators &
Developnent Branch.

4.1.7 Foil-Changer Upgrade

C.R.J. Hoffmann and J.F. Houris (Accelerator Physics Branch)

A replacement foil-identification system is being designed, which will feature
an absolute, optical shaft encoder to monitor foils. The encoder shaft will
make precisely one rotation per complete circuit of the foil transport chain.
The chain has 33 equally spaced foils and this system is intended to identify
which foil is in position to intercept the beam. The same model of shaft
encoder will also serve as a replacement for the one in the foil positioning
system. The existing identification system is based on a single-turn, rotary
potentiometer, vhich is wearing out and the system has become unreliable.

A gate valve isolating the foil-changer vacuum envelope has been rebuilt with a
modified stainless-steel housing that has an extension at the bottom. Foils
that are dropped during transit through the valve will now fall clear of the
valve sealing surfaces. The modified valve has been tested and is ready for
reinstallation on the foil changer system.

4.1.8 Radial Probes

R.E. Milks and R.R. Tremblay

A new probe bellows support system has been installed on both probes and is
operating successfully. The old system allowed the bellows to squirm under
atmospheric pressure and the bellows would scrape against the probe barrel.

In the last six months, the probe heads have been dismantled six times (PI
twice, P2 four times) to repair shorts in the fingers and the integral plate. A
new grade of boron nitride was used for insulators just prior to the successful
Carbon 50 MeV/u run and the probes were able to withstand the high-energy beam
with no signs of shorting. The newly designed probes, with direct water-cooling
on the fingers and integral plate, were delivered and one of the assemblies was
installed in place of the existing probe-1 assembly. An additional cooling-
water system and a rough-vacuum system had to be installed in preparation for
installation of the new probes. The operating experience with this system is
described in section 4.1.6.

The drive clutch on probe 2 failed and was replaced. Two spare clutches have
been purchased. A new dummy, temperature-measuring probe is presently 85Z
complete to do measurements for future probe designs. Finally, a detailed
drawing of the probe bellows assembly was prepared and quotation requests have
been issued for the purchase of a spare assembly.

4.1.9 Cyclotron Vacuum Systems

R.E. Milks and R.R. Tremblay

The high-vacuum midplane Balzer turbo 100 litre/sec, pump failed after many
years of operation. It was replaced by a Varian 200 litre/sec, turbo pump,
which had been a part of the foil-changer vacuum system. Some special adapters
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had to be fabricated to fit the nev pump. A nev Varian turbo pump vas
subsequently purchased for the foil-changer vacuum system. Following a very
short period, the bearings on the nev turbo failed. The manufacturer has agreed
to replace the pump.

A new vacuum controller for the foil-changer vacuum system has been designed,
built and Installed. Commissioning vill take place when the replacement turbo
pump is received and installed. A nev midplane-vacuum and -water interlock-
protection controller has been designed, built ani installed. Also a nev
cryostat vacuum controller has been designed and is currently being built. This
vill replace the present outdated vacuum controller.

Design modifications were made to the foot-valve actuator in Cryopump No. 2 to
clear a sticking problem. To date, Cryopump No. 1 has operated reliably. The
nev design has been working reliably.

4.1.10 Cyclotron Openings

R.F. Milks and R.R. Tremblay

The cyclotron lover pole vas lovered and raised a total of eleven times over the
six-month period. The list of dates and reasons for the openings is given in
Table 4.1.10.1.

A nev lover-pole jacking-system pover supply has been purchased and installed.
The old pover supply has been repaired and stored away as a spare. Also, a nev
DC drive motor has been purchased as a spare. The lover-pole jacking screvs and
drive train vere aligned tvice during this period.

The trim-rod cables and the guard-vacuum lines have been modified so it is no
longer necessary to remove these for lovering the bottom pole. A nev
extraction-channel six-finger array has been fabricated and assembled. It vill
be installed in the midplane during the next cyclotron opening.

A.1.11 10 Hz Amplitude Modulation of Extracted Beams

J.W. McKay

For some time, a 9.8 Hz modulation of the beam had been a problem, particularly
to the phase-stabilization system. It vas suspected that this modulation vas
correlated vith the charging-chain-pulley frequency (see the PR-PHS-P-9:
4.1.13; AECL-10196). In August, new chains and conductive-rim pulleys were
installed. As we had expected, this eliminated the problem. The modulation has
been reduced by at least an order of magnitude.

4.1.12 Operator Training

J.tf. McKay

A program has been started to train the operators in cyclotron procedures.
Lectures and practical sessions on the topics of beam injection, acceleration
and extraction have been given. By the end of this program, which is scheduled
for a six-month period, it is expected that the operators will be able to
reproduce a previously developed beam from the ion source through the cyclotron
with minimal assistance from the cyclotron commissioning staff.
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TABLE 4.1.10.1
REASONS FOR LOWERING THE BOTTOM POLE

Date Reason

1. 1990 July 11 To install: a) a new deflector support insulator, b) new
deflector-electrode hangers, c) a new stainless-steel
.600H-wide electro-polished electrode, and d) a new
deflector water-cooled lower rail. The deflector and the
dee were thoroughly cleaned and vacuumed out at this
opening.

2. 1990 Aug. 15 To do deflector repairs, which included: a) installation of
new stainless steel sparking plates, b) installation of a
new molybdenum septum, and c) reinstallation of the old
short stainless-steel electrode.

3. 1990 Aug. 21 To install a new deflector support insulator and to rezero
the new probe no. 1, which had just been installed. The
extraction-channel six-finger diagnostic array was also
rebuilt at this time.

4. 1990 Sept. 05 To remove the deflector for polishing and cleaning. The
deflector was reinstalled with no sparking plates and a 5
mm gap between the electrode and the septum. This lowering
of the pole happened during the Carbon 45 MeV/u run and was
required because of poor deflector performance. While the
pole was being raised, the lower-pole jacking-system power
supply failed and the remainder of the run had to be
cancelled. The pole was raised again on 1990 September 11
after the installation of temporary DC power supplies to
drive the jacking motor.

5. 1990 Sept. 24 To install new deflector r.f. shields and temperature-
measuring thermocouples on the new r.f. shields and the
deflector shoe.

6. 1990 Oct. 01 To install a new deflector copper shoe and copper hangers.
Temperature measurement thermocouples were installed and
the pole was raised for r.f. heating tests.

7. 1990 Oct. 09 To install a new water-cooled deflector electrode and feed
hanger. The water joint failed catastrophically on the
first water-pressure test and was replaced with the
previously tested copper electrode and hanger.

8. 1990 Oct. 24 To inspect the lower pole 0-ring vacuum seal, which had
started leaking after the midplane was vented.

9. 1990 Nov. 12 To connect diagnostic wires to the deflector feed and
support insulators for monitoring the leakage current. The
temperature diode on hill lens #1 was repaired at this
time.

10. 1990 Nov. 20 To repair the lower-pole 0-ring vacuum seal.
11. 1990 Dec. 17 To install a newly designed stainless-steel water-cooled

deflector and feed hanger.
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4.2 RADIOFREQOENCY SYSTEM

Operation of the r.f. system has been reasonably routine and reliable. As
operational and electronic problems have become resolved, more attention has
turned to longer-term development projects. A serious problem was encountered
in the power amplifier, which has been addressed. However, there was very
little effect on the run schedule. Dee-voltage stability was improved to
between .02Z and .031, and high-energy buncher operation has been extended to
the full range of w-mode-beam frequencies and power levels.

4.2.1 Power Amplifier System

P.J. Bunge, S.G. Whittle and N.A. Tovne

A program for the calculation of tuner settings, based on models of the input
and output matching networks of both amplifier stages of the power amplifier,
has been completed successfully. The natch of predicted resonant frequencies to
measured data is accurate to roughly one part in 1000 in general, and better in
the case of the driver-amplifier stage. The program will be integrated into the
control system after the installation of a local control computer for the
cyclotron (Section 4.2.2.3).

