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I. TASCC SUMMARY

by J.C. Hardy, J.S. Geiger and H. Schmeing
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1.1 GENERAL

With cyclotron commissioning behind us, the TASCC facility is nov devoted to
developing and providing beams for the experimental program. As a result,
beam was on target for a record 2901 hours during the past six months. The
results have been satisfying not only for their intrinsic interest but also
because they are beginning to cover a much broader range of basic and applied
science.

In our established programs of basic nuclear research, undoubtedly the most
exciting result was the first evidence of a rotational band with the
characteristics of hyperdeformation: a ridge-valley structure in 1 5 2Dy,
observed by a group using the 871 spectrometer, indicates bands having a moment
of inertia consistent with strong prolate deformation of /92>.0.9. In
applications work, the highlight was the unexpected observation by the
Accelerator Mass Spectrometry group of elevated levels of 36Cl in the local
environment at Chalk. River Laboratories, presumably associated with reactor
operation and/or waste management activities; although insignificant in the
context of radiation protection, they may prove to be a useful tracer for
interesting natural processes.

As part of the increasing focus on experiments, the number of cyclotron-based
experiments has continued to increase. In all, the cyclotron provided beam on
target for 524 hours, a 34% increase over the highest value previously
recorded in a six-month period. The cyclotron beams were used for 8n
experiments twi;e, ISOL once, reactions experiments twice, atomic physics
once, and twice for materials science applications — a proud record of
diversity. Beam development continued apace, with 10 new beams extracted.
Including beam development and operator training, the cyclotron operated for
1265 hours, or 34% of the total facility beam time.

Between January and the end of June, Tandem beams were used, either for
experiments or development purposes, for a total of 3940 hours. This beam
time was 97% of the scheduled operating time and 90% of the total time
available — the best record we have ever achieved in a facility that has
always performed well. The cyclotron's record of reliability is not far
behind, it being operational for 84% of the scheduled operating time. Viewed
as a whole, the facility operated for 93% of its scheduled time, or 86% of the
total time — a fine record which will be difficult to better.

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 46% of the total laboratory research efforts and figure
prominently in most of the scientific publications. We continue to encourage
and welcome TASCC users and visitors from the Canadian and international
research communities. We measure our success by the increasing numbers of
users, particularly in materials-science and environmental applications, and
by the attendance at two international conferences hosted by our scientists in
the past six months: The International Conference on Nuclear Structure at
High Angular Momentum (Ottawa, May 18-21; attended by 140 scientists from
around the world) and the Workshop on Large Gamma-Ray Detector Arrays (Chalk.
River, May 22-23; attended by 126).
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1.2 RESEARCH

Members of the group working on Exotic Nuclei and Weak Interactions have
remeasured the half-lives of the superallowed emitters 42Sc, 46V, 50Mn and
54Co and now have in hand what is believed to be the definitive set of data
for this study. Searches for evidence of non-analogue 0+->0+ p transitions in
5 0Mn and 54Co were made under improved experimental conditions. A non-
analogue 0+^0+ decay branch was established in 54Co and evidence was found for
what may prove to be such a branch in the 50Mn decay. Work was started on
experiments aimed at seeking evidence for the existence of the 17 keV neutrino
by a new method, namely from measurements of suitably chosen electron-capture
to positron branching ratios. Searches were also started for electron-capture
branches in the decays of 100Tc and 1 1 6In. A knowledge of these branching
ratios would allow improved interpretation of the double beta-decay
information on 1 0 0Mo and 116Cd. Test experiments were performed which
demonstrate that projectile fragmentation of TASCC cyclotron beams will be a
viable method for producing neutron-rich isotopes for study with ISOL.

The analysis of the inverse kinematics studies on the 35C1+12C and 35Cl+9Be
systems has continued with emphasis on the global variables describing the
overall properties of the reaction. Results are presented.

Many of the current studies by members of the 8n collaboration were reported
on at the International Conference on Nuclear Structure held in Ottawa May 18-
21 and the Workshop on Large Gamma-ray Detector Arrays held at CRL May 22-23.
These events were co-chaired by Dr. D. Ward of CRL and Prof. J.C. Waddington
of McMaster University. The first evidence for the rotational band structure
characteristic of a hyperdeformed nucleus was obtained in the reporting period
and was presented at this conference. Considerable work has been done on
studies of the role that intruder states play in determining the collective
structures at high spin of In and Sn nuclei. Work has continued in the search
for a sequence of nuclei with 135_<A_<150 which exhibit intruder-based
superdeformed bands and thus link two well-established regions of
superdeformation. Searches in 142Sm have identified a superdeformed band
while those in 1 4 1Gd have not. An additional study has been done on
superdeformation in 149Gd with a view tc clarifying issues raised by an
earlier work. The new results do not support the large transition-energy
oscillation at very high spin indicated by the earlier data. Studies were
done of the spectroscopy of 127La at low spin as well as B4Sr at high spin.

Exploratory experiments were done to determine the viability of using the
miniball and 87T to search for super- and hyperdeformed nuclei in the N=Z=30
region. A planned upgrade of the miniball must be in place if such studies
are to become attractive.

Searches have been made for the 'KLL' resonance peak for resonance transfer
and excitation of He-like 79Br ions channeled along the <112>, <100> and <110>
directions of a thin gold crystal. The resonance was observed for channeling
along the <110> direction. The resonance observed was much wider than that
which has been reported for Ti ions channeled along this same axis but better
data are required before definitive conclusions can be reached.
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The AMS group used some 19 days for sample measurements and several additional
days were devoted to developmental effort. Both the sample preparation and
the measurement technique are adequate for most programmatic needs.
Significant work was done on surveying the 36C1 concentration in the local
environment, leading to the conclusion that the concentration is considerably
above normal. Additional measurements were made relating to the Cigar Lake
studies and these affected the interpretation of the experimental results in a
way that improves the agreement with hydrological modelling.

Further measurements were done of effects of anodic oxidation on near-surface
deuterium concentrations in Zr-2.5wt%Nb and analysis of this experiment is in
progress. First trial measurements were made on simulating fission-product
gas release from U02 fuel pellets by 1 2 7I bombardment of pellets previously
implanted with 85Kr. While these studies were done at room temperature, the
plan is to provide an oven to heat the samples to simulate reactor operating
conditions.

Some additional measurements were made to complete the studies of the
temperature dependence of G values for aqueous solutions irradiated with
23 MeV deuterons and the results are being prepared for conference
presentation.

H.R. Andrews assisted a group from the Geology Dept., University of Toronto in
irradiating 30 samples of volcanic glasses with 250 MeV 63Cu ions to generate
tracks in these materials. The University of Toronto has studied the
temperature dependence of the thermal annealing process and derived activation
energies for track annealing in glasses of various compositions.

A.D. Marwick (IBM, Yorktown Heights) and some collaborators irradiated high-Tc
superconductor samples with 1 GeV Au ions. Ion track formation creates
columns of amorphous material 5-10 mm in diameter and tens of microns long. A
detailed study of the track morphology is in progress. Electrical transport
measurements are being done on samples that were included for this purpose.

A group headed by T. Cousins of the Defense Research Establishment, Ottawa,
carried out single event upset measurements with Tandem beams and, more
recently, TASCC cyclotron beams. The work was done to complement their on-
going program at the McMaster University Tandem accelerator.

1.3 INSTRUMENTATION AND FACILITY DEVELOPMENT

A variety of upgrades were made to cabling and power supply transient
protection of the ISOL. Work continued on the program to improve the fast
tape transport system. Operation of LaB6 side heaters on the helium-jet ion
source was improved and work was started on the development of a CeB6

alternative which promises to have somewhat better properties for this
application. An indirectly heated cathode, which will operate effectively in
a vacuum, is being developed for the helium-jet source and will be tried in
place of the present cathode, which requires operation in the arc-discharge
regime.
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Secondary beams were produced for the first time and were used to calibrate a
phoswich detector. Additional tests were done to investigate whether the
yields would support a radioactive-beams program. Time-of-flight data, from
which mass information is being extracted, were taken for sample cases.

Commissioning of the full 48-element forward phoswich deteo.tor array operating
with CAMAC-controlled ECL-based electronics was completed. In anticipation of
forthcoming experimental needs, tests were carried out on the response and
timing of CsI(Tl)/photodiode (miniball) detectors and on the timing of the
Laval University plastic/CsI(Tl) phoswich detectors.

Upgrade of the miniball particle detector array to 45 elements is underway.
Detector and electronic procurement is veil along and the inner-sphere of the
detector assembly has been modified.

Two beara-degrader assemblies have been designed, installed and placed in
service. One unit has two carousels and provides a capability for 24 possible
degrader thicknesses. The second unit serves as a vernier and is a device
which not only inserts a single foil into the beam but also can tilt it. An
assembly has been manufactured and installed to hold the foils used in
producing secondary beams at an intermediate location in the extraction beam
line.

In addition to routine upgrading of computer systems software, a number of
special user requirements were addressed. Software was written to handle
CAMAC communication with programmable electronics installed by the reactions
group, and with a new microprocessor coiicrol module that was built for the
triple-axis goniometer. CCUR-3280 software was written to sort 8 K
spectrometer data off-line into a dedicated 8 MB memory segment. Much of the
8n analysis software that runs on the CCUR systems has now been ported to the
SUN systems and to the DEC UNIX workstations.

Major developments in interactive graphical analysis software tailored to the
data-processing needs inherent to 7-7 and 7-7-7 data for large 7-ray arrays
are described along with some examples of their use.

Progress in the development of a D.A.-L.A. code for the TASCC cyclotron is
described and Lie-algebraic techniques have been used to analyse some of the
resonances that occur in cyclotrons.

Target laboratory activities over the reviewing period are summarized.

1.4 ACCELERATORS

The accelerator operation over the report period was very successful for both
cyclotron and Tandem, marked by a steady increase in the use of the cyclotron
for experiments. The cyclotron was scheduled for nine research experiments
for a total of 45 days. The experiments utilized a broad mix of easy and
difficult beams, some of which were developed on the first day of a cyclotron
run and then used immediately afterwards. Ten new beams were developed on
these occasions and during three other development runs, which accounted for
14 days.
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Of particular importance to the operation of the facility was a focus on
operator training. The cyclotron operated for six training runs, over a total
of 12 days. This almost concludes our hands-on operator training series. All
operators and supervisors successfully concluded the classroom cyclotron
training program, a major effort for both trainees and teachers over more than
half a year. The course was generally judged to have been highly successful.

Major technical developments completed (or essentially completed) over the
report period were the manufacture and installation of BeO-based probe heads
for probes 1 and 2, the almost completed fabrication ot a third probe to be
located in a dee, and widening the response capabilities of the phase-control
system to include complete recovery from drastic events such as Tandem sparks.

While the performance of the electrostatic deflector was further improved,
more work is required before ve can operate the cyclotron for periods
exceeding two or three weeks without a midplane opening. Other major items
being addressed at this time are full computer control of the cryogenics plant
and a complete revision of the computer control for the cyclotron's main
magnet.

Operating statistics for the facility is provided in Table 1.4.1. Facility
reliability over the report period was high, at 6.8% unscheduled or "forced"
downtime.

TABLE 1.4.1
TANDEM AND CYCLOTRON OPERATING RECORD, 1992 JANUARY 1 TO JUNE 30

USE

System available

Beam development

Planned shutdown

Forced shutdown

TANDEM

3352.8

586.7

313.5

115.0

TIME (HOURS)
CYCLOTRON

664.0

601.0

2858.0

245.0

FACILITY

2900.8

837.7

333.0

296.5

TOTAL ELAPSED TIME 4368.0 4368.0 4368.0



1-6

1.5 PUBLICATIONS. REPORTS. LECTURES AND CONFERENCE CONTRIBUTIONS

Publications

DECAYS AND MASSES OF i62.i63Ta ,vND S 0 M E NEIGHBORING NUCLIDES
E. Hagberg, X.J. Sun, V.T. Koslcvsky, H. Schmeing and J.C. Hardy
Physical Review C, 45 (1992) 1609.

HIGH SCHOOL STUDENTS IN A RESEARCH LABORATORY
J.C. Hardy
Proceedings, Human Resources for R&D in the 90's and Beyond, Canadian Research
Management Association, September 22-25, 1992, Ottava, Canada

Invited Talks

RADIOACTIVE BEAMS AND THE STUDY OF WEAK INTERACTIONS IN N I Z NUCLEI
J.C. Hardy
Symposium on Production and Utilization of Radioactive Nuclear Beams at the San
Francisco ACS meeting, 1992 April 5-10.

FERMI BETA DECAY AND THE VECTOR COUPLING CONSTANT: TESTS OF CVC AND THE
STANDARD MODEL
J.C. Hardy
Lawrence Berkeley Laboratory, Berkeley, California, 1992 April 10.

Conference Contributions/Abstracts

SUPERALLOVED FERMI 0-DECAY — A STATUS REPORT
I.S. Towner, J.C. Hardy, E. Hagberg and V.T. Koslowsky
International Symposium on Weak and Electromagnetic Interactions in Nuclei
(WEIN-92), Dubna, Russia, 1992 June 16-22.

THE ROLE OF ISOSPIN MIXING IN THE SUPERALLOVED 0+->0+ DECAY OF 54Co
T. Shinozuka, E. Hagberg, V.T. Koslowsky, J.G. Hykawy, J.C. Hardy, G. Savard,
P.P. Unger, H. Schmeing and I.S. Towner
1992 Spring Meeting of the Japanese Physical Society, Sendai, Japan, 1992 March
18-20
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3.1 RESEARCH

3.1.1 0 Transitions to Non-Analogue 0+ States in the Decay of 50Mn

E. Hagberg, V.T. Koslowsky, G. Savard and J. Albrecht (Nuclear
Physics Branch)
J.G. Hykawy (TASCC/University of Manitoba)
J.C. Hardy (TASCC Division)
S. Yennello (Michigan State University)

Beta transitions to non-analogue 0+ states can only take place If the vave
functions of the final states contain admixtures from the 0+ analogue
state. They therefore offer the only available possibility of testing
isospin-mixing calculations required to establish the vector coupling
constant from superallowed 0++0+ p decay.

We have previously studied the decay of 50Mn (PR-TASCC-2: 3.1.5; AECL-
10431). Our sensitivity in that experiment was limited by a low beam
current and the presence of numerous 7 rays from the decay of 32C1, which
originated from a small sulphur contamination in our 50Cr target. Ve did
observe some weak 7-rays that could possibly have been candidates for
evidence of a non-analogue transition in the decay of 50Mn. However,
another test experiment revealed that they actually were previously
unobserved 7 rays from the decay of 32C1 (PR-TASCC-3: 3.1.12; AECL-10545).

We have performed another full-scale experiment on the decay of 50Mn. We
observed 5xlO10 decays of 50Mn, a factor of four more than our previous
experiment. We reduced the 32C1 7 rays by a factor of 35 by lowering the
proton beam energy and by using purer 50Cr targets. The lowest, excited
0+ state in 50Cr, tentatively seen in reaction studies, is located at an
excitation energy of 3694 keV. It is presumably de-excited by a 2911 keV
7 ray populating the lowest 2+ state. We see no evidence of a 2911 keV 7
ray in our data. The second-lowest, excited 0+ state, also only
tentatively seen in reaction studies, is located at an excitation energy
of 3850 ± 20 keV. We do see a weak 7-ray peak at an energy of 3048 keV.
If it corresponds to a 7-ray transition feeding the lowest 2+ state in
50Cr then it originates from a level at 3831 keV in 50Cr. We therefore
have a possible candidate for a non-analogue 0+ transition in the decay of
50Mn. Its branching ratio would be 5xlO"6.

A detailed analysis of the data obtained during this experiment is under
way.
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3.1.2 B Transitions to Non-Analogue 0+ States in the Decay of 54Co

E. Hagberg, V.T. Koslowsky, and G. Savard (Nuclear Physics
Branch)
J.G. Hykawy (TASCC/University of Manitoba)
T. Shinozuka (Tohoku University, Sendai, Japan)
J.C. Hardy (TASCC Division)
P.P. Unger (University of Manitoba)
H. Schmeing (TASCC Accelerators and Development Branch)

We have previously run a short experiment on 54Co. Our conclusion vas
that in order to observe the unknown, but certainly very weak, non-
analogue decay branch to the lowest 0+ excited state in 54Fe an
improvement in production rate was required (PR-TASCC-2: 3.1.5; AECL-
10431). Recent changes in our gas-jet transfer system (PR-TASCC-2: 3.1.6;
AECL-10431) and tape-transport system (PR-TASCC-3: 3.2.3; AECL-10545) had
substantially reduced the transportation time, which benefits nuclides
with short half-lives such as 192 ms 54Co. Furthermore, the experience
gained from the test experiment also showed that a better balance between
the limiting count-rates in the HPGe detector and the gas counter could be
achieved, thus permitting the use of more intense samples.

A full-scale experiment on the decay of 54Co was performed with an
optimized experimental set-up. The data-taking part of the experiment
took 27 hours, and 9.5xl09 decays of 54Co were observed. The lowest
excited 0+ state in 54Fe is known to be located at an excitation energy of
2561 keV and it is depopulated by an 1153 keV 7 ray. A 7-ray peak at this
energy is indeed found in our spectrum (see Figure 3.1.2.1). We deduce
the branch to the 2 561 keV non-analogue 0+ to be (4.5 ± 0.9)xl0-5.

Charge-dependent mixing calculations predict this branching ratio to be
2.2xlO^5. Our one previous observation of a non-analogue transition to a
0+ state, in the decay of 46V (PR-TASCC-2: 3.1.5; AECL-10431), also
yielded a branching ratio that was about twice the predicted value. The
object of these measurements, to obtain the first experimental data that
can be used to test the charge-dependent mixing calculations for these
cases, has therefore been achieved. The possible improvements to the
theory as a result of these measurements will have implications for
fundamental weak interaction studies.

3.1.3 The Half-Lives of 42Sc, 46V, 50Mn and 54Co

V.T. Koslowsky, E. Hagberg, W.L. Perry, G. Savard and M.J. Watson
(Nuclear Physics Branch)
H. Schmeing (TASCC Accelerators and Development Branch)
J.C. Hardy (TASCC Division)
P.P. Unger (University of Manitoba)
J.G. Hykawy (TASCC/University of Manitoba)

Measurements of the half-lives of the superallowed emitters, 42Sc, 46V,
50Mn and 54Co, have been repeated (see PR-TASCC-3: 3.1.7; AECL-10545) with
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Figure 3.1.2.1 Gamma-ray spectrum observed for 9.3xl(f decays of Co. The
signature of a beta decay branch feeding the 2561 keV excited 0+ state in Fe is
an 1153 keV y ray.

a new k-K.fi gas counter which has been constructed to circumvent earlier
problems associated with air contamination in the counter gas. All the
multi-scaled data have been analyzed. Limits on possible counting-sample
contaminants have yet to be determined from the 7-ray spectra, acquired
simultaneously with the multi-scaled data. Analysis of independent
measurements of the rate dependence of the gas-counter efficiency are in
progress.

These half-life measurements are unique in that they have been performed
with isotopically enriched samples and counting electronics with well-
known and well-controlled dead-time, and the analysis has been done with
two completely different procedures that return the same results. The
analysis procedures have also been tested on hypothetical data that very
closely mimic real counting conditions such as in decay rate and dead-
time. The results are observed to be independent, within statistical
uncertainties, of the portion of the decay spectrum that is analyzed,
indicating that rate-dependent systematic errors, if they exist, are
comparable to our statistical uncertainty of <±0.05%. The half-lives (in
milliseconds) are 680.67+0.25, 422.57+0.13, 283.29±0.07 and 193.28±0.07
for 4 2Sc, 4 6V, 5 0Mn and 5 4Co, respectively, where the uncertainties
reflect statistical uncertainties of the multi-scaled data. The results
will be reported at the upcoming 6th International Conference on Nuclei
far from Stability, at Bernkastel-Kues, Germany.
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3.1.4 Search for Electron-Capture Decay Branches In 100Tc and 116In

B. Svr and E. Bonvin (Queen's University)
J.G. Hykawy (TASCC/University of Manitoba)
E. Hagberg, V.T. Koslowsky and G. Savard (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

The process of double beta decay can be thought of as proceeding through a
virtual state in the intermediate nucleus. All known cases of double beta
decay connect 0+ to 0+ states, so the states involved in the intermediate
nucleus must have a spin and parity of 1+. However, with few exceptions,
the intermediate nucleus does not have a 1+ ground state. Calculation of
the double beta-decay rate therefore assumes the decay proceeds through
many excited 1+ states in the intermediate nucleus and the average
properties of these states need to be predicted since they cannot be
measured. In two cases, 1 0 0Mo and 116Cd, the intermediate-nucleus ground
state is 1+, and no excited 1+ states are known below 1 MeV excitation.
For these cases, a more reliable prediction should be expected since most
of the double beta-decay strength passes through the intermediate nucleus,
1+ ground state, and its decay properties can be measured.

The /9" decays of the two intermediate nuclei, 100Tc and 1 1 6In, are well
studied and the Gamow-Teller matrix elements have been deduced. However,
the electron-capture decay branches of both nuclides have not been seen.
If these electron-capture GT matrix elements were known, the double-beta-
decay calculations would rest on a firm footing. The experimental goal is
to observe these very weak (10"4-10~5) electron-capture decay branches.

Two short test experiments were performed, one on the decay of 100Tc and
the other on 116In. In both cases the activities were produced in (p,n)
reactions on enriched targets. Radioactive samples were produced with our
gas-jet and fast tape-transport system and moved in front of a Ge X-ray
detector. This detector observed possible X-rays from the EC decay
branches in question. A plastic absorber was put in front of the detector
to shield it from the numerous, energetic electrons from the /?" decay
branches. The radioactive samples were also sandwiched between two
plastic scintillators. Any electron detected in the scintillators vetoed
simultaneous events in the X-ray counter, thus removing numerous low-
energy photons generated by the complex /3" decay.

In one test experiment, the decays of 7xlO9 100Tc nuclei were observed.
No statistically significant Mo X-ray peak was observed, yielding an upper
limit of 2xlO"5 for the EC branch of 1 0 0Tc. The predicted branch is
1x10"5. We are currently working at improving the efficiency for X-ray
detection as well as improving the veto efficiency for f)~ events in order
to improve the sensitivity.

The data from our experiment on the decay of 116In contains X-ray peaks
for both In and Cd. The In X-rays originate from the internal transition
of an isomeric state in 1 1 6In. The Cd X-ray peak was mainly produced by a
long-lived In activity, longer than our 30 s measurement window. Its
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origin is expected to be an isotope that decays by electron-capture, such
as 1 1 2In, which could be produced from a small amount of 112Cd present in
our enriched 116Cd target. Superimposed on top of this main, long-lived
component there are hints of a shorter-lived component with a half-life
compatible with that of 1 1 6In, viz 14 s. The branching ratio deduced from
the short-lived component is about 1x10"4 which agrees with predictions
for 116In. The test experiment was very short and it appears that a full-
scale experiment will permit us to achieve a better decomposition of the
two sources of Cd X-rays.

3.1.5 Electron-Capture-to-Positron Ratio as a Probe for the Existence
of a Heavy Neutrino

G. Savard, E. Hagberg, V.T. Koslowsky, D.C. Radford and D. Ward
(Nuclear Physics Branch)
I.S. Towner (Theoretical Physics Branch)
J.C. Hardy (TASCC Division)

Recent^precision measurements of nuclear beta-decay spectra with solid-
state detectors have shown an anomalous kink in the Kurie plot that has
been interpreted as evidence for a small admixture of a 17 keV neutrino.
While this effect has been confirmed by a few independent experiments with
solid-state detectors and a variety of beta-emitters, magnetic-
spectrometer experiments find no such effects. The discrepancy between
these two types of experiments, as well as the profound implications of a
possible 17 keV neutrino on our understanding of nuclear and particle
physics, warrants a search for alternative ways to prove or disprove its
existence.

Precision measurements of EC/£+ ratios on decay branches close to the £+-
emission energy threshold are sensitive to the effect of a 1% admixture of
a 17 keV neutrino. On the one hand, in such a decay branch, the phase-
space available for EC is large and almost unaffected by the emission of a
17 keV neutrino. On the other hand, 0+-emispion, being just above
threshold, has very limited phase-space available and is reduced by a fair
amount when a 17 keV neutrino is emitted.

The technique we use actually involves measuring the ratio of EC//?+ ratios
of two nearby decay branches for which most theoretical and experimental
factors are the same. For a given branch de-excited by ix , the measurement
involves measuring the ratio of the total f1 rate to the rate for 7t

coincident with a 511 keV pair. The experiment is performed with the 87T
spectrometer. The de-exciting 7 rays are detected in the 20 Compton-
suppressed Ge detectors while the 511 keV pairs are very efficiently
observed with the BGO ball. We are presently looking at the decay of 6 9Ge,
which feeds suitable levels in 6 9Ga and can be produced (free of
contamination) in copious amounts with the on-line isotope separator
(ISOL). The main experimental difficulty consists in measuring a small
real coincidence signal in the presence of a large random background. Huch
work has gone into reducing the TAC peak width, and the first results are
encouraging with the reference branch measured to the precision of a
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percent. However, irregularities in the TAC spectrum and the random-rate
contribution still have to be reduced for a measurement of this accuracy
to be achieved on the weaker branch of interest.

3.1.6 Neutron-Rich Isotope Production by Fragmentation at ISOL

G. Savard, E. Hagberg and V.T. Koslowsky (Nuclear Physics Branch)
J.G. Hykawy (TASCC/University of Manitoba)
J.C. Hardy (TASCC Division)

The availability of high-energy heavy-ion beams from the cyclotron has
opened up the possibility of creating very neutron-rich isotopes for ISOL
type studies by fragmentation of these ion beams in targets. An experiment
has been performed at ISOL to measure the yields that can be obtained for
exotic atoms with such a production mechanism. A 37C1 beam of 35 MeV/u was
incident on a tantalum target. The fragmentation products were stopped in
the catcher of the Febiad ion source where they could be ionized and mass
analysed before being collected on a tape station situated at the end of
the ISOL beam line. The isotopes were identified by observation of their
decay with a 40% HPGe detector.

The results were very encouraging, with ISOL yields exceeding 105//iC for
isotopes close to stability. Far from stability, it was possible to
identify isotopes as exotic as 28Na (t1/2 = 31 ms), 30Al (t 1 / 2 = 3.7 s)
and 3 1Mg (t 1 / 2 = 0.23 s) with yields of 300, 1600 and 550 per /iC,
respectively.

This experiment indicates that this production mechanism when coupled to
the isotope separator can provide a sufficient yield of neutron-rich
isotopes for physics experiments to be performed. As a next step we will
try to optimize production for specific isotopes (in the present case
heavy isotopes of Cl and K) that are good candidates for first-forbidden
beta-decay studies.

3.1.7 Inverse Kinematics Study of Highly-Excited Systems

D. Horn, G.C. Ball, A. Galindo-Uribarri and E. Hagberg (Nuclear
Physics Branch)
R. Laforest and J. Pouliot (Universite Laval)

Analysis of the 3 5C1 + 1 2C and 3 5C1 + 9Be experiments, which were
performed at 35 MeV per nucleon, has continued in this reporting period,
with emphasis on the global variables describing the overall properties of
the reaction, such as the recoil velocity of the center of mass of the
detected fragments, or the average intrinsic energy per nucleon in the
recoiling frame. An earlier report, PR-TASCC-3: 3.1.15; AECL-10545,
discusses the evolution of charged-particle multiplicity and total
detected charge, and relates them to the pseudotemperatures deduced from
the energy spectra of coincident light ions.
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Systematics of Recoil Velocities

To provide an estimate of the energy available to excite the systems
formed in these reactions, we first deduce the recoil velocity of the
assembly of detected particles. The momentum components parallel to the
beam for each fragment in a given event vere summed and divided by the
total mass of the detected fragments. We demanded the detection of at
least 15 units of charge in each event, and recorded the parallel momentum
per nucleon (i.e. the recoil velocity, v r e c o i l) as a function of the
number of charged particles detected. Since the detector array in this
experiment (see PR-TASCC-2: 3.1.1; AECL-10431) has certain energy
thresholds, angular acceptances, and detector granularities, a Monte Carlo
event generator was written to determine the influence of detector
response upon the recorded distributions. The deduced corrections to
vrecoii ranged from +1.5% at particle multiplicity M=l to -1.5Z at M=10.
The corrected values (Figure 3.1.7.1a) show a smooth transition from
recoiling systems moving at nearly the velocity of the 35C1 beam for low
multiplicities, to systems moving at the reaction center-of-mass velocity
for M=10. This is an indication that the multiplicity, when supported by
the requirement of detecting the bulk of the nuclear charge, is closely
linked with the momentum transfer for this system, and hence with the
energy available in the moving frame.

Excitation Energies

With the determination of the recoil velocity, it is possible to compute
the kinetic energies of the detected fragments in the moving frame (see
Figure 3.1.7.1b). It is also possible, within the framework of the
massive-transfer hypothesis, to calculate the total emitter mass from
momentum conservation, and scale the kinetic energy to include also the
energy the unobserved fragments emitted by the recoiling system. This is
typically a correction of less than 20£. For each multiplicity value, the
element distribution is measured and, for e^ch element detected, the
isotope distribution is known from the high-resolution telescopes. One
therefore knows the average mass excess per fragment for each
multiplicity, and can obtain the average ground state Q-value, again
corrected for the undetected fragments and for the number of free neutrons
necessary to produce the observed isotopic abundances. The total
excitation of the recoiling system can then be deduced from the sum of the
total kinetic energy in the source frame and the ground-state Q-values and
a small (<25 MeV) term corresponding to target-residue kinetic energy and
residual excitation in heavy fragments that later decay by 7~ray emission.
These excitation energies range from as little as 50 MeV for M=l events to
the full 300 MeV available in the center of mass for M>10. Furthermore,
when added to the system recoil energy, they give a value very close to
the initial beam energy of 1225 MeV. This is an important result, not
only as a consistency argument, but also because it shows that these
events are not dominated by undetected, highly energetic, pre-equilibrium
particles.
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Figure 31.7.1 Average kinematical quantities as a function of the number of
charged fragments detected in the reaction of 3 Cl+ C at 35 MeV per nucleon.
a) Longitudinal momentum per nucleon in the laboratory frame. The shaded area
indicates the width of the distribution and the two arrows correspond to the
momentum per nucleon of the beam and of the reaction center of mass.
b) Fragment energy per nucleon in the rest frame of the emitter.
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Properties of the Composite System

With the selection of relatively veil-defined events, one can study the
relative degree of equilibrium of the composite system by means of the
shape of its emission pattern in momentum space. The transverse and
longitudinal momentum per nucleon,

1 M

Pj_ H 2 IPiSineJ

2AA i=l

and

1 M

P|| = 2 IPiCOSfli - miVre<:.oil | ,
11 SAi i=l

were calculated from the data, event by event in the frame of the emitter
moving with v r e c o i l . Here, Ai , pL , mt and ei denote the number of
nucleons, momentum, mass, and emission angle of the ith fragmenting an
event of M fragments. For a completely equilibrated system with no
collective motion, on the one hand, emission should be completely
isotropic, with da/dn = k. For emission confined to a plane the pattern
should be isotropic in polar angle, with do7dfl=k. The corresponding
momentum ratios are Pn/Pj_ = 2/7r and Pi|/pj_ = 1» respectively. Since the
momentum ratios depend Heavily upon detector acceptance, the two limiting
distributions were run in the Monte Carlo event generator with realistic
mass and energy distributions for a variety of multiplicities. The ratios
calculated from the data fell very close to the simulation values for
do7d0=k. Such a distribution is suggestive of emission in a plane.
Accordingly, an azimuthal angular correlation was extracted for pairs of a
particles detected at a polar angle of 21° and was divided by a pure
phase-space distribution generated in the simulation. The resulting
correlation spectrum for M=6 showed maxima at 0° and 180° and a minimum
near 90° with a ratio of in-plane to out-of-plane emission of 1.4 to 1.

Equilibrium

Our selection criteria appear to identify thermally equilibrated systems
for the more dissipative collisions (bO6), including events of full
momentum transfer at the highest multiplicities. Whether these events can
be treated as true compound nuclei (in the sense of having lost all memory
of the entrance channel) has not been established by the present analysis.
The results do, however, serve to justify our earlier extraction of
pseudotemperatures from these data (see PR-TASCC-3: 3.1.15; AECL-10545) by
firmly establishing the excitation energy, recoil velocity, and thermal
equilibration of the emitters.
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3.1.8 Extension of the Study of Highly Excited Nuclear-Matter Systems
with an Exclusive Impact-Parameter Trigger

G.C. Ball, A. Galindo-Uribarri, E. Bagberg, D. Horn, M.G. Steer
and T.G. Whan (Nuclear Physics Branch)
L. Beaulieu, R. Laforest and R. Roy (Universite Laval)
T. Li, A. Vander Molen, G.D. Westfall, J.S. Winfield, J. Yee and
S. Yennello (NSCL and Michigan State University)

Analysis of the experiment carried out at Michigan State University in
September 1991 (PR-TASCC-3: 3.1.16; AECL-10545) has continued. The energy
calibration and particle-identification algorithms for the high-resolution
telescopes have been completed. Gain matching of the 39 elements of the
CRL Forward Array to provide the multiplicity and total forward Z (2E
forward) for projectile-like fragments, is near completion. Calibration
of the MSU 4JI array has also been carried out. Modifications to the
playback software required to incorporate all the necessary calibrations
are in progress.

3.1.9 Spectroscopy in the Mass A~60 Region with Charged-Particle
Selection

A. Galindo-Uribarri, H.R. Andrews, G.C. Ball and D. Ward (Nuclear
Physics Branch)
V.P. Janzen (TASCC/McMaster University)
G. Zwartz (University of Toronto)

Nuclear structure and reaction studies in the mass region around N=Z=30
have attracted much interest recently. We decided to explore the use of
our particle-7 facility for studies in this mass region. Recent
calculations (I. Ragnarsson, Lund-MPh-90/09) predict that superdeformed
and hyperdeformed shapes might exist at high spins in this mass region
(e.g. 56Ni and 60Zn). There is also evidence for high-spin fission shape
isomers (e.g. 56Ni) from the experimental study of excitation functions
for elastic scattering with 'a-like' nuclei (R.R. Betts and S. Saini,
Physica Scrypta T5 (1983) 204). Experimental data on high-spin states in
this mass region are scarce because of a lack of suitable beam-target
combinations. Two-nucleon stripping reactions induced by heavy-ion beams
at high incident energies have been used to populate selectively high-spin
states (N. Anyas-Weiss, et al., Phys. Rev. C12 (1974) 201; A. Boucenna, et al.,
Phys. Rev. C42 (1990) 1297). However, to populate the highest spins might
require heavy-ion induced fusion-evaporation reactions. Most of the
compound-nucleus de-excitation in this mass region proceeds through the
emission of light particles and 7 radiation. The study of how energy and
spin are removed from the compound nucleus is important to test our
understanding of the nuclei under conditions of high spin and excitation
energy. The detailed comparison of statistical-model calculations with
experimental data can provide information on the nuclear level densities.
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Characteristic of near-symmetric compound-nucleus reactions in this mass
region are the high recoil velocities (4-5 % v/c), and large angular and
energy spread, due to the emission of particles; these result in a large
Doppler broadening of the peaks in the 7-ray spectra. However, a
significant improvement in the 7-ray energy resolution can be obtained in
this mass region, where charged-particle evaporation is dominant, if the
momenta of all the evaporated charged particles are recorded and corrected
for. J. Nyberg et al. (Workshop on Large Gamma-Ray Detector Arrays AECL-
10613) have shown that even when the energy of the charged particles is
not measured, an improvement of the energy resolution in this mass region
is already possible by recording if the direction of the emitted charged
particles is recorded and the calculated mean energies used for
correction. The ability not only to select the channel of interest but
also to measure the energy of the charged particles makes the miniball
ideally suited for these studies.