The power amplifier has generally operated reliably except toward the end of
this reporting period when runs for carbon at 45 and 50 MeV/u were conducted,
which demanded about 70 kW r.f. power for extended periods. During these runs,
the tuneable output resonator of the output (100 kW) stage ran at excessive
temperatures. Other signs of failure were also evident. Upon disassembling the
unit, we found extensive damage to some of the sliding contacts. The source of
the problem was improper tensioning of the beryllium-copper sliding contacts
resulting in inadequate current-handling capability and very tight alignment
tolerances that were not consistently met. A fix of the failed sliding contact
has been completed and additional cooling of the center conductor has been
installed. Options for the permanent resolution of the problem for all the
sliding electrical contacts in the resonator are being evaluated. We expect to
continue operating without significant interruption while this problem is being
addressed.

Details of changes needed safely to reduce power consumption of the filament of
the power amplifier output stage have been settled. The motivation for this
project is extended tube life. The project is on hold, however, because of
fiscal priorities.

4.2.2 R.f. Control System

N.A. Towne, P.J. Bunge, S.G. Whittle and G.R. Mitchel

4.2.2.1 Cyclotron Temperature-Monitoring Interlocks

A project to replace r.f. interlock electronics and cyclotron temperature-
monitoring electronics is well underway. The electronics will replace old and
breadboarded subsystems which are noisy and have unreliable signal connections.
The project is expected to be completed by the middle of 1991.
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4.2.2.2 Automatlc-Voltage-Control (AVO System Improvements

A linear level modulator with flat frequency response over the band from 31 to
62 MHz was developed as a summer-student project and is based on the Analog
Devices AD 834 four-quadrant Multiplier <G. Tom, SCC Note (Series II) #96). The
level modulator was installed as the AVC loop-control attenuator. The linearity
has permitted us to obtain an increased gain-bandwidth product of about* 104 Hz.

A number of ground-loop noise problems introducing 60 Hz and harmonics were
removed by permanent retrofits. With these changes, the total RMS noise on the
dee voltage with spectral content below 1 kHz is less than .01? of typical dee
voltages. The total noise on the dee voltage is between .027 and .03X of
typical dee voltages, which is judged acceptable. This noise (aside from the 60
Hz noise) has a continuous spectral distribution, peaking at around 10 kHz.
Work is continuing towards characterization of the noise spectrum, with and
without the effect of the AVC loop, and determination of the exact source(s) of
the noise.

Considerable data on a control module developed by CEBAF for the control and
regulation of r.f. resonators has been assembled and the conceptual integration
into our system has been achieved.

4.2.2.3 R.f. Signal Measurement and Local Control Computer

A plan for a measurement system for amplitudes and phases of crucial r.f.
signals in the r.f. system is essentially complete. The r.f. signals include
the dee r.f. and a sample of r.f. from CPP2 to aid in the set-up of beams. The
measurements will be handled by a computer with results to be available to the
accelerator control computer. The computer will also handle other monitoring
functions, and certain control functions as outlined in SCC Note (Series II)
#106. We are in the final stages of evaluation of computer systems and will
proceed with the acquisition of a system in the near future.

4.2.2.4 Modification of the Lower Main Tuner

The design of the lower main tuner drive assembly was completed during this
reporting period and parts are now being fabricated. This modification will
permit the lowering and raising of the lower pole without disassembly of the
drive assembly, saving considerable time. Installation is expected to be
completed by April.

4.2.3 System Documentation

P.B. Bunge, S.G. Whittle, N.A. Towne and G.R. Mitchel

Additional drawings of existing systems have been finished, essentially
completing the inventory of drawings used in the maintenance and repair of the
system. Emphasis has been shifting away from updating drawings of older systems
to the development of replacements and upgrades of these systems and their
documentation.
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4.2.4 Bunchers and Phase-Control System

G.R. Mitchel, N.A. Tovne, P.J. Bunge and S.G. Whittle

Both the low-energy buncher (LEB) and the high-energy buncher (HEB) have
performed reliably over the six-month period. During this period we have pushed
the limits of operation of the system to high frequency, high power, and low
beam intensity, to meet the range of beams currently required for cyclotron
injection. Several changes have been made for ease and flexibility of
operation.

The LEB mounts have been modified to permit its easy removal off-line so that
beams may be sent through the Tandem and down the bypass line without
attenuation by the LEB bunching grid. This increases the available intensity of
Tandem-only beams, further extends grid life, and permits easy off-line
installation of grid configurations for different bunching needs. However, the
frequent disassembly/reassembly of the r.f. drive cables has necessitated some
repair and minor re-design. Another effort to increase Tandem transmission for
bunched beams has involved the use of foil rather than gas stripping at the
Tandem terminal. This has the drawback that it removes space-charge
neutralization at the terminal and thus affects bunching conditions. SCC Note
(Series II) #104 gives details.

Several modifications have been made to the high-energy buncher controller. A
filter/amplifier combination for high-power fourth-harmonic operation has been
fully implemented and has allowed extension of 4f bunching to 185 MHz (the C 50
MeV/u requirement). This filter/amplifier is required for all high-power jr-mode
runs. Sample/hold circuitry has been added to read buncher voltage in pulse-
mode operation to simplify tuning procedures. A MUMTI program has been written
to tune the HEB automatically to a chosen frequency. Some hardware development
(addition of computer-controlled switches) remains to be done before the full
tuning and power-set-up procedure can be automated. It is planned to transfer
that task from the main computer to a satellite controller. Software for the
satellite controller is under development.

A development run was performed for four days in early October 1990 to match and
bunch eleven new beams for later cyclotron runs (see SCC Note (Series II) #78).
The question of bunching efficiency was investigated in some detail. This is
defined as the portion of the DC beam that is bunched into the right "bucket" or
few-r.f.-degree bunch that is accelerated by the cyclotron. It is between the
limits 24%-45X. During this injection-beamline run, both the highest frequency
and lowest frequency buncher operations were attained: 185.06 MHz for C 50 MeV/u
and 63.6 MHz for Cl 5.5 MeV/u, respectively.

In another area of development, bunching and phase control of low-intensity
heavy-ion beams was investigated. Tests were done on 12C, 74Ge, 76Ge, and
197Au, and the results are written up in SCC Note (Series II) #108. Using the
present slits-based control system, we were able to bunch and control as little
as 21 nA of beam (producing 11 nA bunched) providing the Tandem transit-time
variations were sufficiently low (115° total jitter). These techniques will be
pursued during future cyclotron runs.
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4.2.5 Bunched-Beam Diagnostics

G.R. Mitchel (TASCC Accelerators & Development Branch)
J.J. Hill and P. Jones (Nuclear Physics Branch)

Overall, the capacitive phase probes and beam-pulse detectors have continued to
perform as essential diagnostics for bean phase control and set-up of new beams
(See SCC Note (Series II) #78). Minor repairs have been performed to BPD #2.

With the acceleration of high-frequency hi^h-power Tt-mode beams such as carbon
at 50 HeV/u, r.f. leakage into the diagnostic systems has become more of a
problem. Several of the signal runj to the control room have been recabled with
low-loss low-dispersion cable for better shielding and better preservation of
pulse shapes.

Beam Pulse Width Detector #3, on the extraction beamline, is used to monitor the
bunch shape produced by the cyclotron and is thus used as a dee phase diagnostic
tool. It gives indirect information on the energy spread AE/E of the beam. Ve
are planning to add another BPD to the extraction beamline to measure directly
the absolute energy of the beam (by bunch time-of-flight) and to measure AE/E
via bunch spreading.

4.3 BEAM DYNAMICS

E.H. Lindqvist

4.3.1 New Beams Calculated

Beam-line and cyclotron parameters have been calculated for the beams listed in
Table 4.3.1.1.

TABLE 4.3.1.1
BEAMS FOR WHICH PARAMETERS HAVE BEEN CALCULATED

BEAM

12C

35Cl
35C1

76Ge

197Al

i97Ai
19 7 A l

42.5 MeV/u

6 MeV/u«
8.5 MeV/u

4.2 MeV/u

L 4.5 MeV/u
L 5.6 MeV/u«
i 8 MeV/u*

PIELD <T>

2.92

3.17
2.52

2.88

4.63
4.50
4.53

r.f.MODE

X

0
0

x

X

0
0

HARMONIC

2

4
4

6

6
4
4

«) Beams already extracted.

Several of the beams have been chosen based on requirements for physics
experiments, others to explore the limits of the cyclotron. The beam 35C1 at
8.5 MeV/u, was selected to establish the lower field limit where extraction may
still be possible, and the Au series will extend the inventory of available
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beams towards uranium. The 35Cl 6 KeV/u beam has been extracted but the
achieved intensity was too low for a planned experiment. To keep the magnetic
field above the lower field limit, the charge state in the cyclotron becomes
very unfavourable. To increase the stripping efficiency for charge states, a
carbon foil with gold evaporated on the back, could be used. Oar estimates
indicate that this would increase the intensity of the desired charge states by
a factor of 4 to 5, but first experience shows that part of the gold will
evaporate off the foil when high-intensity beams are injected.

4.3.2 Lectures for Tandem Operators: Cyclotron Theory and Operation

E.H. Lindqvist and J.W. McKay

An extensive program was started to train the Tandem operators in cyclotron
procedures. It consists of theoretical lessons followed by hands-on operation.
Three lessons have been given so far covering: injection including stripping;
magnetic-field isochroniaation; acceleration including 0- and 7t-mode at various
harmonic numbers; and extraction. For each lesson, easy to follow instructions
have been written. The lessons are videotaped for remedial studies.

4.3.3 Ion Source Requirement for Heavy Beams

E.G. Lindqvist

Over the last two years or so, the mass-energy diagram of the cyclotron has been
more and more covered with developed beams in the light-to-medium mass region.
We have now started to explore the heavier-ion region (197Au 5.6 MeV/u and 8
Mev/u ha/e recently been extracted). While progressing towards the highest-
energy uranium, several difficulties will be encountered: one is the shorter
lifetimes of the cyclotron foils, another the unknown beam and deilector
behaviour at higher ;uain magnetic fields (B>4.5 T).

Likely the most severe difficulties that will restrict the usefulness of the
heavier beasis are the low ion-source output for most of the very heavy beams and
the low gas-stripclng efficiency in the Tandem (for example, for 2 3 8U at 10
MeV/u, the stripping efficiency is only 2%). In general, the higher the energy
and mass, the lower the gas stripping efficiency. In most cases, foil stripping
in the Tandem would be beneficial but the lifetime of the foils would be too
short.

The ion-source requirements for three ions (181Ta, 197Au and 2 3 8U) at 4 energies
have been calculated for a 150 nA unbundled beam (present lowest limit for good
phase control) and 1 pnA extracted beam. Wherever possible, actual measurements
of stripping ef f ic ier.c.ie.s were used. Both 181Ta and 2 3 8U are produced as
compounds In the ion source, which further lowers the stripping efficiency.

During two recent development runs, the predicted intensity of about 10 nA
extracted beam current for 197Au 5.6 MeV/u and 8 HeV/u could just be reached.
As 1 9 7Au gives by far more ion-source output than is attainable for heavier
beams, the expected extracted beam current will be far less for the other ions.
In some cases it may be so small that phase control and beam detection in the
cyclotron will be very difficult.
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4.3.4 Mass-Energy Diagram for a 15 MV and a 16 HV Tandem

E.H. Lindqvist

The Tandem was upgraded from 13 MV to 15 MV terminal voltages in 1988. One
benefit was an increase in the maximum beam energy from the cyclotron. An
additional benefit was that in many cases better charge-state combinations are
made possible, which in turn allows us to reduce the deflector voltage and r.f.
power. We have now calculated what effect a further Tandem upgrade would have.
The maximum theoretical extraction energy of the cyclotron injected by a 15 MV
and 16 MV Tandem can be seen in Figure 4.3.4.1. The difference between the two
scenarios turns out to be minor, only 2 MeV/u for most beams.

For the calculation the program IONSCAN has been used. It scans all possible
charge-state combinations and calculates essential cyclotron parameters. Only
when the vertical focusing was in doubt was a beam-dynamics code run. To
determine the optimum charge-state combination, a number of fundamental
limitations have to be considered: the magnetic-field limit, the Tandem-
voltage limit, the vertical-focusing limit, the injection-radius limits (the
foil position) and the stripping efficiencies in the Tandem and cyclotron.
Measured data have been used for stripping efficiencies whenever possible. For
heavy beams the gas-stripping efficiency in the Tandem is very low. When it is
less than 0.5% the beam has been considered useless.
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Figure 4.3.4.1 - Mass-Energy diagram for cyclotron beams now available. The
theoretical limits for a 15 MV and a 16 MV Tandem injector are shown. The
outlined area on the left indicates a region where extraction is theoretically difficult.

Neither the deflector voltage nor the ion-source output has been treated as a
limitation. Both could reduce the maximum possible energy that can be achieved.
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For all beams within the operating area, the magnetic l-eld is vertically
focusing. However, for many border-line cases rocussing is poor. In those
cases, if the beam has to be accelerated over many turns and there are vertical
coherent oscillations, the beam could be lost vertically. Further beam
development will show which beams will in practice be possible.

During the development of 1 2C at 50 MeV/u, the magnetic field and trim rods had
to be optimised very carefully to overcome the "J/X-holes". These are regions
where the vertical focusing is very poor. In some cases these holes were filled
in by a reduction in the trim-rod retraction, which thereby partly destroys the
isochronism.

4.3.5 Beam Path Through the Deflector for a 7 mm and a 5 mm Gap at Various
Main Magnetic Fields

E.H. Lindqvist

In the effort to extract beams requiring high deflector gradients, the normally
7 mm gap between the septum and the high-voltage electrode has been decreased on
several occasions to lower values. This is beneficial as long as not too much
beam is intercepted on the septum or the electrode.

The beam path through the deflector has been calculated for a 5 mm and a 7 mm
gap at main magnetic fields spanning the complete design range. It is necessary
to consider various magnetic fields separately since the scalloping is very
different for low and high fields. Naturally, more beam will be intercepted in
a 5 mm gap than in a 7 mm gap (for a beam width larger than 3 mm), but the
smaller gap will not prevent the beam from being extracted. Any gap much
smaller than 5 mm will intercept too much beam.

The deflector gap cannot be changed during beam development. It has to be
adjusted beforehand when the machine is open. The gap is presently changed by
moving only the electrode, so the optimum radius of the beam entering the
deflector is lower for a smaller gap. A minor increase in the optimum deflector
voltage gradient and a not-insignificant increase in the optimum channel-1
current is the result of a gap reduction from 7 mm to 5 mm. For lower-field
beams the optimum channel-1 current is already above 90Z of the critical
current, so the smaller gap is not recommended for such beams and in most cases
not necessary as the deflector voltage is already low. For other beams the
smaller gap is an advantage.