Short test runs were done to assess the experimental difficulties of
filtering the channels of interest. Statistical-model calculations with
the code PACE were performed for more than 30 different reactions. The
following reactions were explored: 32S on 40Ca at Elab = 117, 126, 140
and 160 MeV, 32S on 28Si at Elab = 130 MeV, and 32S on 32S at E l a b =
160 MeV. The reactions were chosen to form compound nuclei with high
angular momentum. The 40Ca, 28Si and 32S targets were double foils of
2x400 fig/cm2, 2x140 /ig/cm2 and 2x450 /zg/cm2 thick, respectively. The
sulphide target was in the form of PbS.

Gamma-rays from residual nuclei (with the exit channel noted in brackets)
such as: 55Co(3p2n), 55Fe(4pn), 56Co(3pn), 56Fe(4p), 57Co(3p), 56Ni(2p2n),
57Ni(2pn), 52Cr(a4p), 6«Zn(a4p), fi5Ge(a2pn), 63Ga(a3p2n), 64Ga(a3pn),
64Ge(a2p2n), 60Zn(3a or 2a2p2n), and 61Zn(2a2pn), were identified. The
analysis of the particle-7-7 coincidence data is continuing.

The kinematic focussing resulting from the high recoil velocities in these
reactions produces high rates in the forward detectors and thus the future
increase in granularity of the miniball in the forward direction, plus the
addition of a miniature forward wall of 8 Csl-photodiode detectors (see
3.2.4), will make these studies more attractive.

3.1.10 High-Spin States in 8<Sr

P. Chowdhury, C. Lister and S. Freeman (Yale University)
D. Ward, A. Galindo-Uribarri and D.C. Radford (Nuclear Physics
Branch)
V.P. Janzen (TASCC/McMaster University)

In our study of high-spin states in 86Zr (Phys. Rev. Lett. 67 (1991)
2950), we observed a band structure exhibiting strongly staggered and
enhanced Ml transition rates, but without significant E2 collectivity.
This unusual behaviour was interpreted within the framework of an
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interacting boson model incorporating two broken boson pairs. We vould
expect that the nucleus 84Sr should show similar effects. We used the
reaction 51V(36S,p2n) at 130 MeV to populate high-spin states in B4Sr.
Gamma-ray spectroscopy was performed with the 871 spectrometer. In phase
1, a double stack of unbacked targets (each 540 /jg/cm2) was used. In
phase 2, we were interested in measuring lifetimes by the DSAM and
therefore employed a gold-backed target. In both experiments the event
trigger required a minimum BGO multiplicity of 8; the event rate was
typically 1.2 kHz. The data are presently being analysed at Yale
University.

3.1.11 Tests of Reactions Leading to 1 0 5- n 3In

V.P. Janzen (TASCC/McMaster University)
A. Galindo-Uribarri, D.C. Radford and D. Ward (Nuclear Physics
Branch)
S. Mullins, L. Persson and J.C. Waddington (McMaster University)
D.B. Fossan, J.R. Hughes, D. LaFosse, H. Schnare and H. Timmers
(S.U.N.Y., Stony Brook)
R. Wadsworth (University of York, U.K.)
E.S. Paul and J.N. Wilson (University of Liverpool)
S. Pilotte (University of Ottawa)

The next phase in our study of high-spin states in neutron-deficient
nuclei near Z = 50 is to search for intruder rotational bands (PR-TASCC-
3: 3.1.18; AECL-10545) in odd-mass In isotopes (Z = 49). There is very
little published material to guide us in a choice of suitable heavy-ion
reactions which, especially for the more neutron-deficient species, are
expected to involve the emission of various combinations of neutrons,
protons and a particles. Therefore we have performed a series of short
test runs.

The results, shown in Table 3.1.11.1, indicate that we can plan
experiments to study high-spin states in 105 -107•109 - 111In. Reaction
channels populating those nuclei are strong enough that the 8TT
spectrometer alone will be used, with no need for charged-particle
detection. Preliminary results from the 96Zr(19F,4n)111In experiment are
reported in section 3.1.13. Beam time has been requested for the study of
109In.

TABLE 3.1.11.1

REACTIONS LEADING TO ODD-A In ISOTOPES

Isotope
u 3 I n
m I n

109In

107In

105In

Suggested
Reaction

l loPd(7Li,4n)
96Zr(19F,4n)

76Ge(37Cl,4n)

5aCr(5«Ni,3pn)
or 56Fe(58Ni,a3p)

54Fe(5»Ni,a3p)

Efceam
(MeV)
~ 40

83

~ 140

~ 250
> 250
> 250

Comment
The population of high-spin states is low.
An experiment has been performed (see section 3.1.13
of this report)
The 4n channel was dominant for the 94Zr + 19Fe
reaction leading to the same compound nucleus.
The 3pn channel was strong in the 52Cr + 58Ni reaction.
Although the 3p and 4p channels were dominant, the
a3p was growing in with increasing bombarding energy.
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3.1.12 Intruder Collective Bands in 109Sb and 106-10aSn

V.P. Janzen (TASCC/McMaster University)
A. Galindo-Uribarri, D.C. Radford and D. Ward (Nuclear Physics
Branch)
S. Mullins, L. Persson and J.C. Waddington (McMaster University)
D.B. Fossan, J.R. Hughes, D. LaFosse, H. Schnare and H. Timmers
(S.U.N.Y. Stony Brook)
R. Wadsworth (University of York, U.K.)
E.S. Paul and J.N. Wilson (University of Liverpool)
S. Pilotte (University of Ottawa)
R. Vyss (Joint Institute of Heavy Ion Research, O.R.N.L.)

One of the goals of our investigation of intruder rotational bands in the
light i 1 1 " 1 1 ^ isotopes (PR-TASCC-3: 3.1.18; AECL-10545) is to study
high-spin states in the most neutron-deficient isotopes near Z = 50. To
that end, a six-day experiment was carried out with a 243-MeV 58Ni beam
bombarding 54Fe targets. HPGe 7-7 coincidences were collected with the 8n
spectrometer. A total of 172 x 106 and 89 x 106 7-7 events were acquired
with self-supporting and Au-backed targets, respectively, and requiring a
BGO-ball fold of K > 11. The strongest reaction channels led to high-spin
states in 109Sb (N = 58, 3p exit channel), 108Sn (N = 58, 4p exit
channel), and 106Sn (N = 56, a2p exit channel). The nucleus 105In (N =
56) was also populated, via the a3p exit channel. Responsibilities for
the analysis of level schemes, directional correlation (DCO) data, and
mean-lifetime measurements for this project have been divided among
researchers at Chalk River, the University of York and S.U.N.Y. Stony
Brook. Preliminary results are presented here.

The Nucleus 109Sb

The first few excited states of this nucleus were identified in our
previous test run with the 58Ni + 58Ni and 58Ni + 54Fe reactions (PR-
TASCC-3: 3.1.17; AECL-10545), which used the charged-particle miniball
to identify 7-ray transitions associated with the various reaction
channels. As a result of the present work, three rotational bands have
been found extending to high spin. Coincidence spectra for the tvo most
intense bands are shown in Fig. 3.1.12.1. Although the 7-7 directional-
correlation analysis is not complete, based on our systematic study of
similar bands in heavier nuclei, we conclude that these transitions
probably have stretched quadrupole character. The decay pathways
connecting these structures to low-spin states have not been established.
Based on the low-spin states, which are populated by the decay of Band 1,
the spin and excitation energy of the state fed by the lowest transition
(792 keV) are estimated to be -31/2 h and -6 HeV, respectively. Bands 2
and 3 feed into the known level scheme at slightly higher spins and
excitation energies. Although spins and parities have not been assigned
to the rotational levels, and thus the orbital configurations are not
known, some preliminary comments can be made.
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Firstly, from an examination of the coincidence spectra corresponding to
gates set on the very highest-spin transitions, transitions have been
observed in Bands 2 and 3 with energies of 2725 and 2750 keV,
respectively. These energies correspond to rotational frequencies of hw -
1.4 HeV, the highest yet observed in heavy nuclei. The rapid increase of
frequency as a function of increasing spin leads to extremely low dynamic
moments of inertia at the highest spins, as shown in Fig. 3.1.12.2. This
in turn implies that a relatively small number of valence particles are
making a large contribution to the total spin of the nucleus, and suggests
a novel form of collective behaviour in which the characteristics of
nuclear rotation are substantially but smoothly affected by the single-
particle motion of valence quasiparticles. Such an occurence is in marked
contrast to the abrupt "termination" of rotational bands by single-
particle excitations which has been observed in a number of mass regions.

Another intriguing feature of Bands 1 and 2 is the relationship of the
transition energies to the energies of the yrast band in the core nucleus,
i.e. Band 1 in 108Sn (see also below). The differences in 7-ray energies
can be expressed in terms of a relative aligned spin, as shown in Fig.
3.1.13.3. Above a rotational frequency of hw - 0.5 MeV, 109Sb Band 1 has
an average relative aligned spin of iav = -0.001 h with a variation of
V(i) = 0.33 (method of Baktash et al., Phys. Rev. Lett. 69 (1992) 1500).
Hence Bands 1 in 109Sb and 108Sn are not "isospectral", that is they do
not have identical 7-ray energies, but they do have identical moments of
inertia with a constant relative alignment. A similar analysis for 109Sb
Band 2 gives iav = 0.65 f> and V(i) = 0.48. It is interesting that these
are very good examples of non-superdeformed "identical" bands at high spin
and very high rotational frequency and are associated with the occupancy
of low-K orbitals, in contrast to the majority of the "identical" bands
found in the survey of Baktash et al., (loc. cit.).

Analysis of the coincidence spectra and DC0 data is continuing. The
backed-target data are also being analysed with the Doppler shift
attenuation method (DSAM) to determine lifetimes and thus the collectivity
of high-spin states (see also below).

The Nucleus 108Sn

Azaiez et al. (Nucl. Phys. A501 (1989) 401) have reported high-spin states
in this nucleus and observed a rotational band from spin 14+ to 22+, using
the same 58Ni-induced reaction at a slightly higher beam energy. In our
experiment, this band (Band 1) was extended by 7 transitions and two new
bands were observed with 9 and 6 transitions (Bands 2 and 3,
respectively). The quadrupole moments of Bands 1 and 2 have been
extracted with a DSAM analysis of the backed-target data. Preliminary
results indicate that for both bands Qo = 2.5-3.5 eb, somewhat lower than
the -4 eb measured for the proton h 1 1 / 2 intruder band in 113Sb.
Calculations indicate that these nuclei are highly susceptible to the
shape-driving influence of different valence orbitals, and we may hope
that this is one region of the nuclear chart where one can clearly measure
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the effect on nuclear deformation due to the occupation of specific
orbitals. Analyses of the level scheme, DCO and lifetime measurements are
in progress.

The Nucleus 106Sn

A level scheme up to spin (21) ft has been published by Azaiez et al. (loc.
cit.) but no rotational bands were reported. We have assigned one band
firmly and a second band tentatively to 106Sn. No linking transitions
have been found to the known level scheme. The in-band transition
intensities are much weaker relative to the intensity of the reaction
channel than in the N = 58 nuclei 109Sb and 108Sn. Based on systematic
trends this is most likely the result of a substantial rise in excitation
energy of the deformed states relative to the spherical-core states as the
neutron number moves away from mid-shell (N = 66). It is unlikely that
the 106Sn quadrupole moment(s) can be extracted from the backed-target
data. Analysis is continuing.

3.1.13 Observation of the Proton h11/2 Intruder Band in
 lxlIn

V.P. Janzen (TASCC/McMaster University)
D. Ward (Nuclear Physics Branch)
G. Hackman, D. Haslip, S. Mullins, D. Prevost, T. Porcelli and
J.C. Waddington (McMaster University)

Following a lengthy series of experiments, a total of 27 decoupled
rotational bands have been observed in the neutron-deficient Sb (Z = 51)
and Sn (Z = 50) isotopes. These structures are all built on intruder
states and are energetically favoured by a combination of enhanced
deformation and fast rotation. In odd-proton nuclei at low-to-medium
spins (6 h < I < 30 ft) the one-quasi par tide bands associated with the
proton high-j h11/2 orbital are particularly favoured. Until now such
bands have not been observed in nuclei with Z < 50, i.e. below the Z = 50
"magic" shell gap. Nevertheless, according to potential-energy surface
calculations, a deformed h11/2 bandhead should lie =3 MeV above the known
g9/2 9/2+ state in lxlIn, which is approximately 1.5 MeV higher than in
the isotone 113Sb.

Motivated by this consideration, we have searched for intruder bands in
nuclei below Z = 50 begining with 111In. High-spin states in 1:L1In were
populated via the 96Zr(19F,4n) reaction at a beam energy of 85 MeV, with a
self-supporting 600-/ug/cm2 Zr target. A total of 78 x 106 HPGe
coincidence events were collected with the 871 spectrometer, with a BGO-
ball fold of K > 10. A candidate for the h11/2 intruder band is shown in
Figure 3.1.13.1. Linking transitions to known low-spin states have not
been found. Based on the pattern of states fed by the de-excitation of
the band, the lowest level is estimated to have spin -31/2 ft and
excitation energy Ex > 5 MeV.
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The resulting diagram of aligned spin vs. rotational frequency, shown in
Fig. 3.1.13.2, looks very similar to that of the proton h11/2 intruder
band in the isotone, 113Sb. Thus it appears that at least qualitatively
the characteristics of the band crossings found in 113Sb are also observed
in llxIn. Analysis of the 7-7 coincidence and directional correlation
(DCO) date is continuing. An experiment at the Stony Brook laboratory
with a Au-backed target is planned, which will provide low-to-medium spin
data with better resolution and much better statistics. It is difficult
to populate X11ln with high input angular momentum; the reaction chosen,
96Zr(19F,4n), is one of the most favourable but the maximum input angular
momentum is still approximately 12 h less than the reactions used for the
i09-H5Sb studies. A Chalk River experiment on 109In is planned with a
76Ge(37Cl,4n) reaction, which will provide an input angular momentum
comparable to that available for the Sb experiments and enable us to
populate states to higher spin than in 111In.

3.1.14 Intruder Collective Bands in 114-115Sb

V.P. Janzen (TASCC/McMaster University)
D. Ward (Nuclear Physics Branch)
S. Mullins and J.C. Vaddington (McMaster University)
D.B. Fossan, D. LaFosse, H. Schnare, H. Timmers and P. Vaska
(S.U.N.Y. Stony Brook)
R. Clark and R. Wadsworth (University of York, U.K.)

In previous experiments with the 8n spectrometer, the nucleus 115Sb was
populated at high spin via the 100Mo(19F,4n) reaction with an unbacked
target at beam energies of 90 and 95 MeV (PR-TASCC-3: 3.1.18; AECL-10545).
High-resolution data at low-to-medium spin were subsequently provided by a
ioapd(11B,4n) experiment with a lead-backed target at the S.U.N.Y. Stony
Brook laboratory. Two rotational bands were found extending to
approximately 57/2 h in spin and rotational frequency hw - 0.6 MeV, both
of which have clear connections to the known spherical states. The low-
spin characteristics of Band 1 led us to assign a proton h 1 1 / 2

configuration, but a full interpretation of the intruder structures
depends on their measured characteristics at higher spins and frequencies.
Therefore, we performed another experiment with better statistics (3 days
vs. 1/2 day of beam time), and greater input angular momentum at the same
excitation energy, by using the (23Na,4n) reaction instead of (19F,4n). A
96Zr target foil was provided by the University of York. At a beam energy
of 102 MeV the nucleus 114Sb was also strongly populated, in the 5n exit
channel. Approximately 270 x 106 7-7 coincidence events were acquired
with the 8TT spectrometer, gated by a BGO-ball fold of K > 9.

The Nucleus 115Sb

The known Bands 1 and 2 have been extended by one and four 7-ray
transitions, respectively. A third cascade of 12 transitions has been
found, with no clear link established to the known level scheme. The
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dynamic moments of inertia are shown in Fig. 3.1.14.1 as a function of
rotational frequency. Clearly none of the three 115Sb bands, including
the one previously assigned as the proton h 1 1 / 2 configuration (Band 1),
follow the same pattern as the proton h13,2 band in

 113Sb. As revealed by
the peaks in the J<2> plot, the 113Sb band undergoes two distinct band
crossings in the frequency range 0.2 < ho < 1.0 MeV, which we interpret to
be due to the successive alignment of h 1 1 / 2 neutrons (ftwc - 0.45 MeV) and
g 7 / 2 protons (huc ~ 0.7 MeV), whereas the

 1 1 5Sb bands show only one
crossing at hwc ~ 0.6 MeV. Thus it appears that the characteristics of
the neutron h 1 1 / 2 crossing are very different in the two Sb isotopes.