4.3.6 Horizontal Beam Motion on the Last Turn due to Dee-Voltage Changes

E.H. Lindqvist

Calculations have been carried out to investigate to what degree the dee voltage
needs to be stabilized to achieve maximum extraction efficiency. One step in
this evaluation is to calculate the horizontal position of beams leaving the
cyclotron for main magnetic fields spanning the complete operating range. The
calculations show that the horizontal displacement, for the same dee voltage
change in per cent, is -25 times more sensitive for a 2.5 T field than for a
4.5 T field. The sensitivity increases dramatically below 3 T. The probable
reason is the larger scalloping for lower fields, which brings the last turn
further out into the steep fringe field. An experiment with a 4.5 T field
agreed well with the calculation. An experiment with a low-field beam is
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planned in the near future.

Further calculations, tracing the beam through the entire extraction system,
have to be done before a final estimate of the necessary dee voltage
stabilization can be established.

4.3.7 Orbit Centering

C.B. Bigham (Accelerator Physics Branch)

A centred orbit provides a veil-defined starting point for a study of
improvements to extraction efficiency. The presently installed cyclotron
diagnostic tools cannot provide complete, unambiguous data on orbit centering
from measurement on a single beam set-up, and centering may not depend only on
the correction of reproducible spatial harmonic magnet errors.

The centering corrections obtained by systematic first-harmonic adjustments with
the trim-rods have been tested for beams as different as 1 2C at 40 MeV/u
and 197Au at 8 MeV/u. The same corrections give effective centering out to the
radial range of trim-rod #8, where significant decentering starts for several
beams. Either we have not yet found the proper universal corrections or ve
shall have to resign ourselves to adjusting each beam differently at the outer
machine radii.

At low energies (small numbers of turns) ve have demonstrated that the beam can
be accurately centred out to the final turn. However, strong scalloping of the
orbits at the low magnetic fields required pushes the beam into the fringe field
which results in transverse beam growth for those beams before the beam reaches
the entrance to the extraction channel. Consequently, these centred beams
cannot be extracted even though the orbit separation is large enough.
Decentered beams are extractable, but also at low extraction efficiency, because
fringe-field effects make the beam too large for the channel aperture. A
compromise practical procedure will be required to maximise extraction
efficiency for low-energy beams.

4.3.8 Computation and Code Development

C.R.J. Hoffmann (Accelerator Physics Branch)

A study is in progress to explore the feasibility of enhancing the deflection of
an extracted beam in the region of the hill lenses, and thereby easing demands
on the electrostatic deflector for extraction of light beams with high energy.
The concept is to change the dipole fields in the hill lenses by the addition of
appropriately shaped iron pieces, so that the beam will be deflected outwards
more in hill-lens 1, and less in hill-lens 2. The net result would be that the
beam should arrive at a reference point at the entrance to the magnetic channel
with the required radial momentum, but having required less electrostatic
deflector voltage than at present.

Preliminary calculations suggest that deflector voltage might be reduced by up
to 20% if the dipole fields of the lenses are modified by 0.1 T. Practical iron
configurations have been chosen for the lenses, and calculations are in progress
to devise suitable compensation pieces for the average and first-harmonic
perturbation fields that would be generated in the acceleration region.
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Detailed field naps need yet to be calculated to assess effects on the
accelerated bean and the performance of the extraction systea with the revised
hill lenses.

Magnetic-field maps were calculated for the superconducting windings of each of
the three independent steering segments and the gradient segment of the magnetic
extraction channel. Each nap covered all of the acceleration region. The code
"supergoblin" was modified to accept the new field maps. These maps will allow
the variable perturbation fields from the channel windings to be included in the
cyclotron set-up and other calculations.

Measured magr.etic-field-map data were transferred to magnetic tape storage on
the NOSVE system (with B.V. Ostrom, Mathematics and Computation Branch) and
checked. These data consisted of 48 separate maps, each covering the full
acceleration region of the cyclotron, which comprise the primary resource to set
up the cyclotron magnet for a given ion.

A set of 48 field maps, each covering 360 degrees, was calculated for use in a
TASCC program (see sections 4.3.9 and 4.3.10) that will represent the cyclotron
magnetic field analytically, as required for envelopment of the new differential
algebra cyclotron orbit code.

Various program packages were assembled to assist in analysis of trim-rod
effects in the cyclotron. These required identification of trim-rod settings to
generate specific first-harmonic fields and the analysis of empirically adjusted
trim-rods to get the harmonic content of the trim-rod fields.

4.3.9 Constructing a Vector Potential from Mldplane Field Data Using Hertz
Potentials

G.D. Pusch

The new differential-algebra/Lie-algebra (DA/LA) orbit code DACYC (PR-PHS-P-9:
3.2.21, AECL-10196) being developed by TASCC Accelerators & Development Branch
determines particle dynamics via Hamilton's canonical equations of motion.
Hamilton's equations use the scalar and vector electromagnetic potentials V and
A, rather than the electric and magnetic fields E and B. Since the potentials
cannot be measured directly, they must be inferred from measured field data.

Considerable data exist on the superconducting cyclotron's magnetic field, but
only for the Bz component at a discrete set of radii and angles in the geometric
midplane. These data do not represent a properly-posed boundary-value problem,
so it is impossible to determine uniquely even the remaining components of B,
let alone A. Instead, the data must be used to constrain a field model. We
require that our model satisfy the following requirements: to be compatible
with DA, it oust be expressed in terms of analytic functions; it oust provide a
full three-dimensional model of the field within the accelerating region; and it
must satisfy Maxwell's equations exactly.

Given the above criteria, plus a desire for simplicity, a vector potential was
sought having the following properties: it must identically satisfy the free-
space magnetostatic Maxwell's equation for the vector potential V x (V x A) = 0;
it should provide a simple connection between Bs and A, preferably via a single
function; and it should avoid solving coupled partial-differential equations,
such as occurred during a direct assault on 7 x (7 x A) = 0. A representation
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having all the above properties does indeed exist: a Hertz potential, in the
coaxial, or "Whittaker" gauge.

Hertz potentials are "potentials for potentials". In terms of the electric and
magnetic Hertz vectors, fl. and Q,, the potentials and fields are given by:

v " ~-'s" I = vv.n. - \2 t - v x i,

A - ̂ n . + v x g,, 1 = ̂ 2v x n. + v x (v x n,).

Nisbet (Proc. Roy. Soc, 231A (1955) 250) has shown that any electromagnetic
field can be obtained from Hertz potentials of the form n, = jr.er, nB = xBez;
this is the "Whittaker", or "coaxial" gauge. In free space, *a and TTB satisfy
the homogenous wave equation. By further specialization of this proof, it has
been shown that for a magnetostatic field in free space, only nm is needed; then
B reduces to B = va.II., so that Bx = d\nm. Since both Bx and nm satisfy
Laplace's equation, by »vn'~-".irf them both in a complete set of solutions (e.g.
Fourier-Bessel series) one can determine the expansion coefficients of nm from
the expansion coefficients of Bx, by differentiating JTB twice and equating like
terms. Thus, xa provides a simple connection between Bx and A, since A = VnB x

Since complete sets of solutions to Laplace's equation sometimes converge
poorly, we are also considering alternative expansions for Bs and JTB. A
promising alternative appears to be expansion in a set of localized functions,
such as "wavelet transforms", or various types of "field bumps".

Hertz potentials may also be used to model the r.f. fields in the
superconducting cyclotron with only a slight variation on the above technique.
Furthermore, one can fit both the r.f. and magnetic fields with the same set of
expansion functions, resulting in very little additional overhead. The
preceding method also provides a straightforward algorithm for converting
between the vector potential and the "magnetic scalar potential", $ = 3xxB.

As stated earlier, Bx data on the midplane cannot uniquely determine B
everywhere. However the commonly made assumption of midplane magnetic symmetry,
Bx(x,y,z) = Bx(x,y,-z), B-^x.yjZ) = -B-L(x,y,-z), is sufficient to select a
unique B consistent with the given data. Midplane magnetic symmetry is
physically reasonable because the cyclotron magnet is reflection symmetric above
the midplane; this is fortunate, because it has also been shown that if midplane
symmetry is not assumed, even the additional knowledge of 9ZBX on the midplane
would be insufficient to determine B everywhere; one would also need to know at
least one component of B-L .

In summary, a method has been developed for constructing a vector-potential
model from midplane Bx field data; the method appears to be efficient, elegant,
and amenable to DA. Midplane symmetry must be assumed; however, this assumption
is physically reasonable, and must necessarily be made when only Bx data are
given.
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4.3.10 Nev DA Algorithms for Several Special Functions

G.D. Pusch

The new differential-algebra/Lie-algebra (DA/LA) orbit code DACYC (PR-PHS-P-9:
3.2.21, AECL-10196) being developed by TASCC Accelerators & Development Branch,
has required several special functions that had not previously been implemented
in DA, namely: Bessel functions, inverse trig functions, and elliptic
integrals. Therefore, several nev algorithms for obtaining DA extensions of
functions have been developed, two of which are quite general.

The extension of any function of a single real variable to a DA is defined by
its Taylor series:

f(Dw) E l djLffi
k! dx*

k=0
dwk. (1)

x=w

Here Dw is any element of nD v (a DA of order n in v variables), while w and dw
are the "real" and "differential" parts of Dw. Note that the upper limit is n,
because dw is nilpotent of order n. Therefore, to find f(Dw) in any DA, it is
sufficient to know the derivatives dkf(x)/dxk, k=l, •.., n. In practice, one
seldom uses equation (1) directly; instead, one uses either addition theorems or
contractive maps.

An "addition theorem" is an expression of the form:

f(a+b) = g(a,b). (2)

Nearly every function currently implemented in DA has an addition theorem, and
it is usually far more efficient to evaluate f(Dx) = g(x,dx) than to use
equation (1) directly.

We may use an addition theorem for Bessel functions to compute the DA extension
of J,<Dx):

n

J,,(Dx) = \ J,,.kpOJk(dx).

k=-n

Jk(dx) can be evaluated exactly fron the series representation for Jk; since dx
is nilpotent, the series terminates.

From each addition theorem one can obtain an "inverse-function difference
theorem":

f-*(a) - f-J(b) = f 1(g(f 1(a),-f 1(b))). (3)

If the right-hand side of equation (3) is tractable, it can be used to obtain
the DA extension of f 1 ; for example, since tan"1(a) - tan"1(b) = tan"1((a - b)
/(1+ab)), we find
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tanx(x) • tan 1 (Dx) - tan 1 (x)

The second term of the final line above say be evaluated from the series
expansion of the tangent near the origin; since the argument is nilpotent, the
series terminates. DA extensions of sin*1 (Ox) and cos*1 (Dx) are best obtained
from tan*1 (Dx) algebraically via inverse trig identities.

In hindsight, the method currently used to compute ln(Dx), which was originally
derived by pure algebra, also happens to be a member of the previous class.

A "contractive map" M is a map satisfying ||M(x)-M(y)||̂ k||x-y|| for some constant k
and every x and y in some domain S. Iteration of a contractive map is the basis
for computing the numerical values of many special functions; if such an
algorithm is implemented in DA, one can show that once the real part has
converged to sufficient accuracy, the differential part converges through order
n in at most n additional iterations.

A contractive-map technique has been developed which computes to arbitrary order
the DA extension of any function derived by solving an ordinary differential
equation. Since virtually every special function in use can be expressed in
terms of solutions to the hypergeometric differential equation, this represents
a broad class of functions. When applied to the solution of a differential
equation of order k, this method requires the values of the function f and its
derivatives through order k-1 as input; these values must be accurate, or
roundoff error may become a problem at high order.

Finally, we will need to evaluate certain combinations of elliptic integrals in
DA for the cyclotron-coil magnetic field (see section 3.2.21 of this report).
The derivatives of these elliptic-integral combinations may be obtained from
recurrence relations derived by G.E. Lee-Whiting; the DA extension must then be
computed according to equation (1). It is then possible to solve these
combinations for the elliptic integrals themselves.

In sumnury, new algorithms have been developed for implementing DA extensions of
functions. These include Bessel functions, inverse trig functions, any function
derived from an ordinary differential equation, and elliptic integrals. The
methods developed for inverse trig functions and differential equations should
be applicable to many other functions.

4.4 CRYOGEHIC SYSTEM

R.E. Milks and R.R. Tremblay

4.4.1 Operation

The system operated normally throughout the period except for scheduled
shutdowns for routine maintenance and one scheduled 8-hour power interruption.
There were also 4 unscheduled power interruptions lasting up to twenty minutes.
As a result, a total of 135 cylinders of helium gas were added to the system
compared to 55 cylinders for the previous period. Most of the gas was lost
during the 8-hour power outage.
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4.4.2 Cryostat

The cryostat level was maintained at full capacity (632 litres) over the six-
month period except for the scheduled and unscheduled power interruptions. In
preparation for the 8-hour scheduled power interruption, the cryostat level was
lowered to about 100 litres. This is done in order to recover as much helium
gas as possible prior to shutdown of the compressors. Approximately 100 litres
were left in the cryostat to prevent excessive warming during the shutdown. By
the time the power was restored and liquid-helium transfer to the cryostat
commenced, the cryostat had warmed to -53 degrees Kelvin. Portable generators
were brought in to operate vacuum pumps in order to pump on the warming
cryostat, transfer lines and the liquefier cold box.

4.4.3 Helium Liquefier

Scheduled 10,000-hour maintenance and 2,500-hour maintenance were performed on
engines 5 and 7, and the main bearings were replaced on both engines. The main
bearings on engine 5 were realigned with a special tool which was designed and
built in-house. The engine-5 main bearings had been misaligned by the
manufacturer. Regular 350-hour maintenance was performed during the entire
period. Engine 5 has now operated -48,000 hours, engine 7 ~48,500 hours.

During the 8-hour scheduled power shutdown, two new valves were installed on the
liquefier which will allow the regeneration of one of the two main filters.
Both heaters on this filter have failed, requiring replacement. Heater
replacement will involve our opening the liquefier cold box and removing some of
the super-insulation, and could result in warming the cryostat above its
critical temperature of 80 degrees Kelvin.

4.4.4 Helium Compressors

HP'IUSS reciprocating compressor No. 4 was brought back on line after having a
new no tor stater installed. Present policy is to buy new stators instead of
hj/irg them rewound on site. Performance of previously rewound stators has been
ui^.sat istac t.oi y .

Compressor No. 2 was reDuilt with new pistons following an overheating problem
which occurred during the schedule 8-hour shutdown, when a temporary 115-volt
power supply was run to the compressor to recover the cryostat boil-off gases.
The supply vas inadvertently connected to the wrong side of the compressor
interlocks. An oil leak was repaired on Compressor No. 2 shortly after it was
ijack in service.

Compressor No. 1 had to be rebuilt when it developed high oil pressure. We are
presently waiting for new sight glasses for this compressor before bringing it
back on line. The new screw compressor is running well since it was
disassembled and cleaned during the previous period.

Table 4.4.4.1 gives a list of the compressors' elapsed times in hours.
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TABLE 4.4.4.1
COMPRESSOR ELAPSED TIMES

COMPRESSOR WO.