Interpretation of the 1 1 5 S b data awaits further data analysis,
particularly spin and parity assignments for Bands 2 and 3. For example,
at low spin the transition energies of Bands 2 and 3 are consistent with
signature partners of the positive-parity three-quasiparticle Jth11/2 n
" (nn/2d5/2 or h 1 1 / 2g 7 / 2) configuration which, according to Woods-Saxon
cranked shell model calculations, is the excited configuration that lies
lowest in energy.
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Figure 3.1.14.1 Dynamic (J(2)) moments of inertia for the three intruder bands in
115Sh. For comparison J(2) for the proton hu/2 band in ll3Sb is also shown.
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The Nucleus 114Sb

The two rotational bands shown in Fig. 3.1.14.2 have been assigned to
114Sb, on the basis of clear coincidence relationships with known low-spin
transitions. Two weaker cascades are probably also in this nucleus.
These are the first intruder bands found in an odd-odd nucleus in this
mass region; if orbital assignments prove to be possible these data should
provide information on the relative positions of single-particle orbitals
and blocking of band crossings. For example, dynamic moments of inertia
for the two strongest bands are shown in Fig. 3.1.14.3. Band 2 in 114Sb
and the proton h11 ,2 band in

 113Sb both show the same peak, in J<2> at hw ~
0.45, signifying they both undergo a neutron h11/2 band crossing. Band 1,
however, shows no such crossing; based on blocking arguments, the most
likely assignments are then Jrh11/2 a vh11/2 for Band 1 and 7th11/2 a vd5/2
or g7/2 for Band 2 in

 114Sb. This interpretation would be strengthened by
spin and parity assignments. The data analysis is continuing.

3.1.15 Spectroscopy of 127La at Low Spin

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

We have studied the spectroscopy of 127La at high spin as described in PR-
TASCC-1: 3.1.15; AECL-10337. In the present study, the aim was to produce
127La at low spin, which provides complementary data at much higher
sensitivity for detailed spectroscopy. The reaction chosen was
112Cd(19F,4n)127La at 75 MeV. The target comprised a 3 mg/cm2 112Cd foil
backed with a 3 mg/cm2 layer of gold. The event trigger required that 5
elements of the BGO fired in coincidence. The acquisition rate was
typically 500 events per second, limited there to prevent melting of the
targets. Approximately 50 M events were accumulated.

The data were replayed into a gamma-gamma coincidence matrix with
conditions K>5 (set by the hardware trigger) and H<10 MeV (total summed y-
ray energy). The principle contaminant was 128Ba produced in the (p2n)
channel (c.f. Table 3.1.15.1).

At the present level of analysis, we have been able to follow the decay of
the excited bands shown in PR-TASCC-1: 3.1.15; AECL-10337 to the yrast
line in considerably more detail. The strongly coupled band observed
previously decays via at least eight independent paths, which explains why
it could not be connected to the level scheme with the previous data set.
In addition, we find two new bands. Analysis is continuing.
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TABLE 3.1.15.1

THE RELATIVE STRENGTHS OF COINCIDENT 7-RAY PAIRS IN CHANNELS COMPETING
WITH llaCd(1»F,4n)12''La AFTER SELECTION OF THE GATE 0 < H < 10 HeV

Nucleus

127La

128La

125Cs

128Ba

i27Ba

126Ba

3,1.16 An i 1 3 / 2

Reaction
Channel

4n

3n

a2n

p2n

p3n

p4n

Coincidence Pair
E7-E7 (keV)

252:458

235:222

366:572

283:479

644:774

256:455

Neutron Intruder Band in 141Gd

Intensity

100

13

10

52

15

2

S.M. Mullins, A. Omar, L. Persson, D. Prevost and J.C. Waddington
(McMaster University)
H.R. Andrews, G.C. Ball, A. Galindo-Uribarri, D.C. Radford and
D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake (University of Toronto)
D.B. Fossan, D. Lafosse, P. Vaska, and M. Waring (S.U.N.Y., Stony
Brook)
R. Wadsworth (University of York)

High-spin rotational bands, built on states of large quadrupole
deformation, have been extensively studied in the mass regions centered
around A=135 and A=150. Comparison of experiment with theory shows that
the properties of the bands in the lighter region are consistent with the
occupancy of one or two i 1 3 / 2 neutron orbitals intruding from the N=6
oscillator shell. These strongly deformed bands (/32=0.3-0.4) show large
variations in the J<2> dynamic moment of inertia, indicating that the
single-particle configuration is the dominant aspect in determining their
structure. The high-N intruders in the heavier region are ii3/2(

N=6)
proton orbitals and Ji5/2(N=7) neutron orbitals. These drive to
superdeformed shapes (/32=0.6) which gain added stability from large energy
gaps in the single-particle level spectrum.
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A question of considerable interest is whether similar bands exist in
intermediate-mass nuclei, bridging the two regions. The discovery of
superdeformation (/32=0.5) in

 143Eu (S.M. Hullins et al., Phys. Rev. Lett.
66 (1991) 1677) and in 142Sm (G. Hackman et al., (see 3.1.17)) has shown
this to be the case. Gadolinium-141 was chosen here since Total Routhian
Surface (TRS) calculations predict two highly deformed shapes, one being
similar to the A=135 bands, and one with a deformation similar to 143Eu.

The nucleus 141Gd has been previously studied by p+ decay (J. Gilat et al.,
Phys. Rev. C40 (1989) 2249), but no in-beam 7-spectroscopy has been
carried out. Hence, an initial experiment was undertaken to identify
transitions belonging to 141Gd.

Charged-particle-7-7 coincidences were measured following the 32S+112Sn
reaction at 155 MeV, the beam being provided by the upgraded MP Tandem
accelerator of the TASCC facility (see PR-TASCC-3: 3.1.22; AECL-10545). A
single ~500 ng/cm2 target foil enriched to -98% in 112Sn was used, since a
double foil would have severely reduced the efficiency for detecting the
charged particles. States in 141Gd were populated via the 2pn exit
channel, the major competitors being 140Gd (2p2n), 141Eu (3p) and 138Sm
(<*2p). The 7-rays were detected by the 87t spectrometer, while charged
particles were detected with the 87r-miniball. The data were written
event-by-event onto magnetic tape for subsequent analysis.

In the replay of the data, the contribution from 140Gd was greatly reduced
with the BGO-ball used to select exit channels in which only three
particles were evaporated. The charged-particle identification and
multiplicity from the 8jr-miniball were then used to assign transitions to
141Gd.

A second experiment was undertaken with the reaction lx2Sn(33S,2p2n)141Gd
at 170 MeV, this time without the 87r-miniball, the aim being to bring in
more angular momentum (lmax~65 fi compared to about 55 h in the first
experiment).

Having assigned transitions to 141Gd, we constructed a level scheme using
standard techniques, together with the codes MATFIT, LF8R and ESCL8R.
This was done on the basis of the coincidence intensities through a least-
squares fit to the proposed level scheme shown in Figure 3.1.16.1. The J
values were inferred from Directional Correlation of Oriented states (DCO)
analysis. The cascade labelled "1" in Figure 3.1.16.1 has a mean DCO
ratio between band members of (1.9±0.2) which is consistent with a cascade
of stretched E2 transitions. The DCO ratio of the 603 keV transition is
l.l±0.1 and hence it has been placed as a stretched AJ=1 feed-out
transition from the bottom of the band. If it is an electric dipole (El)
transition, it decays from a level with J% = 13/2+. Furthermore, if this
is the bandhead, then the only candidate is the [660]%+ Nilsson state
coming from the i13/2 spherical multiplet. This orbital is responsible
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for the highly deformed bands found in the A=130-140 region, including
examples that are closely related to 141Gd, namely the isotope 139Gd and
the isotone 137Nd.

Some Total Routhian Surfaces for 141Gd are shown in Figure 3.1.16.2 for
the lowest (n,a) = (+,+%) configuration. The yrast minimum starts as
triaxial (02=O.27, 7=15°), and then a 'superdeformed' prolate shape
(02=O.5, 7=0°) develops. This suggests that superdeformation may occur in
141Gd. No evidence, however, could be found for a superdeformed band in
141Gd. The triaxial minimum is similar to one seen in the TRS for 137Nd
(S.M. Hullins et al., Phys. Rev. C in press), though in this case it
evolves from a 7-soft prolate shape which is yrast at lower spins.
Cranked Shell Model (CSM) calculations for the triaxial shape are shown in
Figure 3.1.16.3, where the i13/2 (7t>a) = (-,+%) routhian is seen to be
yrast beyond ha> = 0.25 HeV. Hence, the assignment of the bandhead as

is consistent with the predictions of the CSM and TRS calculations.

3.1.17 A Superdeformed Band in 142Sm

G. Hackman, S.M. M u l l i n s , J . A . K u e h n e r , D. P r e v o s t and
J .C. Waddington (McMaster Univers i ty)
A. G a l i n d o - U r i b a r r i , D.C. Radford and D. Ward (Nuclear Physics
Branch)
V.P. Janzen (TASCC/McMaster University)
N. Schmeing (Theoretical Physics Branch)

Many nuclei in the mass regions A-135 and A-150 exhibit large quadrupole
deformation at high spins. Calculations (W. Nazarewicz et al., Nucl. Phys.
A503 (1989) 285) predicted that a link between these islands of
superdeformed stability would be observed in N=80, Z-64 nuclei as high-
spin rotational bands with quadrupole deformation £2=0.5. The first of
these bands was found in 143Eu (S.M. Mullins et al., Phys. Rev. Lett. 66
(1991) 1677 and A. Atac et al., to be published in Prog. Part. Nucl. Phys.,
Vol. 28). Recently two bands were reported as candidates for
superdeformation in 144Gd by K. Strahle et al., (contribution to the
International Conference on Nuclear Structure at High Angular Momentum,
Ottawa, 1992, published as AECL-10613).

A beam of 24Mg at 145 MeV, provided by the TASCC facility, was directed
upon two stacked self-supporting -400 Mg/cm2 124Sn targets, and the 7 rays
were observed with the 8n spectrometer. The dominant reaction channels
were fusion-evaporation by the 6n reaction to 142Sm and 7n to 141Sm. It
was estimated that the 6n reaction would populate 142Sm with an excitation
energy of 40 MeV and a maximum angular momentum of 69ft. Events were
filtered off-line with a minimum H cut equivalent to a total 7-ray energy
of =21 MeV. The 7-7 matrix contained 137 million events, of which the
ratio of 142Sm to 141Sm was -12:1. Events leading to 142Pm via p5n were
limited to <0.5% of the 142Sm channel.
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A series of at least twelve -y-ray transitions from 800 to 1477 keV with a
spacing of =62 keV were observed in mutual coincidence. The spacing of
the transitions is similar to that of the band in 143Eu, and is consistent
with the decay of a deformed nucleus with £2=0.5. A sum of gates yields
the spectrum in Figure 3.1.17.1, shown in comparison with the total
projection spectrum. The BANDAID (J.A. Kuehner, unpublished) code
indicates an additional transition at 1525 keV. Further band members at
lower energy would be masked by strong lines coming from non-collective
transitions in 142Sm. The relative intensities of the band members are
plotted in Figure 3.1.17.2. Of all events in the 142Sm channel, 0.7% pass
through the superdeformed band.

A plot of the J<2) dynamic moments of inertia versus rotational frequency
is shown in Figure 3.1.17.3, and compared to those for the 143Eu
superdeformed band. The J(2> values are similar at lower rotational
frequencies but, whereas the 143Eu J(2> remains constant, it decreases
with increasing hw in 142Sm.

Total Routhian Surface (TRS) plots (V. Nazarewicz et al., ibid.) at
selected spins for 142Sm and 143Eu are shown in Figure 3.1.17.4. For
even-even nuclei like 142Sm, the natural parity and signature (Jt,a)
assignments are (+,0) or (-,1). However, the TRS plots predict that the
superdeformed minimum for (7r,a) =(-,0) is deeper and more localized. The
142Sm £2=0.5 minimum for the (n,«)=(-,0) configuration is calculated to be
yrast for I>50 h, whereas the 143Eu superdeformed minimum is yrast at
I>35 h. Total energy plots by Werner and Dudek (Atomic Data and Nuclear
Data Tables 50 (1992) 179) suggest that superdeformed 142Sm is yrast for
I>60 h.

Recently, the reaction 124Sn(23Na,6n)141Pm at 135 MeV was used to further
investigate the N=80 chain further. Analysis is in progress.

3.1.18 Further Study of Superdeformation in 149Gd

B. Haas, S. Flibotte and J-P. Vivien (Centre de Researches
Nucleaires, Strasbourg)
H.R. Andrews, A. Galindo-Uribarri, D.C. Radford and D. Ward
(Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
S.M. Mullins, G. Hackman, D. Prevost and J.C. Waddington
(McMaster University)
S. Pilotte (University of Ottawa)

A new experiment on superdeformation in 149Gd was undertaken to clarify
issues arising from our previous work, principally:

1) The oscillation in the transition-energy spacing in the yrast
superdeformed (SD) band at very high spin (V.P. Janzen et
al., Proc. of the International Conference on High Spin
Physics and Gamma-Soft Nuclei, Pittsburg, 1990, published by
World Scientific, p. 225).
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H 25m Superdeformed Bond

Figure 3.1.17.1 Sum of gates and total projection spectra. Labelled peaks are band
members. Those marked with "*" were included in the sum of gates. The
1525 keV pexk is tentative, and the 741 keV and 920 keV ones are contaminated by
transitions in the non-collective regime.
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Figure 3.1.17.3 J(2) dynamic moments
of inertia for 142Sm and 143Eu.
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2) Whether the SD continuous radiation decays in part through
the yrast SD states (J.P. Vivien et al., Phys. Lett. B279
(1992) 407).

In addition, the new approach used by Atac et al. (Contribution to the
International Conference on Nuclear Structure at High Angular Momentum,
Ottawa, 1992, published as AECL-10613) to try to establish the excitation
energy of SD bands would be interesting to apply to the 149Gd case.

To advance beyond our previous data required a considerable increase in
the number of events acquired and this was achieved by running for ten
days with the Tandem accelerator. The reaction 124Sn(30Si,5n)149Gd was
used at an energy of 158 MeV with a stack of two 124Sn foils, each
450 Mg/cm2 thick. The event trigger required that 15 or more elements of
the BGO ball fired in coincidence. A total of approximately 1000 M events
were recorded.

The data are presently being analysed in Strasbourg. From on-line
analysis, it is clear that the new results do not support such a large
transition energy oscillation as was previously thought. We have looked
for possible sources of systematic error, but the most probable
explanation is that the uncertainties in the transition energies at the
top of the SD band were underestimated in our previous analysis.

3.1.19 Studies of Superdeformation and Hyperdeformation of 152Dy:
Symmetric Entrance Channel

A. Galindo-Uribarri, G.C. Ball, R.W. Macleod, D.C. Radford and
D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
J. Rodriguez (McMaster University)
S. Pilotte (University of Ottawa)
M. Cromaz, J. de Graff and T.E. Drake (University of Toronto)

The study of superdeformation and hyperdeformation in 152Dy has been
continued with the Bn spectrometer and the 24-element charged-particle
detector miniball (PR-TASCC-1: 3.2.8; AECL-10337 and PR-TASCC-2: 3.2.7;
AECL-10431).

Previously we had populated the 152Dy superdeformed band in the charged-
particle channel p4n with 187 MeV and 195 MeV beams of 37Cl (PR-PHS-P-8:
3.1.13; AECL-10102 and PR-TASCC-2: 3.1.14; AECL-10431). Another
experiment at 187 MeV with good statistics (PR-TASCC-3: 3.1.19; AECL-
10545) showed the first evidence of hyperdeformation (see 3.1.20).

To further study the ridge structure associated with large deformation, we
used the symmetric collision 81Br + 76Ge at 354 MeV with a bromine beam
from the cyclotron. The miniball with 24 elements was used to select a
proton-out channel and the BGO ball to tag on the 152Dy 17+, 60 ns isomer.
A gold catcher-foil, 18 mg/cm2 thick, was placed 5.4 cm downstream from
the target so that the decays from below the 60 ns isomer would take place
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outside the focus of the 20 HPGe detectors, behind the miniball
photodiodes but still inside the BGO ball. The data acquisition program
was modified to include the output from a TDC which encoded the time
difference between the master trigger and a delayed pulse from a second
event recorded by the BGO ball. The target consisted of two 300 /ig/cm2
76Ge self-supporting foils mounted on a standard 87: frame attached to a
miniball frame.

The combination of isomer-tagging and charged-particle detection produced
a clean 7-7 coincidence matrix for 152Dy (Figure 3.1.19.1). Approximately
5xlO7 events above a multiplicity-10 trigger in the BGO ball were
recorded, of which 7xl06 were p-7-7 events and 8xlO6 a-7-7 events.
Optimization of the gates for charged-particle identification and isomer
selection is underway.

Although statistics are very low, preliminary analysis shows that the
152Dy SD-band is populated. Further analysis is in progress to assess the
feasibility of a higher statistics run. The requirement of 3.0 pnA on
target might require a further cyclotron beam-development run.

cc
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Figure 3.1.19.1 -y-ray spectrum of 152Dy (total projection) and those obtained by
the requirement of a proton detected in the miniball and the isomer tag.
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3.1.20 New Features in the Spectrum of 15 2 Dv: Evidence for
Hvperdeformation?

A. Galindo-Uribarri, H.R. Andrews, G.C. Ball, D.C. Radford and
D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake (University of Toronto)
G. Hackmann, S.M. Mullins, L. Persson and J.C. Waddington
(McMaster University)
R. Wyss (Joint Institute of Heavy Ion Research)

Hyperdeformed nuclei, corresponding to a quadrupole deformation of fi2~\
(axis ratio about 3:1) are predicted to exist in several mass regions (J.
Dudek et al, Phys. Lett., B211 (1988) 252). Previously (PR-TASCC-3: 3.1.19;
AECL-10545) we reported an experiment to study the superdeformed band in
152Dy populated in the 37C1 + 120Sn reaction at 187 MeV. The nucleus
152Dy was produced in a p4n channel to take advantage of the considerable
lowering of the Coulomb barrier expected for highly deformed shapes
(ibid).

Evidence for hyperdeformation has been observed in these data. In
particular, a striking feature has been found from a study of the ridge-
valley structures in the two-dimensional energy-correlation spectrum
generated from proton 7-7 coincidences for this reaction. A ridge is
observed with a 30±3 keV separation running from about 1.2 to 1.5 MeV. It
consists of stretched E2 transitions. Parallel ridges result from
coincidences between transitions in rotational bands with similar moments
of inertia. The separation of the ridges is determined from cuts in the
energy-correlation 7-7 matrix perpendicular to the main diagonal E^1=E«2
(see Figure 3.1.20.1). The dynamic moment of inertia of the rotational
bands is related to the separation of the ridge by J<2>=4 ft2/AE;
therefore, this ridge corresponds to an extremely large dynamic moment of
inertia J(2) of about 130 ft2 MeV"1. Such a large moment of inertia
suggest the existence of a strongly deformed prolate shape with a £2£.0-9-
Furthermore, a cascade of 10 discrete transitions with an average energy
spacing of 3O±3 keV has also been found.

If we assume that J(2) equals the static moment of inertia J(1), then the
observed ridge structure corresponds to a spin range of about 75-95 h
calculated for a frequency range hu=0.6-0.75 MeV. Although the calculated
entrance partial-wave distribution indicates that there is still cross
section compatible with the intensity of the present structure, these high
spins are surprising since one would expect very strong competition with
fission above spin I~70 h.

The study of other properties related to this ridge is underway.
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Figure 3.1.20.1 Spectra of b.E = E-fl-Ey2 obtained with cuts in the energy range of
a) 1400 <_ (Eyl + Ey2)/2 <. 1500 keV and b) 1200 <^(Eyl +Ey2)/2 <_ 1300 keV.
The ridge appears as peaks at energies of LE = ±30 ±3 keV. The peaks at hE =
±48 keV in the bottom panel correspond to the superdeformed ridge.

3.1.21 Resonant Transfer and Excitation (RTE) for 7 9Br3 3 + Ions Channeled
Along the <112>. <100> and <110> Axes in a Thin Au Crystal

J .S . Fors ter , G.C. Ball , V.G. Davies and J . S . Geiger (Nuclear
Physics Branch)
J.U. Andersen (Aarhus University)
J.A. Davies (McMaster University)
H. Geissel (GSI)

In an earlier report (PR-TASCC-3: 3.1.3; AECL-10545) we presented results
for resonant transfer and excitation (RTE) for He-like 79Br ions channeled
along the <110> direction of a thin Si crystal. We have continued these
measurements, this time with an Au crystal.

RTE in Au is important because a measurement for *BTi ions in a thin Au
crystal gave a surprisingly narrow resonance width (A. Belkacem et Ctl.,
Phys. Rev. Lett. 64. (1990) 380). We have made measurements for He-like
79Br ions channeled along three major directions in a thin Au crystal in
an attempt to confirm these results.

The crystal had a <100> axis normal to its surface and a thickness of
2600 A as measured by energy-loss with an a-source. The crystal was
mounted on a three-axis goniometer in the Q3D scattering chamber. We
aligned a crystal axis with the beam direction using the fact that the ion
energy loss for axial and planar channeling is considerably lower than for
penetration of the crystal in a random direction.
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The 7 9Br 3 3 + beam was obtained by stripping/degrading an 18 MeV/u 7 9Br 2 2 +

beam from the TASCC cyclotron. The Al degrading foils ranged in thickness
from 1 mg/cm2 to 19 mg/cm2. The 90° and 18.5° beam-tiansport magnets
downstream of the degrader foil were used to select a narrow momentum bite
of the 33+ charge-state component of the degraded beam. The beam was
collimated by two, 0.5 mm, apertures separated by 1.6 m directly ahead of
the scattering chamber.

At each energy, measurements were made for both random and aligned
orientations of the Au crystal and the energy spectra of 31+, 32+ and 33+

ions were measured in three resistive wire counters positioned in the
focal plane of the Q3D magnetic spectrometer. Measurements were made for
the Au crystal oriented with the <112>, <100> and <110> directions aligned
with the beam direction.

The major charge-changing probability of the 33+ ions is by one-electron
capture to the 32+ charge state. By plotting, as a function of incident
ion energy, the ratio 32+/(32++33+) for an energy window on well-channeled
particles it should be possible to see the KLL resonance on top of a
smoothly varying background as seen in the Si data. Only for the <110>
axis was the 32+ yield low enough for well-channeled ions to allow
observation of the RTE resonance. We observed a resonance considerably
wider than the resonance observed previously for Ti (Belkacem et al.,
ibid.) in which the observed width was approximately one tenth of that in
Si.

Because of the importance of this measurement, we plan to repeat it with a
thicker Au crystal and collect statistically better data.

3.1.22 Progress in Accelerator Mass Spectrometry (AMS)

H.R. Andrews, U.G. Davies, V.T. Koslowsky, N.C. Bray, J.J. Hill,
P.J. Jones, L.V. Smith and T.G. Whan (Nuclear Physics Branch)
B.F. Greiner, Y. Imahori and J.W. McKay (TASCC Accelerators and
Development Branch)
R.J.J. Cornett, and G.M. Milton (Environmental Research Branch)
J.C.D. Milton (Physical Sciences)

During this reporting period there were 6 runs, comprising 3 days
dedicated to development and 19 days primarily for sample measurements
with some associated development. In total, 363 measurements were made on
about 200 samples including standards, backgrounds and various unknowns.
Major advances included the development of more rapid cycling between
masses by variation of the electrostatic elements of the injector, the
achievement of instrumental-background limits well below 10~15 36Cl/Cl,
and practical limits including sample handling and preparation at <5xlO'15
36C1/C1. The major problem area remaining is occasional irreproducibility
of results believed to result from inadequate control of the injector
conditions. Work is underway to improve the injector diagnostics and to
develop better set-up procedures to ameliorate this problem.
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Three papers based on this program were presented at the American Chemical
Society Meeting in San Francisco in April. Specific results are discussed
in more detail below.

Ion Source and Injector

The modified McMaster ion source has continued to perform reliably with
good stability and increased output currents. This improvement resulted
from higher cathode voltage and the installation of an Einzel lens
immediately following the extraction region of the source.

Sample position adjustability was improved by introduction of a two-speed
control for the drive mechanism. In an effort to characterize better the
injector set-up, current read-outs have been installed for slits between
the first ESAG lens and the Y-magnet, after the second ESAG lens, and
immediately before the Tandem tank. It is hoped that these improved
diagnostics will facilitate equivalent set-ups for the three isotopes
3 5 , 3 6 , 3 7

The last two runs were done with constant settings of the injection
magnets and mass selection by appropriate variation of all electrostatic
elements up to and including the x-y steerers in the low-energy end of the
Tandem. This approach allows the possibility of rapid cycling between
isotopes with setting times well under 1 second.

Tests were carried out with AgBr as a substrate for the AgCl sample
material. The 3 6S rates were very low but the AgBr material fused and
evaporated resulting in very little Cl" ion production. Information will
be sought from other labs that use this technique in an effort to adopt it
to our use.

Tandem Accelerator

The Tandem has continued to operate very stably at the voltages used for
these measurements (12-13 MV). It was determined that the isotopes
3 5' 3 7C1 are well separated at the exit of the analyzing magnet BI1 when
the magnet and terminal voltage are set to analyze mass-36. This makes
feasible the installation of two small Faraday cups to make stable isotope
measurements with rapid injector cycling while the Tandem voltage and
high-energy beam-transport system are set for transmission of mass-36 to
the final counter. (Tests showed that the settling time of the Tandem,
with changes in loading between 3 5C1 and 37C1 injection, was short
compared to the settling time of the injector power supplies, so that
cycling on second time scales would be possible if necessary.) This
should average out the effects of short-term variations of ion-source
output which presently represent a significant source of systematic error
particularly for small samples that deplete rapidly. Furthermore, should
it prove desirable, one of the cups could be fitted with slits for
terminal-voltage stabilization to augment the GVM stabilization used
during 36Cl measurement.
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Velocity Filter

The construction of the nev velocity filter has progressed slowly because
of competing projects in the shops. The magnetic elements and vacuum box
have been completed but work on the electrostatic parts continues.
Installation of the completed system is expected in the fall.

Detector

The new detector described previously (PR-TASCC-3: 3.1.1; AECL-10545) has
been designed and fabrication has begun. It should be ready for testing
in the fall.

The existing detector with its avalanche stage was used in conjunction
with a channel-plate/carbon-foil start detector to measure the time-of-
flight spectra of ions through the gas-filled magnet. The three Cl
isotopes were well resolved and the presence of gas in the magnet produced
little, if any, deterioration in the time resolution. It was hoped that
the TOF information would provide additional discrimination against the
degraded 3 6S tail in the detector AE-range spectra. It was of limited
value for this purpose but it did supply additional discrimination against
35-37Cl ions.

Computer Control

Computer control has been extended to the velocity-filter magnet supply,
and special AMS variables have been defined for this and for the injector
variables needed for electrostatic mass selection. The overall complexity
of control set-up has been reduced by the use of a CAMAC time-base unit as
part of the control-computer system.

Data Analysis

The on-line analysis program has been altered to be more informative and
at the same time simpler to use. The changes include:

1) Repetitive data, common to all or many of the runs, need no
longer be entered individually.

2) Data characteristic of a given sample need be entered only
the first time the sample is analyzed.

3) Summaries by sample type and run number are available at any
time and, in particular, within minutes of the end of the
scheduled period on the accelerator.

The summaries referred to above can be written to a floppy disk for
transfer to a PC-based spreadsheet or other programs.
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Results

a) System Stability

Although reproducibilities of ±5% have been obtained at times, frequently
much larger fluctuations occur. The origins of these are not fully
understood, but it is believed that instabilities in injector set-up,
particularly non-reproducible sample positioning, lead to different and
varying transmissions through the Tandem for each isotope. This is the
most serious challenge now facing the program. We are exploring solutions
involving better ion-source diagnostics, better sample-positioning
mechanisms, and modified criteria for sample positioning following sample
changes.

b) System Backgrounds

During this reporting period, major advances were made in background
control. It was demonstrated that system backgrounds from misidentified
ions are well below 10"15 36C1/C1 and, as long as samples of ^lO'11

36Cl/Cl are used, source cross-talk is not a limitation at the 10"15

level. At the same time, with the recognition of the elevated levels of
36C1 in the area, improved sample preparation and handling techniques have
reduced sample contamination problems to comparable levels. The major
exception to this is the preparation of rock samples, from which
backgrounds are still unacceptably high. Work is continuing on this
problem.

c) 36Cl Measurements in the Local Environment

A survey of 36C1 content in local air, rain, and stream samples has shown
elevated 36Cl levels associated with reactor operation and/or waste-
management activities. Preliminary analysis of the levels suggest they
are insignificant in the context of radiation protection. They are of
importance for our AMS sample-preparation activities and it is possible
that they may provide a useful tracer for interesting natural processes.

d) Cigar Lake

Several additional measurements have been made of 36C1 generated in
samples of Cigar Lake uranium ore covering a range of uranium
concentration from -4% to 56%. The recent results, which will be compared
with detailed neutronics calculations, already suggest that our earlier
estimates of average neutron fields in the ore body are a factor of 2-3
too low. This reduces the 36Cl estimates of water residence times by
comparable factors, bringing them closer to other estimates based on
hydrological modelling. A paper detailing our Cigar Lake results has been
written and is currently undergoing internal peer review; it is expected
to be submitted for publication by the end of the summer.
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3.1.23 The Role of the Anion, During Anodization, on the Oxidation of
Near-Surface Deuterium in Zr-2.5wt%Nb

J.S. Forster (Nuclear Physics Branch)
R.L. Tapping (System Chemistry and Corrosion Branch)
T. Laursen and J.R. Leslie (Queen's University)

In our earlier work (J.S. Forster et al., Nucl. Instr. and Meth. B48 (1990)
489), we reported on the effect of anodic oxidation on near-surface
deuterium in Zr-2.5wt%Nb; there, we showed that the effect of anodic
oxidation on the etched surface was to return a large fraction of the
near-surface deuterium to the anodizing solution. In that work, a 0.1 M
solution of H2S04 was used.

In the present experiment, solutions of 10 g KOH/Q. D20 and 10 g KNO3/8. D20
were used. Six foils of cold-rolled Zr-2.5wt%Nb, ranging in thickness
from 2.2-3.8 [im, were mounted in a compact cell and placed in a vacuum
chamber. For each foil the cell was filled with D20 and the foil and
liquid behind it bombarded with a -2.0 MeV beam of 3He ions from the
Queen's University Van de Graaff. Reaction protons, as well as
backscattered 3He ions, were detected in a 25 mm2, 1.5-mm-thick, surface-
barrier detector situated at 170° to the beam direction. The cell was
then filled with a solution of 0.U NH4HF2 in D20 and left for 10 minutes
to etch the native oxide film on the foil and allow deuterium from the D20
to penetrate the foil. The cell was flushed thoroughly with H20, left
filled with H20, and a spectrum measured to give the D content in the
foil. Each foil was then anodized with a solution of KN03 in D20 or K0H
in D20 at a constant current of ~1 mA/cm2. The cell was then flushed
thoroughly with H20, left filled with H20, and another spectrum measured.
Finally, the cell was removed and the plate containing the foil dried and
mounted in the chamber, without the cell, with the original liquid side
facing the beam. A spectrum was then taken as the foil was bombarded with
a 0.8 MeV beam of 3He ions.

Three of the foils were anodized to 60 V with the K0H solution and the
resulting spectra showed similar oxide growth and similar amounts of
deuterium returned to the liquid as a result of anodization. The three
foils that were anodized with the KN03 solution showed very erratic
behaviour of the voltage across the cell for a constant current of
~1 mA/cm2. Maximum voltages of <20 V were obtained and the change of
voltage as a function of time after supplying the 1 mA/cm2 current was
very erratic. In contrast, the foils anodized with the K0H solution
showed a smooth, monotonic increase in voltage as a function of time for a
current of 1 mA/cm2. The reason for the difficulty with the KN03 solution
is unknown.

Detailed analysis of the spectra is in progress.
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3.1.24 Gas Release from U02 Fuel During Ion Bombardment

J.S. Forster and H.R. Andrews (Nuclear Physics Branch)
R.A. Verrall and P.G. Lucuta (Fuel Materials Branch)

The release behaviour of fission products from nuclear fuel under both
normal and accident conditions is an important question relating to the
safety and licensing of reactors. This subject has long been studied by
expensive in-reactor methods and by less expensive hot-cell anneal tests
on pre-irradiated fuel. There are many processes contributing to release,
and the overall kinetics are difficult to understand although definite
progress has been made. In addition to being expensive, in-reactor tests
are difficult to monitor and difficult to analyze. The ion-implantation
method, which involves the introduction of fission products into fuel for
subsequent lab tests, has been performed in recent years at CRL. The lab
tests can be very well monitored and controlled. However, they suffer
from the criticism that the reactor irradiation effects are absent. This
is also true of out-reactor hot-cell tests. Simulation of the effects of
reactor irradiation with a beam of heavy ions at fission-fragment energies
and fluxes can be made on U02 pre-implanted with Kr gas. This can provide
important information on the kinetics of release, including data in the
athermal region of diffusion, generally taken to be below 1000°C, where
diffusion is not primarily a thermally-activated process, but rather an
athermal process induced by the fission-fragment damage spike.

In the present experiment a U02 fuel pellet, 12 mm diameter by 2 mm thick,
was pre-implanted with 40 keV 85Kr ions to a dose of 1016/cm2. The
isotope 85Kr has a half life of 10.73 years and decays by 687 keV /3-decay.
The implanted pellet was mounted in the centre of the ORTEC scattering
chamber and bombarded by a 100 MeV 127I beam from the Tandem accelerator
at TASCC. A 2-mm thick, Ta collimator with a 3-mm-diameter hole was
placed directly in front of the target to limit the area bombarded by the
beam. A 2-mm thick Si surface-barrier detector was mounted on a movable
turntable and was used to measure the ^-particles from 85Kr decay; an Al
foil, 0.2 mm thick, was placed in front of the detector to stop
backscattered I ions.

The detector was placed so that it viewed the target along the beam
direction; the number of fi decays with energies greater than -100 keV was
determined for a 5-minute counting period. The detector was then moved
out of the way and the sample bombarded with 100 MeV 1 2 7I ions for 3.5 MC
accumulated charge. The detector was then moved back to view the target
and another measurement of the ^-activity taken. Finally, bombardments
with 100 MeV 127I ions were made to accumulated doses of 65 nC and 425 /iC,
each followed by measurements of /3-activity. From the 0-decay

» measurements, no release of 85Kr was observed.

The beam energy was then reduced to 2 MeV and two measurements made for
doses of 237 (MC and 460 uC. Again, no significant reduction in the 0
activity was observed.
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We plan to continue these measurements with an oven to heat the samples to
simulate reactor operating conditions and to use Transmission Electron
Microscope (TEM) samples to viev damage directly, possibly including
athermal bubble formation.