1 30553
2 34258
3 31923
4 30659
1 SC 42019
2 SC 7762

4.5 COMPOTER CONTROL

B.F. Greiner, D.J. Casvell, S.E. Carmody and A. Vanzella (TASCC
Accelerators & Development Branch)
V.P. Slater, R.B. Walker and T.G. Whan (Nuclear Physics Branch)

4.5.1 Operation

The installation of a more powerful PDP-11 processor and corrections in the
control software resulted in significant improvements in the speed and
reliability of the control system. These improvements were partly offset by an
undiagnosed problem in the colour-display software, with the result that
control-desk hangups still occur at a frequency of approximately ten per week.
Beam loss attributable to problems in the main control system was insignificant.

The sensitivity to electrical transients of the intelligent controllers for the
injector dipoles caused unacceptable beam dropouts during one experiment in
August. The control system was reconfigured to control the dipoles directly in
the short term and a software modification in the magnet controllers has removed
the sensitivity except during rare severe sparks in the injectors or the Tandem.

The flexibility of the control system was exploited in addressing three problems
of beam production. The first was a requirement to modify control of the AhS
experiment so that additional beam stability and diagnostic data could be
provided. The existing MUMTI program was easily modified to achieve the desired
goal. The second problem was the instability of beams injected into the
cyclotron, where buncher phase stability was severely compromised for some
beams. Another MUMTI program was used to monitor slit currents and the results
clearly indicated that the beam drift originates upstream of the Tandem
analysing dipole. Attempts to pinpoint the source of the instabilities are on
hold because the problem disappeared near the end of the year. The only change
that may explain the increased stability was the cleaning of high-voltage
structures in both injectors. The third requirement was to scale the field in a
series of beam-line magnets between a stripping foil and the Q3D spectrometer
based on beam rigidity. This was also accomplished by means of a MUMTI program
which can be run by the physicists as required.
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4.5.2 Software

Control of the accelerators was switched over to the PDP-11/84 in August. The
control softwars was basically unchanged except for correction of the faults
reported in PR-PHS-P-9, section 4.5.2. Four applications that benefit cyclotron
development are typical of control-systen development during the past six
months.

The simplest addition was the provision of temperature readbacks from two
thermistors which are attached to the cyclotron iron under the copper on two of
the hills of the upper pole. These readbacks required only entries of the
calibration and CAMAC data in the system-variable data base and the addition of
the two names to one of the colour-monitor display pages.

A short program that controls the slew rate of the deflector voltage was also
added to the control system. The new program runs automatically when the
deflector voltage is changed and has been very effective in limiting the number
of damaging sparks that occur.

During the summer, an engineering student extended the program that sets
cyclotron trim-rods so that a small first-harmonic is produced in the magnetic
field. The original program worked on the outer set of eight trim-rods, i.e.
rod-set thirteen. The new program calculates and sets first harmonics for rod-
sets twelve and eleven. The addition of operator messages and extensions to
other rod sets will be carried out as manpower permits. The system-variable
data base was extended by approximately ten per cent, or some 250 names, in
support of the trim-rod program.

The fourth addition to the software was a C-language version of the HUMT1
program that measures the emittance of beams in the cyclotron branch of the
beam-transport system. The program has measured emittances from actual beams
that correspond to measurements taken by the production program, but is still
unreliable. When manpower becomes available, the program will be debugged and
then extended so that it can measure beams that occupy a larger vertical space
than the present program can handle. The MUMTI emittance program is at the
limit of working memory allowed by the MUMTI interpreter and cannot be extended
directly.

Two further software jobs were begun during the period and are in progress. A
method of automatically passing cyclotron-extraction and trim-rod set-up data
from the machine physicist to the control system was designed and is partially
implemented. This method utilizes the same computer-file transfer mechanism
that is presently in use for beam-line set up, where numbers calculated in the
CRL Computer Centre are stored in the control system and are used to set beam-
line magnets automatically when the TASCC Operators set up the beam line based
on the specifications of the requested beam. The second job is the diagnosis of
a fault in NMRTSK, the program that corrects for long-term drifts in the fields
of beam-line dipoles. An upgrade in the C-compiler at the time that the
operating system was updated has introduced a subtle fault in NMRTSK that steers
Tandem beams off axis when the program attempts to correct errors in dipole
fields. This has not been a serious problem, because the operators can correct
dipole settings very easily by hand with the help of other features of NMRTSK.
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4.5.3 Hardware

Major changes have been made to the computer hardware and to the CAHAC highway
that links the operators to the accelerator and bean-line components. Small but
significant contributions have also been made beyond the formal boundaries of
trie control system. The PDP-11/84 computer was connected to the control desk
late in August and immediately provided the anticipated improvement in response.
Also, a fourth control console has been installed in the control desk. The new
computer updates four colour-monitor displays successfully, but the refresh rate
is only marginally acceptable. Work has begun on che reconfiguration of a PDP-
11/44 computer to provide a backup system for the PDP-11/84.

Also in August, the clock rate of the CAHAC highway was reduced from 5 MHz to
2.5 MHz and the forward loop of the highway, connected through the bypass-
repeater units, ran an overnight test without errors for the first time. The
new clock rate will not affect the datn-transfer rate significantly, since
software overheads dominate the total time for transmission of one message.
Later in the period, the backward loop of the CAMAC highway was run for the
first time and subsequently for a long test without errors. The installation of
the CAMAC highway bypass/repeater hardware has been accomplished gradually over
approximately three years with the control system in use for all but an average
of one eight-hour shift per month during that time. Tests of the loop-collapse
features of the bypass hardware are planned early in the new year. Development
of a program that will automatically reconfigure the highway to avoid failed
equipment will begin early in 1991.

The development of a method of driving trim-rod stepping motors on the cyclotron
ten times as quickly as at present has been successful. A commercial motor-
driver circuit has been connected to a new stepping motor that is mechanically
compatible with the old motors through a simple interface that conditions
signals from our older, standard stepping-motor controllers. The newer, micro-
processor-based controllers were found to interrupt the pulse train momentarily
every two to three seconds and this was enough to stall the motor running at
approximately 3 kHz. The project is on hold pending delivery of a new model of
controller from the original supplier. The intention is to evaluate the new
controller in preference to the older model, since many of the components of the
old module are obsolete.

Two additional circuits were built in support of the cyclotron group and the AMS
group. The requirement to use existing precision thermistors to measure the
temperature of the iron in the cyclotron was met by the construction of simple
resistor-divider circuits. An existing precision 10V reference supply on a
control-system ADC interface was connected to the divider circuits and an
Identical thermistor was used to calibrate the temperature response directly
against a reasonably accurate thermocouple thermometer. The resolution of the
resulting readbacks is better than 0 01°C and the accuracy approximately 0.5°C.
The second circuit utilized a plastic optical fibre of the type installed as
computer-terminal circuits between the Tandem hall and the main decks of the
injectors at 180 kV. An injector spark detector was connected to a
discriminator to produce a pulse when a spark occurred. The pulse was relayed
to ground potential through the light fibre, and thence to the data-acquisition
system during <in AMS run. Everything worked very well; however, almost no
sparks occurred.
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CAMAC-test facilities were utilized to set: up a means of exercising Fast-
Encoding- and-Readout-ADC (FERA) modules that belong to the data-acquisition
group. A MUMTI test-program was written to apply known voltages to the module
inputs by Beans of FERA-driver modules, and correct operation of the FERA
modules was rapidly verified.

4.5.4 Alternative Control System Development

The evaluation of the commercial control-system package based on VAX computers
and the VMS operating system, from VISTA Control Systems Inc., Los Alamos, has
made dramatic progress during the past three months. During that time, an
additional software specialist has joined the computer-control group and has
become the local expert on the graphical capabilities of the VISTA package. A
week-long consultation with a member of the VISTA-development team took place in
early November and software that handles two of our standard CAMAC modules was
developed during that time. Also during that week, readbacks from the second
negative-ion injector were connected to a live display on the VAX work-station.

The installation and commissioning of the fibre-optic CAMAC highway to six
crates in the Injector area was completed in time for the tests. The fibre-
optic system required some learning of new techniques for debugging problems on
the highway. A generic problem with the generation of clock pulses in the
system was diagnosed and corrected. The new highway utilizes "auxiliary crate
controllers", so that the VAX computer can communicate with the six crates
without interfering with normal usage of the crates by the existing control
system. Installation and testing of the VISTA system is greatly facilitated by
our ability to compare the operation of similar functions on the two systems.

The rapid installation of sample readbacks by the VISTA consultant and
subsequent success in extending the system ourselves are very strong
commendations of the VISTA package. A unique main feature of VISTA is its
"tool-box" concept. VISTA has no default functionality that runs after a
minimum data-base is defined, but offers a collection of powerful software tools
that can be assembled to provide extremely varied solutions to control-system
problems. This package requires more learning than was anticipated, but will
enable us to build up a more elegant and varied control system than was
foreseen. While the package is less mature; than expected, the problems are
being solved expeditiously because of the expertise and cooperation of the
vendor.

4.6 NEGATIVE-ION INJECTOR

J.W. McKay and Y. Imahori

4.6.1 Operation and Development

In the last six months, both injector decks have been used to inject a total of
eighteen different ion species into the Tandem. These are listed in Table
4.7.1.1. Deck B has been used for beam-development work as well. Some work
remains to make operation of this deck as reliable and as hardened to sparks as
Deck A.

A spherical ionizer was tested in a modified 860 source and demonstrated a much
improved caesium-beam focus on the source target. A design has been partially
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completed for a new source incorporating both the spherical ionizer and
considerably simplified construction.

The UNIS source has been used for the accelerator-mass-spectroscopy experiments
and has provided beams for the first measurements of real 36C1 samples. A
search for a suitable high-current source required foi.- low concentration
measurements has been started.

The development of an easily removable buncher for the low-energy end of the
Tandem has helped us to produce more intense beams in the Tandem-only mode.
Increases greater than 50Z have been measured in the on-target beam-current
after the removal of the low-energy buncher.

Tests have been conducted to explore the feasibility of running beams of
germanium and erbium. Small but usable currents of 76Ge (100 nA) and 166Er (22
nA) were measured as analysed beam. Attempts to produce more intense beams of
gold, nitrogen and protons have met with some success, but further work is
required in order to produce the desired intensities on a reliable basis.

4.7 TANDEM ACCELERATOR

L.B. Bender

4.7.1 Operation

The Tandem accelerator operated very reliably during the period. Beams were
produced in the Tandem-only mode for nuclear physics experiments at the ISOL, 8n
spectrometer, Q3D spectrometer, Tl (sample irradiations), AMS, particle and T5
facilities. Beams were also produced for cyclotron beam development and for
three experiments that used the cyclotron: two at the particle facility and one
at the Q3D spectrometer. Accelerated beams are listed in Table 4.7.1.1. Beam
availability from the Tandem for nuclear physics experiments and cyclotron
development was in excess of 65Z of total time.

4.7.2 Generator

The Tandem generator continued to operate extremely well during the period. The
generator tank was opened on five occasions, four of which were scheduled for
upgrading work, preventive maintenance and routine replacement of stripper foils
and Ti-Ball vacuum-pump elements. The unscheduled tank opening was due to
voltage breakdowns. A general clean-up of the column and replacement of
terminal pick-up wheels restored normal operation.

During the period, the pelletron charging system was upgraded. This involved
the installation of new charging chains and conductive-rim pulleys. This latter
modification has rendered obsolete the metal side-bands, formerly used on the
pulleys to ground the chain. With these bands removed, working conditions
around the sheaves are less hazardous. As well, the chain-oiling system was
removed, since static charge Is no longer a factor, and oiling is therefore no
longer required. Performance of the new system has met all expectations to
date.
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TABLE 4.7.1.1
BEAMS ACCELERATED BY THE MP TANDEM

1990 JULY 1 TO DECEMBER 31

Isotope

Protons
Deuterons
Carbon-12
Nitrogen-14
Oxygen-16
Fluorine-19
Aluminum-27
Silicon-28
Silicon-29
Silicm-30
Sulphur-34
Chlorine-35
Chlorine-37
Germanium-74
Germanium-76
Bromine-79
Erbium-166
Gold-197

Max. Ion Current
at CUD l.Ad CnA>

39,000
8,000
3,900
4,000 (CN-)
5,000
570
840

2,000
700
600

1,300
8,400
9,100
1,600
340

5,600
89

6,000

Max. Bean Energy
(HeV)

17
27
40
70
117
110
142
155
163
147
175
154
187
20
20
118
20
64

Charge
State

+ 1
+1
+4
+5

+6/+8
+8
+10
+11
+11
+10

+9/+13
+10
+12
+4
+4
+8
+3
+7

Max. Analysed
Current (na)

18,000
2,500
1,300
960

2,500
80
640
34
49
100
100

2,200
6,300
485
100

2,000
22
490

The high-energy foil changer was upgraded from a capacity of 45 to 80 foils.
Foil mounting has been redesigned to allow in-situ foil loading without having
to remove the changer from its housing.

4.7.3 Sulphur Hexafluoride (SF6) Gas System

The SF6 gas-transfer system operated normally during the period. Twenty-four
cylinders of gas were added to the system.

4.8 BEAM TRANSPORT SYSTEM

L.B. Bender

4.8.1 Magnets

The beam-transport-magnet system operated normally throughout the period with
only normal maintenance and repair requirements. All power-supply cooling fans
have been replaced with ball-bearing units. This should reduce, if not
eliminate, the failure rate of the original sleeve-bearing units. The last of
the NMR probes that contained magnetic contaminants was replaced in BI-6 and the
magnet was recalibrated. Replacement of the copper magnet-water flow switches
with stainless-steel units continued on an as-required basis. Magnet BI-4 was
recalibrated, which corrected a problem with the NMR system.



4-29

4.8.2 Vacuum System

The vacuum system operated normally during the period. Other than the ion pump
in Section lc, which required re-building with new elements, only normal
maintenance was required.

4.8.3 Beam-Diagnostic Devices

With the exception of the Tandem-beam analyzer-slits, which required replacement
of the stepper aotor control, the Faraday-cup multiplexer and one beam-profile
monitor, both of which required repair, all devices operated normally during the
period.

The low-energy beam buncher was modified with a precision slide-rail mounting
system. This enables removal of the buncher from the beam line, thus allowing
the production of more intense beams for Tandem-only operation. The buncher can
quickly be reinstalled for cyclotron operation without the need for realignment.

4.9 BUILDIHG SERVICES

L.B, Bender

4.9.1 De-ionized Water System

The de-ionized water system operated satisfactorily during the period. Some
difficulty was experienced with the computer-controller for the pump hanging up
periodically, thus shutting the system down. This problem was eventually traced
to a missing ground connection. Corrections were made and no further problems
were experienced. One pump was removed for repair of damage caused by
overheating. The spare unit was installed without incident.

4.9.2 Electrical System

The electrical systems operated normally throughout the period. There were four
brief unscheduled power interruptions. One scheduled 8-hour power interruption
was necessary to carry out repairs to a feeder-cable duct, which was damaged by
a steam leak between buildings 432 and 500.

4.9.3 Process Air System

Since completion of repairs to the Joy compressor in the powerhouse during the
previous period, no problem with low air-pressure has occurred. Plans to
purchase an in-house backup system remain on hold.