3.1.25 Temperature Dependence of the G-Values for Water Irradiated with
High L.E.T. Radiation

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

The program at the TASCC facility to measure the temperature dependence of
the yield of chemical species created by ionizing radiation in water at
nuclear reactor temperatures has been described in an earlier report (PR-
TASCC-3: 3.1.4; AECL-10545). In this reporting period, an experiment was
carried out to complete a set of earlier radiolysis studies and eliminate
some earlier inconsistencies.

The completed work forms a contribution to the 6th International
Conference on Water Chemistry of Nuclear Reactor Systems, 1992 October 12-
15, in Bournemouth, England; the contribution is entitled "The Temperature
Dependence of G-Values for Aqueous Solutions Irradiated with a 23 MeV
Deuteron Beam".

3.1.26 Irradiation of Samples of Volcanic Glasses

A.S. Sandhu and S. Gichile (University of Toronto)
H.R. Andrews (Nuclear Physics Branch)

Thirty samples of various volcanic glasses were irradiated with 250 MeV
63Cu scattered at 45° by a 100 /jgcnr2 Au foil. Typical fluences were
300 cm"2. Aliquots of these samples were annealed for 10 minutes at
temperatures between 100° and 300° (in 25°C intervals) and, following a
standard etching procedure, the track dimensions were measured. From
these data the activation energies for track annealing were determined for
each type of glass. It was found that the activation energy was a
function of the chemical composition of the glass shards; it varied as a
function of the SiO2/Al2O3 ratio, increasing from -0.1 eV at a ratio of A
to -0.35 eV at a ratio of 8.

These results and related data for fission tracks from 13 MeV/A 209Bi
irradiations at GSI have been submitted to "Nuclear Tracks and Radiation
Measurement" for publication.

3.1.27 Irradiation of High-Tc Superconductors with 5.6 MeV/u Au Ions

A.D. Marwick (IBM, Yorktown Heights)
J.S. Forster (Nuclear Physics Branch)

On January 6 and 7 an irradiation of high-Tc superconductor samples with
1 GeV Au ions was successfully performed at TASCC by a collaboration of
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the IBM Watson Research Center (Yorktown Heights, NY) and teams at Oak
Ridge and Argonne. The aim was to make ion tracks, which are produced for
high rates of electronic stopping (>20 keV/nm) and form columns of
amorphous material 5-10 nm in diameter and tens of microns long. Previous
runs at the Holifield tandem (Oak Ridge) with a 0.58 GeV Sn beam had shown
that the tracks produced were discontinuous, but since the Au beam would
have a higher stopping power (40 keV/nm vs. 28 keV/nm) it was believed
that the tracks it produced would be more continuous. Over 30 samples
were irradiated in the course of a 48-hour run, by Alan Marwick (IBM) and
J.S. Forster. Doses were in the range 1010 to 1012 ions/cm2.

Electron microscopy of the tracks (R. Wheeler et al., to be presented at
the 1992 Fall Meeting of the Materials Research Society) has confirmed
that they are continuous, and a detailed study of the track morphology is
in progress. As expected from previous studies (L. Civale, et al, Phys.
Rev. Lett. 62 (1991) 648), a large enhancement in the critical current Jc
and a shift in the a.c. irreversibility line to higher magnetic field and
temperature occurred as a result of the 1 GeV Au irradiation. Preliminary
results show that the shape of the irreversibility is different in the Au-
irradiated samples than in those previously studied, which may give new
information about the physics of the irreversibility transition, which is
the ultimate limitation on properties of technological interest in the
high-Tc materials.

The nature of the irreversibility line in Au-irradiated crystals is also
being investigated by electrical transport measurements, with crystals
that were irradiated with leads attached. The transport data show
evidence for the first time that the irreversibility line is in fact split
into two transitions. The splitting is only seen in samples containing
moderate levels of disorder. Differences between samples exposed to GeV
Au irradiation and proton irradiation have been observed but are not yet
understood. A preliminary account of this work has been submitted
(T.K. Worthington et al., submitted to Phys. Rev. B).

3.1.28 Single-Event-Upset Studies at TASCC

T. Cousins and T. Jones (DREO)
J.A. Davies and J.S. Stark (McMaster University)
A.N. Campbell, A.R. Knudson and W.J. Stapor (NRL, Washington)
H.R. Andrews and J.S. Forster (Nuclear Physics Branch)
H. Schmeing (TASCC Accelerators and Development Branch)

Single event upsets (SEU's) are random changes in the logic state of a
micro electronic unit (e.g. memory cell), induced by a highly ionizing
particle passing through the electronic chip. Cosmic rays are the main
source of such ionizing particles and so the SEU problem is particularly
serious for high-flying aircraft, satellites and space systems.

Tandem accelerators, such as the MP at Brookhaven and the FN at McMaster
are useful sources of ionizing particles for simulating the SEU problem.
The observed sensitivity of each type of device is usually characterized
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by a threshold stopping power for SEU's to occur and above this threshold
the SEU probability rises rapidly towards 100%. Typical threshold values
vary from 2 to 30 MeV/mg cm"2 and hence can be readily simulated by 10-
200 MeV low-to-medium-mass ions. However, growing evidence suggests that
stopping power is not sufficient to characterize fully the SEU behaviour
and that higher beam energies are desirable to simulate more closely the
heavy-ion component of the galactic cosmic-ray spectrum. The TASCC
facility provides a very wide energy range (40 MeV to 2 GeV) and hence is
well suited for this purpose.

Two series of runs have been carried out to date. The first series was an
extension of earlier work, at McMaster, which used only the MP Tandem. A
wide range of ion beams was used - 35C1, 63Cu, 1 2 7 I , 197Au at energies up
to 300 MeV. In the case of 63Cu, the energies available nicely straddled
the Bragg peak, thus enabling the SEU behaviour to be investigated with
ion beams (44 MeV and 240 MeV) having identical stopping powers but widely
different energies. The 240-MeV beam exhibited a 4-fold-larger SEU
probability than the 44-MeV case. Also, the higher energy beam produced a
much more catastrophic type of behaviour, called "latch-up", in which the
entire 16 k bit memory device broke down after a few hundred SEU's had
occurred. A closely related set of charge-collection experiments were
also carried out, with specially designed microelectronic structures
produced for this purpose by Sandia National Laboratory. These results
are being analysed by Stapor and Knudson at NRL.

In March, a second series of runs used the full capability of TASCC to
extend the energy range of the 1 2 7 I experiments to 1.905 GeV.
Unfortunately, the fluence-monitoring technique used at Tandem energies
was unsatisfactory because the Au scattering foil introduced unwanted
secondary particles into the beam. An alternative technique based on a
suitably defocussed beam worked quite well but additional uniformity and
calibration tests are required before further runs can be made.
Preliminary accounts of these SEU and charge-collection experiments at GeV
energies were presented at the international SEU symposium in Los Angeles
on 1992 April 6-8.

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 ISOL Operation

G. Savard, E. Hagberg, V.T. Koslowsky, W.L. Perry and
M.J. Watson (Nuclear Physics Branch)
J.G. Hykawy (TASCC/University of Manitoba)
J.C. Hardy (TASCC Division)

Two experiments were performed with the on-line isotope separator: 1) with
the Febiad ion source, to .study the yield of neutron-rich isotopes from
the fragmentation of a 37Cl beam on a tantalum target and 2) with the
Helium-jet source, to rerneasure the half-lives of 42Sc, 4 6V and 54Co.
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Off-line development work on the separator has been devoted to
measurements of the mass ratios of stable Xe isotopes to look for possible
systematic effects in the mass-measurement set-up that uses the Febiad
source.

Major upgrades to the isotope-separator facility were carried out. The
transient protection of the power supplies on the high-voltage deck was
rationalized and totally rewired to facilitate trouble shooting and
servicing. An additional high-voltage conduit was installed between the
power-supplies deck and the source stand to relieve the overcrowding in
the existing conduit. New cabling was then installed for the additional
heat sources that have been developed for the Helium-jet source and some
existing cabling was redistributed and increased in gauge. The new cabling
helps to minimize power losses and cross talk.

The tape station was also upgraded with the addition of a circuit to
disable the tape drive in the event of a tape breakage. In addition, new
"roller slits" have been designed for the entrance and exit of the
differentially pumped vacuum section to minimize tape chatter.

The development of the Helium-jet ion source has continued with the
commissioning of LaB6 side-heaters to provide additional heat to the
source for faster release times. Initial problems with the vulnerability
of the power supplies to high-voltage sparks have been solved with proper
transient-suppression hardware. The mechanical mounting for the LaB6
pellets has also been improved to give a better-controlled gap for more
reliable firing and operation. The additional heat was found to increase
the yield for 42Sc and 46V (see 3.1.3). A new version of the side heaters
made of CeB6 is now under development. CeB6 is a nev material with
electron-emission properties similar to LaB6 but better thermal properties
and resilience to contamination. Another development being pursued for
the Helium-jet ion source is a covered cathode heated by a coaxial
filament operating in a vacuum instead of in the arc-discharge region.
Off-line tests have demonstrated a filament lifetime of up to 80 hours
with improved resolution and yield. First on-line experience with this
filament shows promise despite some problems with centering and mechanical
stability under conditions of rapid cooling.

The Febiad ion source is also being upgraded with the design of a new
stacked target/catcher holder to replace the present single-target
assembly. This multi-layer target arrangement allows for faster diffusion
of the activity out of the targets and should increase the yields of
short-lived isotopes.

3.2.2 Secondary Beam Production with a 35 HeV/nucleon 37Cl Beam

E. Hagberg, G.C. Ball, W.G. Davies, A. Galindo-Uribarri, D. Horn,
G. Savard, W.F. Slater and V.T. Koslowsky (Nuclear Physics
Branch)
J.G. Hykawy (TASCC/University of Manitoba)
R. Laforest and J. Pouliot (Laval University)

The energy calibration of phoswich detectors used in heavy-ion reaction
studies is a complex and time-consuming process. Because of the rapidly
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changing light quenching of the scintillator with atomic number, ideally
one needs to obtain a few energy points for ions of each element seen in
the detector. In practice, the detector is only calibrated for 2-3
elements and the others are obtained through extrapolation. For example,
this can be done by scattering an ion beam of a well-known energy off a
gold foil into the detector. However, this procedure has to be repeated
for each element and each energy.

When an energetic (>20 MeV/A; ion beam interacts with a target, a large
variety of nuclear species are produced through the process of projectile
fragmentation. The fragments emerge from the target within a cone of a
reasonably small angle and with a momentum spread that is moderate. They
can therefore be transported beyond the target by our normal beam-
transport system (BTS), although there will be substantial losses because
of the limited acceptance of the BTS. If such a mixture of fragments is
transported, it will be analyzed by the magnetic elements of the BTS and
only those fragments that have the appropriate rigidity will be passed.

The technique of projectile fragmentation followed by a filtering of the
products by the BTS makes detector calibrations very easy. A large
variety of isotopes are transported to the detector location but the
energy of each isotope can readily be calculated from the magnetic-
rigidity setting of the BTS. The entire calibration is achieved
simultaneously in a single experiment with no elements missing and no
extrapolation required.

We have previously used this technique to calibrate a Csl detector with
light fragments from a 12C beam (PR-TASCC-3: 3.2.11; AECL-10545). In the
experiment described here, a 37Cl beam was used, producing a much larger
variety of fragments, and a phoswich detector was calibrated. The
35 MeV/nucleon 37C1 beam was fragmented on a 50 mg/cm2 graphite target in
the cyclotron vault. The strengths of all BTS elements beyond the target
were scaled down to accept better the lower energy fragmentation products.
The fragments were transported to the scattering chamber where the
detector was located. A time-zero detector based on a thin plastic
scintillator (PR-PHS-P-7: 3.2.13; AECL-9995) was located half way between
the target and the scattering chamber and it was used to provide a start
signal for time-of-flight measurements.

Reaction products from Z=l to 18 were observed in the phoswich detector.
Five isotopes were seen for all but the very lightest elements. All
isotopes were clearly resolved in the spectra obtained from the phoswich
detector as is seen in Figure 3.2.2.1. A complete energy calibration with
good statistics was obtained in half an hour's running time.

For the calibration experiment, the BTS rigidity was set to favour the
transportation of nuclei close to stability. However, about 50% of the
nuclei seen were radioactive ones. With a BTS rigidity set to favour
neutron-rich nuclides, a mix of mostly radioactive ones was seen.
Nuclides 6 neutrons away from the stability line were observed. This
opens up the possibility of starting a radioactive-beams program.
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Figure 3.2.2.1 The dE-E spectrum of fragmentation products impinging on a
phoswich detector in the scattering chamber. Individual isotopes, appearing with
different energies after the momentum analysis, are clearly resolved. For the
heavier elements the most energetic isotope observed is the N = Z one. The lower
energy isotopes are successively more neutron-rich.

As a f i r s t tes t of the v iab i l i ty of such a program, we have begun to
examine if we can determine the masses of the radioactive nuclei produced
with a reasonable precision. When these nuclides are transported through
a f ixed-rigidi ty BTS, there is a direct correlation between their masses
and time of f l i gh t s . We measured the time of f l ight over a 12-m path
length with a resolution of 500 ps FWHM. We are currently in the process
of extracting mass values and comparing them to the known ones.
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3.2.3 Reactions Facility Development

D. Horn, G.C. Ball, A. Gc.lindo-Uribarri, E. Hagberg, M.G. Steer
and T.G. Whan (Nuclear Physics Branch)
L. Beaulieu, M. Gourde and R. Roy (Universite Laval)

The Forward Array has now been commissioned. The new inner ring of
sixteen phoswich detectors and its phototube bases, the 48 new channels of
signal cable, splitter and delay, and the CAMAC-controlled, ECL-based
electronics have been installed and used in a test run with cyclotron
beam. Mechanical supports for mounting a 32-detector array belonging to
the Universite Laval and for mounting the CsI(Tl) 8n miniball have been
adapted to the existing scattering-chamber hardware, and the coincidence
timing between detectors from those two devices and the CRL Forward Array
has been examined.

New Detectors and Electronics

The sixteen new detectors described in PR-TASCC-3: 3.2.12; AECL-10545 were
installed, tested, and run with a 35-MeV/u 2<1Mg beam on gold and carbon
targets. High voltages between 1385 and 1652 volts were found to give
appropriate gains for observation of all products, from protons to
elastically scattered beam particles, when an integration window of about
50 ns was applied to the AE part of the signal. The CAMAC-controlled
constant-fraction discriminators and ECL delays and the FERA system
performed as intended. The new 48-channel splitter box and analog delay
worked well and no adverse effects were observed from the introduction of
a modest length (<2 m) of twisted-pair ribbon cable into the analog signal
lines. However, significant differences between the arrival tiroes of
coincident pulses from different detectors were observed. This affected
the timing of the gates relative to various detectors and in some cases
distorted the AE-E spectra. Two reasons for this were found, namely a
shorter tube transit time for electrons in the inner-ring phototubes and a
difference in the effective delay of some of the new signal cables. The
cabling is being adjusted to compensate for both effects.

The new high-density electronics will simplify the wiring and control of
an array experiment and significantly reduce the event-processing time.

Mechanical Developments

The mechanical fit of the new detectors in the mount is excellent. A
tendency for the sockets gradually to pull off the phototube pins has been
observed, however, and a support to reduce the cable strain on these
sockets is being developed. The "towers", which are mounted in the
scattering chamber and contain the remo'e bases for the phototubes, have
been reconfigured and extended to accommodate the additional circuits
recently completed for the new ring of detectors. The two rings of
plastic/CsI(Tl) phoswich, built by the Universite Laval, have arrived in
the Laboratory and the mechanical mount to integrate the 32 detectors with



3-51

the CRL forward array Is complete, providing continuous, close-packed
coverage from 6.7° to 46° with a total of 80 phoswich detectors. Mounting
hardware to position the 8JI miniball in the scattering chamber for
coincidence experiments with the forward array has also been built. The
mount sits on the existing target-ladder assembly, allowing the miniball
to be inserted as one of four "target positions" on the ladder. When one
of the other targets is in place for tuning or calibration, an aluminum
disk, 5 mm in thickness, protects the miniball from radiation damage.

Tests for Coincidence Experiments with Other Arrays

In preparation for experiments requiring miniball-forward-array
coincidences, tests were made of the sensitivity of the CsI(Tl)/photodiode
detectors to the electron background from energetic heavy-ion collisions.
Three absorber-foil thicknesses were tried, and a composite foil,
consisting of 2 mg/cm2 gold and 1 mg/cm2 aluminum was found to give
adequate protection. This corresponds to an energy threshold of
0.2 MeV/nucleon for light ions. Timing questions were also addressed.
The best particle identification vas obtained with a fast trigger from the
forward array. On the one hand, the timing signal from the photodiode was
found to be too late to incorporate in the hardware-event trigger;
accordingly, the miniball electronics will run as a "slave" to the event
trigger from the phoswich detectors. Tests of the Laval plastic/CsI(Tl)
phoswiches, on the other hand, showed timing compatible with that of the
CRL Forward Array. A fast trigger from the full complement of 80 forward
detectors is therefore possible.

3.2.4 Miniball Particle-Detector Array: Upgrade

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

Work has started on the upgrade, to 45 elements, of the 24-element CsI(Tl)
charged-particle detector array described previously (PR-TASCC-1: 3.2.8;
AECL-10337 and PR-TASCC-2: 3.2.7; AECL-10431). The upgrade will consist
of: a) an increase in the granularity in the forward angles, through
segmentation of each of the four front square photodiodes into four 1 cm2

detectors (mounted on a single ceramic substrate) and b) the addition of a
miniature forward wall centered at zero degrees and consisting of nine
detectors, 1 cm2, on a 3x3 matrix. The zero-degree detector will be
removable.