4.9.4 Safety

Two radiation monitors required recalibration when false alarms were
experienced. Air-pump failures occurred on two oxygen monitors; however, the
mon.1 rors were quickly restored to service with the installation of spare units.
The failed pumps were subsequently repaired to serve as spare units for future
failures.
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4.10 PUBLICATIONS, DOCUMENTS AND TALKS

The Gamow-Teller Decay of 39Ca

E. Hagberg, I. Neeson, T.K. Alexander, V.T. Koslovsky, G.R. Dyck, G.C. Ball and
J.S. Forster (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
J.R. Leslie and H-B. Mak (Queen's University)
See 3.1.7 in this report.

Progress in Accelerator Mass Spectrometry

H.R. Andrews, G.C. Ball, V.G. Davies and V.T. Koslovsky (Nuclear Physics Branch)
B.F. Greiner, Y. Imahori and J.V. McKay (TASCC Accelerators and Development
Branch)
R.M. Brown, R.J.J. Cornett and G.M. Milton (Environfflental Research Branch)
J.C.D. Milton (Physical Sciences)
See 3.2.17 in this report.

A Differential-Algebra-Lie-Algebra Orbit Dynamics Code for the
TASCC Superconducting Cyclotron

V.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)
G.D. Pusch (TASCC Accelerators and Development Branch)
G.E. Lee-Whiting (Theoretical Physics Branch)
See 3.2.20 in this report.

Magnetic Field Model for the TASCC Superconducting Cyclotron

G.E. Lee-Whiting (Theoretical Physics Branch)
G.D. Pusch (TASCC Accelerators and Development Branch)
V.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)
See 3.2.21 in this report.

Publications

LONG LIFE BUNCHER GRIDS FOR HEAVY ION PARTICLE ACCELERATORS
G.R. Mitchel and J.E. McGregor
Review of Scientific Instruments 61, No. 12, 3913-3914 (1990).

TANDEM ACCELERATOR SUPERCONDUCTING CYCLOTRON 1990 REPORT TO SNEAP
J.V. McKay
Proceedings of the Symposium of North-Eastern Accelerator Personnel
World Scientific Pub. (1990)
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Conference Submission

PERFORMANCE OF THE ELECTROSTATIC DEFLECTOR OF THE CHALK RIVER SUPERCONDUCTING
CYCLOTRON
V.T. Dianond, C.R. Hoffnann, G.R. Hitchel and H. Schaeing
Proceedings of the 14th International Symposium on Discharges and Electrical
Insulation in Vacuums, Sante Fe, New Mexico
1990 September 17-20 (also SCC Note Series II, # 9 9 August 1990)

Reports

TASCC WATER-LOADS AND CONTROL CHASSIS OPERATING AND SERVICE MANUAL
P.J. Bunge, N.A. Tovne and S.G. Vhittle (TASCC Accelerators & Development
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SCC Notes

(SCC Notes are available for internal use, CRL).

Twenty-five SCC Notes (Series II) have been written and distributed. Ten new
TASCC Instructions have been released during the period and four have been
revised. Monthly issues of the TASCC Newsletter continue to be written, with a
current mailing list of 120 recipients, about 90 being off-site.

STRAY MAGNETIC FIELDS AROUND THE CYCLOTRON AT 4.5 T (GOLD-5.6)
L.V. Thomson
SCC Note (Series II) # 58.5

RUN DIARY: BR-18 PRODUCTION RUN (90-07-18/24)
L.V. Thomson
SCC Note (Series II) # 64.4
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G.R. Mitchel and V.T. Diamond
SCC Note (Series II) # 76
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E.H. Lindqvist and G.R. Mitchel
SCC Note (Series II) # 78
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MAGNETIC FIELDS
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L.V. Thomson
SCC Note (Series II) # 83.4

ION-SOURCE REQUIREMENTS FOR SOME HEAVY CYCLOTRON BEAMS
E.H. Lindqvist
SCC Note (Series II) # 89
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SCC Note (Series II) # 94

RUN DIARY: C-10 CENTERING RUN (90-8-8/12)
L.V. Thomson
SCC Note (Series II) # 95.0

NOTES ON C-10 RUN 1990 AUGUST 10
C.B. Bighan
SCC Note (Series II) # 95.1

LINEAR R.F. LEVEL MODULATOR: SUMMER PROJECT
G. Tom
SCC Note (Series II) # 96.0

TRIP REPORT TO CEBAF (90-07-9/11)
N.A. Tovne
SCC Note (Series II) # 97.0

WORK REPORT: DISCUSSION OF AECL'S H-V DEFLECTOR FOR THE SCC
M. Pratten
SCC Note (Series II) #98.0

PERFORMANCE OF THE ELECTROSTATIC DEFLECTOR OF THE CHALK RIVER SCC
V.T. Diamond, C.R. Hoffmann, G.R. Mitchel and H. Schmeing
SCC Note (Series II) # 99.0

RUN DIARY: C-45 DEVELOPMENT (90-092-4/8)
L.V. Thomson
SCC Note (Series II) # 100.0

RUN DIARY: C-45 & AU-5.6 DEVELOPMENT (90-10-12/16)
L.V. Thomson
SCC Note (Series II) # 100.1

RUN DIARY: C-45, CL-35 & CL-6 DEVELOPMENT (90-11-25/12-3)
L.V. Thomson
SCC Note (Series II) # 100.2

DERIVATION OF THE FOCUSING LIMIT IN THE SCC
V.G. Davies
SCC Note (Series II) #101

CYCLOTRON RUN LIST ('85 THROUGH '90 SEPTEMBER)
L.V. Thomson
SCC Note (Series II) # 102

HORIZONTAL BEAM MOTION ON THE LAST TURN DUE TO DEE-VOLTAGE CHANGES
E.H. Lindqvist
SCC Note (Series II) # 103
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ESTIMATES OF SPACE-CHARGE LIMITS POR LOW ENERGY BUNCHING USING A FOIL STRIPPER
IN THE TANDEM TERMINAL
G.R. Mitchel
SCC Note (Series II) # 104

MASS-ENERGY DIAGRAM FOR THE SCC INJECTING WITH A 15 MV AND A 16 MV TANDEM
E.H. Llndqvist
SCC Note (Series II) # 105

PROPOSAL FOR ADDITIONAL DIAGNOSTICS AND LOCAL COMPUTER CONTROL FOR THE R.F.
SYSTEM
N.A. Tovne
SCC Note (Series II) # 106

ESTIMATE OF THE TEMPERATURE DEPENDENCE OF THE MAGNETIC FIELD IN THE SCC
V.G. Davies
SCC Note (Series II) # 107

BUNCHING AND PHASE CONTROL OF LOW-INTENSITY HEAVY-ION BEAMS-LIMITS OF PRESENT
SYSTEM
G.R. Mitchel
SCC Note (Series II) # 108

TASCC Instructions

HIGH ENERGY FOIL CHANGER RELOADING
L.B. Bender
TASCC Instruction # 3.17

SIMPLIFIED LEB SET-UP
G.R. Mitchel
TASCC Instruction # 4.1.2.00

LEB REMOVAL AND INSERTION
L.B. Bender
TASCC Instruction # 4.1.2.09

INJECTION BEAMLINE PHASE CONTROL SET-UP
G.R. Mitchel
TASCC Instruction # 4.1.4.01

BUNCHER PHASE CONTROL SYSTEM TEMPORARY SHUTDOWN
G.R. Mitchel
TASCC Instruction # 4.1.4.08

REMOVING THE UPPER POLE
R.R. Tremblay and R.E. Milks
TASCC Instruction # 4.11.02

ROTATING UPPER POLE IN ITS CRADLE
R.E. Milks
TASCC Instruction # 4.11.03
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RAISING LOVER POLE-CHECKLIST
R.E. Milks and R.R. Treablay
TASCC Instruction # 4.11.04

LOVER POLE JACKING SYSTEM ALIGNMENT PROCEDURE
R.E. Milks
TASCC Instruction # 4.11.05
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