Ten 1 cm2 photodiodes, 300 nm thick were acquired. Various units of
commercial electronics were received: TDC's (32 channels); Spectroscopic
Amplifiers (20 channels); Timing Filter Amplifiers (20 channels); ADC's
(24 channels); Gate and Delay Generators (24 channels); and a NIM bin with
power supply. One hundred hybrid preamplifiers were ordered from eV
Products; a first batch of thirty (eV-5091) hybrids were received.
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The existing array was disassembled and the smaller inner sphere that
forms the support structure for the particle detectors was modified. The
exit hole was increased in diameter for future use with the new reactions
forward array (PR-TASCC-3: 3.2.12; AECL-10545). A small plastic jig was
built to hold the miniature forward vail and attach it to the inner
sphere.

A cyclotron beam test was done to assess the use of the miniball with the
forward phcswich array (see 3.2.3).

3.2.5 Beam Degrader

N.C Bray

The beam-degrader unit in vacuum section 2Q, which is used during
channeling experiments on the Q3D spectrometer, has been upgraded. This
unit has two five-position carousels carrying four foils each, giving 16
possible thicknesses. To fine-tune among these choices, a third foil has
been installed on a mechanism capable of accurately tilting it to change
the foil's thickness. This device is stepper-motor driven and provides
motions in and out of the beam, tilt through 90° and tilt-to-park
positions, all achieved through one ferrofluidic rotary vacuum feedthrough
that drives a single leadscrew. The limits of motion are controlled by
micro-switches and position readback to the computer control system is
provided by a potentiometer. The tilt angle is controllable down to 4
minutes of arc (one step of the motor).

3.2.6 Radioactive Beam Production Target Assembly

N.C. Bray

A production-target assembly for radioactive beams h*<* been installed at
slit location l.lo. The unit, designed and constructed at TASCC, is
housed in a special vacuum chamber mounted co-axially between the two
circular housings of a standard TASCC xy beam-slit assembly. The
operation of this split assembly is unaffected.

Two carbon targets are provided, individually driven into the beam path by
pneumatic cylinders. Upon insertion, each target holder enters a set of
spring fingers mounted in a water-cooled block on the opposite side of the
vacuum chamber. This unit is fully operable from the control-room touch
panel with status readback which utilizes micro-switches.

3.2.7 TASCC Experimental Computing Facility

G.C. Ball, E. Hagberg, R.W. MacLeod, D.C. Radford, F.J. Sharp,
D.S. Shyong and G.A. Tapp (Nuclear Physics Branch)
G. Leblond, R. Roiha and M.A. Thompson (Mathematics and
Computation Branch)

During the past six months, both the CCUR 3230 and 3280 computer systems
were used extensively for on-line data acquisition, off-line analysis and
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system development. No major hardware upgrades were installed during this
period.

The latest Fortran compiler (6.0.1) was installed and tested. Most of the
problems encountered with revision 6.0.0 were corrected. Nearly all of
the data-acquisition/analysis software has now been recompiled and tested.
Software to sort data off-line on the CCUR 3280 with a dedicated 8-MB
memory segment has been written and tested. These routines decrease the
time required to playback, data by significantly reducing the number of
disk I/O calls.

Software has been written to interface with a number of new specialized
CAMAC modules. These include programmable ECL delays and constant-
fraction discriminators for the reactions group (see 3.2.3) and a
microprocessor control and positioning module for the 3-axis goniometer
used by the atomic-physics group (PR-TASCC-3: 3.2.5; AECL-105A5).

Work has also begun to improve both the hardware and software
documentation for the TASCC experimental computing facility.

Several changes to the configuration of the SUN workstation network have
been implemented to provide a more equitable sharing of the resources
among users and development personnel. Most of the 87r graphics-analysis
software has now been ported to the SUN's. A Unix version of DAMZ is also
available. The specifications for the new on/off-line graphics-analysis
software has beer, documented and programming has begun. Programs to
playback data on a SPARC2 workstation are also being written.

3.2.8 Data Analysis Software Development

R.U. MacLeod

In the past six months, the 8n off-line data-analysis software has been
ported (with D.C. Radford) to the Sun and DEC Unix workstations. The
graphical data-analysis programs use an X Window System version of the
graphics package, MINIG. The Vaxstation 3100 is now also using the X
Window system instead of the DEC proprietary windowing system (UIS). A
DEC Unix version of DAMM, the grahical data analysis package from Oak
Ridge National Laboratory, was also ported to the Sun Workstations.

A substantially changed release of the Sun Developer's Guide (a graphical
user-interface builder) was installed on the SPARC2 computers and it is
now being used to develop the on-line graphical-analysis (OLGA) software.
A document specifying the program OLGA was written and it was reviewed by
three members of the Nuclear Physics staff. Based on this document, the
graphical user interface was constructed with Devguide. The development of
the program is now well underway and it is hoped that a first version will
be available in September.
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The Gammasphere data-acquisition and analysis group has formed a small
committee charged with defining a standard, hardware-independent, data-
file format which will be able to store multi-dimensional physics data.
The US National Center for Supercomputing Applications (NCSA) has already
developed a public-domain file-format standard that may fulfill the
requirements mentioned above. Since this file format describes the type of
data fhat it contains, and comes with its own FORTRAN and C libraries,
applications which use it are more portable and more flexible than most
existing physics-analysis software. In addition to this file format, the
NCSA has developed two data-visualization and analysis programs which run
on Unix workstations. Xlmage and XDataSlice let one quickly see, slice,
and colourize two- and three-dimensional data. As a member of the
Gammasphere committee, I will be evaluating this software as well as other
options.

3.2.9 ESCL8R AND LEVIT8R - Interactive Graphical Analysis of y-y and
-y-7-'y Coincidence Data for Level Schemes

D.C. Radford

The advent of large 7-ray detector arrays such as Eurogam and Gammasphere
will soon provide physicists with high-fold Ge coincidence data in useful
quantities. It may be anticipated that our lack of new techniques to
analyse such data sets in ways that are both general and powerful will
form a major obstacle to extraction of all of the interesting physics in
an expeditious and reliable fashion. The analysis of specific experiments,
such as the study of known superdeformed bands and damping widths, should
present few technical problems; more general analysis, however, may
require substantial enhancements to our present techniques.

General analysis of high-fold coincidence data to extract complete and
consistent nuclear level schemes will require intelligent computer
programs to extract the physically interesting numbers from the raw data
and present them to the physicist in an easily assimilated manner, to keep
track of all 7-ray assignments and expected coincidence intensities, and
to quickly find and report major discrepancies between a proposed level
scheme and the data so that they can be understood and corrected.

A few first steps in this direction have been made previously at Chalk
River; for example, double- and triple-coincidence data sets can be fitted
and all relevant coincidence intensities extracted, stored in data bases,
inspected and compared to expected values with programs such as LF8R (PR-
PHS-P-8: 3.2.5; AECL-10102, PR-TASCC-1: 3.2.15; AECL-10337). However, this
program is non-graphical, i.e. it presents the data to the user
numerically. This section reports on the development of new graphical
analysis programs which meet many of the above criteria.

Level-Scheme Files

In order to achieve the goals of having a program keep track of 7-ray
assignments and compare the observed results with those expected on the
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basis of a proposed level scheme, we have developed a format for files to
describe level schemes, together with a set of routines to decode such
files (PR-PHS-P-9: 3.2.5; AECL-10196). These were then interfaced with a
routine, adapted from a program provided by the National Nuclear Data
Center, to calculate internal conversion coefficients from the Hager-
Seltzer tables (R.S. Hager and E.C. Seltzer, Nucl. Data Tables A4 (1968)
1). Additional routines were written to modify and rewrite the files, to
draw and edit level-scheme figures, and to check intensity balances and
energy sums.

By incorporation of these level-scheme file routines, an analysis program
can now calculate predicted gate spectra for comparison with the observed
spectra. That is, the program can work backwards from the proposed level
scheme, and attempt to reproduce the observed 7-7 matrix (or 7-7-7 cube)
on the basis of the proposed intensities, branching ratios and conversion
coefficients. It can also modify the level-scheme file, and fit the 7-ray
energies and intensities directly to the two-dimensional (or three-
dimensional) data, to improve the agreement with the observed results.

A level-scheme file to be used with such a program should include data on
all bands or levels observed with significant intensity in the matrix,
whether or not they are assigned to the principal isotope being studied,
so that the program can correctly reproduce contaminated coincidence
gates.

Program ESCL8R

ESCL8R is a new graphical 7-7 data-analysis program for the extraction of
level schemes. It allows fast and easy inspection and fitting of the 7-7
matrix, making use of parameterized values of the peak shape, peak width
and detector efficiency and energy calibrations. It makes use of the
algorithm for two-dimensional background subtraction described in PR-
TASCC-1: 3.2.14; AECL-10337. It also reads and updates a level-scheme
information file as discussed above, specifying a proposed level scheme
which is modified continually as the analysis of a data set proceeds.
Least-squares fits to the matrix may be performed to extract the optimum
energies and intensities of transitions in the level scheme, with fitting
of up to 500 parameters simultaneously.

The data set used by ESCL8R is a 2k x 2k-channel raw (symmetrized) 7-7
matrix, with the two-dimensional background defined as the sum of one-
dimensional spectrum cross-products (PR-TASCC-1: 3.2.14; AECL-10337). The
full background is subtracted from each gate as it is read from the
matrix. This is done to allow the program to keep track of the
uncertainties on the counts-per-channel in the gate spectrum.

The user is able to take and view a gate simply by typing the energy
required. The program sets a gate centered at that energy, with a default
width of one FWHM. Logical and arithmetic combinations of gates can also
be taken just as easily. Lists of gates can be created, or read from a
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file, and the sum of such gate lists calculated with a single command.
Alternatively, gates can be placed with the graphics cursor to specify the
limiting channels of the gate.

As each gate is taken, the program reports all level-scheme transitions
included between the limiting energies. It displays the observed and
calculated spectra, the difference between them, and the residual spectrum
(i.e., the difference spectrum divided by the experimental uncertainty).
In this way, it is now easy for the user to find places where the proposed
level scheme fails to reproduce the observed results. An example of an
ESCL8R graphics display, showing the sum of a set of gates placed on the
ground band of 157Ho (D.C. Radford et al., Nucl. Phys. (in press)), is
approximately reproduced in Fig. 3.2.9.1.

Since the level-scheme file is also interfaced with routines to draw and
edit level-scheme figures, these may also be generated quickly and easily.
This has the added advantage of facilitating the use of such figures for
documentation of an ongoing analysis.

Program LEVIT8R

LEVIT8R is a new program for graphical analysis of 7-7-7 data;
essentially, it is a three-dimensional version of ESCL8R. It uses the same
type of parameterized peak shape, peak width, and detector efficiency and
energy calibrations, and an algorithm for three-dimensional background
subtraction. It also reads and updates the same type of level-scheme file,
and uses it to calculate expected gate spectra.

One major difference from ESCL8R is that LEVIT8R allows use of non-linear
gain (i.e. an energy-dependent dispersion) for storage of the experimental
data. This is usually set up to yield a constant FWHH (in channels) of the
peaks, independent of energy. This approach produces a considerable saving
in disk storage required for the data, especially for high-fold data,
without sacrificing usable resolution at low energies. When such non-
linear spectra are displayed, the counts-per-keV (rather than the more
conventional counts-per-channel) are shown, as a function of energy
(rather than channel number); that is, the spectra are displayed linearly
with energy, so that the displayed bin width is energy-dependent.

The use of such an energy-dependent dispersion is illustrated in Figure
3.2.9.2, for a typical heavy-ion fusion-evaporation reaction with a
detector array such as the 8-pi spectrometer. In this example, a constant
FWHM of two channels is used, and the non-linear gain saves a factor of
2.2 in data storage space for each dimension, over the range 0 to 2000
keV. For the triples data, this amounts to a reduction in the required
storage space by a factor of 11.

Again, the data set used by LEVIT8R is the raw 7-7-7 cube. One-half of the
full cube is stored; although only one sixth of the cube contains unique
data, three times that space is used in order to speed up disk access. The
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Observed and
Calculated spectra

100

Figure 3.2.9.1 Partial spectrum from a sum of background-subtracted gates set on
the ground band of Ho. Both the observed and calculated spectra are shown in
the lower portion; the upper portion shows the difference between these two spectra
and the residuals (see text.)
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Figure 3.2.9.2 Example of the use of an energy-dependent dispersion. In this
example, the energy dispersion is 1.0 keV/ch. at low energies and 4.5 keV/ch at 2
MeV, to give a constant FWHM of 2.0 channels.
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three-dimensional background is subtracted from each gate as it is read
from the cube, allowing the program to keep track of the uncertainties on
the counts-per-channel in the gate spectrum.

By analogy to ESCL8R, the user is able to take and view a gate on the two-
dimensional projection simply by typing the energy of the required gate. A
double-gate on the triples set requires the typing of two energies; the
program uses both gates to generate the one-dimensional spectrum. The
default gate width is one FWHM; different widths are easily specified.
Combinations of gates can also be taken just as easily; for example, the
sum of all pairs of gates taken from two gate lists can be generated with
a single command. As with ESCL8R, least-squares fits to the data set may
be performed to extract the optimum energies and intensities of
transitions in the level scheme. At present, the fitting may only be done
to the two-dimensional projection; simple extensions to allow fitting of
the full three-dimensional data set, or to selected two-dimensional
subsets, are planned.

An example of a LEVIT8R display, showing the sum of double gates placed on
the yrast band of 154Dy, is reproduced in Fig. 3.2.9.3.

3.2.10 Progress on the New Orbit-Dynamics Code DACYC 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-Uhiting (Theoretical Physics Branch)

Programming of the new differential-algebra-Lie-algebra orbit-dynamics
code, DACYC, for the TASCC cyclotron is in progress. The present version
of the code is in C++ as it is much easier to code and test the complex DA
operations in C++. A FORTRAN version is planned once all aspects of the
model are finalized.

The differential-algebra (DA) version of the Bulirsch-Stoer integrator has
been written and thoroughly tested. This integrator, which incorporates
rational-fraction Richardson extrapolation has been found to be from
three- to five-times faster than the more traditional Runge-Kutta
integrator and is 106 times more accurate. The latter aspect is of great
importance for integration of high-order optical maps.

The magnetic-field model discussed in PR-TASCC-2: 3.2.10; AECL-10431 and
PR-TASCC-3: 3.2.10; AECL-10545 is being coded in DA. At present, coding
of the coil model based on the multipole expansion of Lee-Whiting (ibid)
is complete as is the basic iron-pole model that includes the hills,
valleys, and iron skirts. These routines have been thoroughly tested.
Still to be added are the "z-shims", the "edge-dipole strings" (ibid), the
yoke model and the trim rods.
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Figure 3.2.9.3 Example of a sum of two-dimensional gates on a triples data set, from the program LEVIT8R.
Both the observed and calculated spectra are shown in the lower portion; the upper portion shows the difference
between these two spectra and the residuals (see text.)
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The DA version of the equations of motion can be obtained from the
relativistic Hamiltonian in tvo ways. The straightforward way is to
differentiate the Hamiltonian with respect to the canonical coordinates
"by hand" and then evaluate Hamilton's equations in DA. This is
computationally efficient, but messy and labour intensive, especially if
ths electromagnetic vector potentials are complicated as they are in our
case. The other method is to use DA to obtain the equations of motion.
One might naively assume that it should be easy to use DA to take the
derivatives of the Hamiltonian and hence obtain the DA expansion of
Hamilton's equations directly. This is not the case because if we
evaluate the Hamiltonian to nth order in DA, we only obtain Hamilton's
eiuations to (n-l)th order which leads to consistency problems with the
differential algebra when we try to plug the results of the first
numerical-integration step back into the Hamiltonian for the second step.
In fact, the nth-order terms will be in error after the first integration
step, the n-1 order terms are in error after the second step and so on.
However, it can be shown that if the first derivatives of the Hamiltonian
are zero then the problem is circumvented and we have a consistent
algebra. We can make the derivatives zero by explicitly making the
(trivial) canonical transformation to the reference trajectory; this
transformation can easily be computed from quantities already available.

A further problem (and difference between DA and ordinary calculus) is
that the 3-operator in DA gives the values of the derivatives with respect
to the expansion variables whereas the usual 3-operator generates a
function of the phase space variables at a general point. Because in our
case the expansion variables are the phase space variables at the initial
azimuth 8O, we do nc: J'."••:; V-' obtain the derivatives needed for the
standard form of Hamilton-s equations. The Poisson-bracket form of
Hamilton's equations allows us to circumvent this problem, because the map
from initial to final phase-space variables is a canonical transformation,
and the Poisson bracket is invariant under canonical transformations.
Thus the penalty for generating Hamilton's equation with DA is that we
must evaluate the Hamiltonian to one higher order than we need for the map
plus we must make a canonical transformation at each step, both of which
requirements increase the computation time. However, the functions we
mus* evaluate are fewer and simpler. While preliminary estimates indicate
that direct evaluation of Hamilton's equations would be more
computationally efficient, we have implemented the Poisson-bracket method
of generating the equations of motion because it is much simpler to code
and more flexible.

The r.f. model is under development. Because DA requires an analytic
field representation, this model, of necessity, must be much more
sophisticated than the 6-function approximation used in the present orbit-
dynamics code GOBLIN. Furthermore, because of the design of the r.f.
cavity in the TASCC cyclotron, there is a globally distributed vertical
component in the r.f. field, which cannot be adequately represented by 6-
function kicks at the gaps. Finally, if we want to calculate accurately
the high-order behaviour of the machine, the nonlinearities of the r.f.
field must be included. A summary of the current status of the r.f. model
is given in (see 4.3.4).
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3.2.11 App l i ca t ion of L i e - a l g e b r a i c Techniques to the Study of
Resonances in Cyclotrons

W.G. Davies

Normal-form methods in a Lie-algebraic formulation have been used to study
the general non-linear behaviour of cyclotrons and, in particular, the
topology of some of the resonances that occur in these machines,
specifically:

1) the Walkinshav or v^=2vz coupling resonance;

2) the "One-third integer" radial resonance that dominates 3-
sector cyclotrons;

3) the "One-fourth integer" radial resonance in A-sector
cyclotrons.

Cyclotrons are only quasi-periodic and one should ideally work with
accelerated maps. However, the dominant features of resonance topology
can be studied with a simplified autonomous (^-independent) Hamiltonian.

In isochronous cyclotrons, the betatron frequency v^~\, and the vertical
component of the magnetic field Bz is proportional to 7 (=l/J(l-/3

2), which
can be approximated as a constant plus a term proportional to r2. This
generates bulk quadrupole and sextupole terms when the field is expanded
about the reference trajectory. The nuadrupole term is defocusing in the
z-plane and is overcome by increasing uhe spiral angle of the hills, which
produces additional quadrupole and sextupole terms that approximately
compensate the defocusing effect of the radial field variation. Expanded
through 4th order about the reference trajectory, the combined effects of
the bulk field and edge focusing can be modelled by the vector potential

Bo -

< • € (X4 + Z4) - X2Z2 (1)

where Qx, Sx and 0x are the effective quadrupole, sextupole and octupole
strengths, respectively; Bo is the mean magnetic field and the radius
r = r0 + x where ro is the radius of the equilibrium orbit and x is the
deviation from the equilibrium orbit. Inserting this vector potential
into the Hamiltonian allows us to investigate the leading-order
nonlinearities of cyclotrons.

General Nonlinear Behaviour

A Lie-algebraic analysis of the nonlinear behaviour of a cyclotron with
the above vector potential allows us to demonstrate easily that in a 4-
sector cyclotron most of the radial nonlinearities are small to second
order whereas in a 3-sector cyclotron, we will always be relatively near
the "one-third integer" resonance. However, higher-order nonlinearities
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can have a profound effect on the s t a b i l i t y of the o rb i t s in the v i c in i ty
of a lower-order resonance as we wil l see from the following discuss ion.

One-Third Integer Resonance

In a 3-sector cyclotron, we have 3-fold symmetry in the magnetic f ie ld .
Since yx = l , the radial phase-advance per c e l l i s ;iix = 2/t/3 and we have a
resonant or near-resonant condit ion. For the purposes of th i s discussion,
we wi l l t r e a t the ^-dependence of the sextupole and octupole f i e l d s in the
"kick." approximation. In th i s approximation, the Lie-map for 1/3 of a
turn can be wri t ten immediately in factored form as

M(2n/3) = e : £ 2 : e : £ 3 : e : f 4 : (2)

M
where f2 = -*- [x2 + p x

2 ] ,

, Sx x3 0xx"
f3 = - - - and £4 = — ,

and :f: = [f,-], the Poisson bracket of f and any function (represented by
•) with respect to the canonical coordinates. We assume that z=pz=0. If
we neglect the f4 component for the moment, and carry through the
transformation to normal form, we obtain the "pseudo-Hamiltonian" and the
equations for the fixed points of the one-third integer resonance:

372 cos(30x)sin(3<S)

4 x l-cos(3<5)S"6 l-cos(36) + ^ < S * > ' <3>

= 0 (4)

where 5 is the distance from the resonance and Jx and 0X are the "action
and angle" of the action-angle variables in the radial plane. This has
the well-known solutions

= {7t/3,27r/3,5TI/3}, Jx = [ | p j . (5)

A phase-space plot for the one-third integer resonance is shown in Figure
3.2.11.1a, where we have truncated the map to third order, i.e. only the
f2 and f3 terms are included. Addition of the octupole component just
adds a term axJx = 4[0x + KSX]J

2 to the pseudo-Hamiltonian, h; K is a
factor that conies from "feed-up" from the iterated sextupole field. This
term is a "tune-shift with amplitude" term and, as can be seen from Figure
3.2.11.1b, has a profound effect on the stability of the orbits in this
example. (The strength of the octupole was chosen to be very large in the
example so as to illustrate clearly the effect.) It is clear from Eq. 4,
that the angular position of the fixed points are unchanged by addition of
the octupole, but their actions are changed. The latter are given by
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vax + ->^axa - -3|bx| y^ax +

Equation 6 reduces to Eq. 5 as aK -» 0. This analysis demonstrates the
importance of dealing with resonance analysis to sufficiently high order.

One-Fourth Integer Resonance

In a similar manner, ve can analyse the one-fourth inceger resonance in a
4-sector cyclotron, which is driven by the octupole component of the
magnetic field. Here, we always have the tune-shift-with-amplitude term
axJj; = 4[0x + /cSjjjJ* as well as the resonance term. This resonance has
four fixed points, two of which are stable and two unstable. Because of
the nonlinear tune-shift term, this resonance is intrinsically much better
behaved than the one-third integer resonance.

Walkinshaw Resonance

In the fringe-field region near the extraction radius, we have large
sextupole and octupole strengths and the magnetic field is no longer
isochronous. We will ignore the octupole component for the purposes of
thi3 discussion, but it can have a profound effect on the stability of the
orbits. The transformation to normal form along with a further
transformation to the so-called co-moving frame can easily be done in the
Lie-algebraic formulation and shows that th*-. two-dimensional resonance can
be reduced to a one-dimensional resonance in the co-moving system which
has fixed points at

- * T S ; f (7>

where we have neglected terms of order &2; Kx and K2 are the actions in
the co-moving frame and kx=r/fx. The topology of this resonance is rather
complicated, being a function of S, Sx, and K2•

zA phase-space plot for the yx = 2vz resonance where J/X = 1.195, vz
0.6025 is shown in Figure 3.2.11.2. The figure shows the position of the
fixed point at ^ = 7r and the separatrix, along with trajectories inside
and outside the separatrix, in order to illustrate the topology. Here we
are working in the Cartesian equivalent of K.x. 0X space.

Here we have used a simplified model of the magnetic field of a cyclotron
in order to illustrate the power of the Lie-algebraic method. In a real
cyclotron, we have complicated 8, r and z dependencies of these fields.
However, with the help of differential algebra, we can accurately
calculate the non-linear behaviour to high order, and transform the
resulting Taylor series into normal form in the Lie-algebraic
representation; this gives us precise values for the tune shifts and
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'y. o -
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Figure 3.2.11.1 Phase-space plots for the "one-third integer" resonance where vx —
1.014 (ixx = 0.338(2n)) for various values of the initial action, J^ a) normalized
sextupole strength Sx = -0.372, and octupole strength Ox = 0; b) Sx = -0.372,
and Ox = -2.0.
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Figure 3.2.11.2 Phase-space plots for the vx = 2vz resonance where vx — 1.195, vz

- 0.6025 and the normalized sextupole strength is 1.700 units; Jx = 0.0004, Jz =
0.0025: a) shows the position of the fixed point at <t>j = n, the separatrix, and
trajectories inside and outside the separatrix in order to illustrate the topology;
b) x vs. z projection in the original space. The parameters place the orbits very
close to the separatrix.
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resonance-driving terms. These terms, along with the type of analysis
discussed above, allow us to analyse and understand the effects of the
non-linearities on the orbit dynamics of the machine in a very
sophisticated manner.

3.2.12 Target Laboratory

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

During the first half of 1992, the target laboratory prepared numerous
targets and thin films for nuclear physics experiments. The Tandem
accelerator and superconducting cyclotron were supplied with carbon
stripper foils of various thicknesses. Chemical conversions and
reductions were performed on stable isotopes destined for the TASCC ion
source. Tests were carried out to attempt to imbed rhenium wire into
hydraulically pressed lanthanum hexaboride for use as an electron
generator in the ISOL ion source. Thin gadolinium foils were produced for
the prototype neutral-current neutron detector being developed for the
Sudbury Neutrino Observatory (SNO).

Targets Prepared for Nuclear Physics Experiments

The following targets were produced for nuclear physics experiments:
natural Ga203, C, Gd and Mo;

 42Ca, 50Cr, 51V, 5*Fe, 5aNi, 76Ge, 100Mo,
112Cd, 116Cd, 124Sn and 1B2W.

Work Performed for Other Branches

Physical Chemistry Branch was provided with evaporated coatings of
zirconium and aluminum on quartz blanks. System Chemistry and Corrosion
Branch had gold deposited on copper sealing gaskets and palladium on Zr-Nb
samples. Reactor Materials Research Branch had annealed zirconium foils
rolled to desired thicknesses. Radiation Biology Branch had the inner
surfaces of a multi-well aluminum reaction block coated with carbon
produced by the cracked-ethylene deposition process.

Targets for Commercial Sale

Natural and isotopic carbon foils were produced for commercial sales.
Customers included: Techno Chemics Co., Japan; Daresbury Laboratories,
England; ACF Metals Co., United States; Seoul National University,
Korea. •
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Ray Spectroscopy", Erice, Sicily, Italy, 1991 September 20-29, Particle
and Nuclear Physics, Pergamon Press, Oxford Vol. 28, p. 463
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APPLICATION OF DIFFERENTIAL-AND-LIE-ALGEBRAIC TECHNIQUES TO THE ORBIT
DYNAMICS OF CYCLOTRONS
W.G. Davies
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V.P. Janzen, S.M. Mullins, L. Persson, D.C. Radford, J.C. Waddington
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International Conference on Nuclear Structure at High Angular Momentum,
Ottawa, 1992 May 18-23.

STUDIES OF HIGH-SPIN PHENOMENA IN Ir AND Re NUCLEI
H.Q. Jin, V.P. Janzen, L.L. Riedinger, C.-H. Yu, C. Baktash,
J.D. Garrett, N.R. Johnson, I.Y. Lee, F.K. McGowan, P.B. Semmes
and J.-Y. Zhang
International Conference
Ottawa, 1992 May 18-23.

on Nuclear Structure at High Angular Momentum,

HIGH SPIN STATES AND BAND STRUCTURES IN 182Pt
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D.D. Rajnauth, D. Tucker, M.P. Carpenter, V.P. Janzen, L.L. Riedinger,
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4.1 CYCLOTRON

4.1.1 Operation

H. Schmeing

The current report period, the first full period after the commissioning of the
cyclotron was completed in 1991 October, has been a very successful one for the
machine and, as expected, the cyclotron's use for physics experiments has
continued to increase steadily. In all, twenty runs were scheduled for a total
of 74 days of operation, accounting for 45% of the available beam rime versus
55% for Tandem-only operation. There were nine production runs (4^ days) for
experiments, supporting work at all three major experimental facilities (8n
spectrometer, ISOL and reactions), and also single-event upset, high-Tc-
superconductor and channeling work. We had three beam-development runs (14
days) and six operator-training runs (12 days). Ten new beams were developed,
bringing the total number of beams available to experimenters to 52 (see
Table 4.1.1.1). Several very interesting new beams were accelerated to
extraction radius, e.g. 6Li at 50 MeV/u, but not yet extracted for various
reasons. The most remarkable achievements were the successful operation of the
electrostatic deflector at 90 kV over 5 mm for a gradient of 180 kV/cm, and the
operation of the r.f. system, in n-mode at 80 kW power level, for an extended
period of time in the production of 24Mg at 35 MeV/u.

Notwithstanding the fact that the cyclotron is commissioned, extensive
development work continued during the report period, aimed at further improving
the reliability of the machine and providing increased ease of operation. The
reliability of the electrostatic deflector, the single most critical subsystem,
is such that, on average, we are forced to service it about twice a month
(depending on the severity of the user-imposed requirements) which involves
venting and accessing the midplane. Several new versions of the deflector with
successively increasing complexity are being designed at present to address the
problem.

Much progress has been made to make the phase-control system tolerant of small
and large transit-time variations. Recovery from Tandem sparks is now fully
automatic. All Tandem operators and supervisors have successfully passed the
written examination at the end of the Cyclotron Theory and Operation course.
By the end of 1993, no more beam time will be required for operator training.
Steady progress was also made on the new beam-dynamics code, which is based on
differential-algebra formalism. Two approaches are currently being
investigated to determine the proper representation of the r.f. field.

TABLE 4.1.1.1
CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1992 JUNE 30

NUMBER

2
3
4
5

ION

12C
12C
12C
12C
12C

ENERGY [MeV/u]

50
45
40
30
10

R.F. MODE

71

7t

%

7T

0

INTENSITY [nA]

140
260
325
23
0.5



4-2

TABLE 4.1.1.1 (CONTINUED)

NUMBER ION ENERGY [MeV/u] R.F. MODE INTENSITY [nA]
__ _ _ _ __

7* 28Si 8 0 45
8* 28Si 7 0 10
9* 28Si 6 0 70
10 14N 40 7T 45
11* 24Mg 25 n 10
12* 24Mg 35 * 150
13 35C1 35 n 130
14 35C1 30 7T 260
15 35C1 11 0 32
16 35C1 10.25 0 V-.
17 35C1 9.5 0 45
18 35C1 8.5 0 39
19 35C1 6 0 5.5
20* 37C1 35 7t 150
21 37Cl 22.5 7T 100
22 37C1 5.5 0 5
23 63Cu 20 0 33
24 63Cu 18 0 50
25 63Cu 10 0 33
26 74Ge 4.2 TT 18
27 76Ge 4.45 n 60
28* 76Ge 4.35 n 95
29 76Ge 4.2 TT 58
30 79Br 22.5 0 7
31 79Br 20 0 < 1
32 79Br 18 0 120
33 79Br 15 0 60
34 79Br 13 0 35
35 79Br 10 0 55
36 79Br 6.5 0 6
37* 81Br 4.37 n 80
38* 81Br 4.17 n 50
39 107Ag 13 0 8
40 107Ag 10 0 8
41 107Ag 6.5 0 20
42 107Ag 5.6 0 < 1
43 107Ag 4.7 7T 1.3
44 1 2 7I 19 0 42
45 127I 15 0 36
46 1 2 7I 11 0 < i
47 1 2 7I 10 0 70
48 127I 5.6 0 10
49 127I 5.12 n 6
50 197Au 8 0 13
51 197Au 5.6 0 10
52 238U 3 7t 0.026

* New beam.
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4.1.2 Electrostatic-Deflector Development

W.T. Diamond, R.E. Milks, R.R. Tremblay and J. Almeida (TASCC
Accelerators and Development Branch)
J.F. Mouris (Accelerator Physics Branch)

The electrostatic deflector, the first extraction element in the cyclotron,
produces a static electric field which deflects the circulating ion beam into
the magnetic channel that completes the extraction. The design goal of the
deflector is an electric field of 143 kV/cm, to be obtained with a voltage of
100 kV over a gap of 7 mm. Although this goal remains elusive, there has been
significant improvement in the peak fields that can be reached at reduced gaps
between 5 and 5.5 mm. During tests of the deflector without r.f. or magnetic
fields, a maximum of 94 kV was achieved over 5 mm (188 kV/cm) for several hours
and 90 kV for 24 hours. This was followed by operation at 85 kV with the magnet
at 3.3 T and 80 kV (160 kV/cm) with both the magnet and r.f. in operation.

The route leading to attainment of this world-leading performance was a learning
process for us, and the deflector operated poorly for beam production during the
first three months of this period. Standard maintenance procedures such as
thorough cleaning of the cathode (high-voltage electrode) followed by
painstaking high-voltage conditioning without magnetic field produced operation
at high electric fields of up to 140 kV/cm. However, when the r.f. system and
magnet were in operation, the maximum sustainable fields dropped to below
120 kV/cm, which was too low to extract some beams.

The main factor that limited deflector performance was traced to a slight
contamination of the midplane with roughing pump oil, and the hydrocarbons
produced from this oil by r.f. fields. The likely source of the oil was a leak
in a differentially-pumped vacuum seal on a moveable short in the r.f. system.
The pump had no trap, and some oil vapour leaked into the high-vacuum side of
the seal. The hydrocarbons were diagnosed by residual gas analysis and an
electron-microscopic analysis of a thin coating on the deflector sparking-
plates. We believe that small flakes of carbon were deposited on the cathode
during a spark and served as a source of field-emitted electrons which then
limited performance.

Once the source of the poor operation was identified, attempts were made to
clean as many midplane components as were accessible. We also adopted a more
thorough cleanup of deflector components as a standard practice. Our initial
investigations (PR-TASCC-2:4.1.2, AECL-10431) showed that anode surfaces played
a more important role in breakdown processes than was previously believed.
Therefore, all the stainless-steel anode surfaces of the deflector, including
the sparking plates septum and the rails that hold the septum were
electropolished. The copper of the dee, which is an anode surface outboard of
the deflector, was carefully polished and cleaned with alcohol-soaked wipes to
remove as many small particles as possible. After these cleaning steps were
finished, the deflector was conditioned slowly without the magnet on, and used
for several experiments at fields up to 130 kV/cm. More thin carbon deposits
were removed during deflector maintenance to replace a high-voltage insulator
which had failed with a microscopic water leak.

Following the cleanup of the midplane, the deflector achieved the record
gradient of 188 kV/cm without magnetic or r.f. fields and 160 kV/cm with the
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cyclotron operating. The deflector operated reliably, with nearly zero leakage
current, during a week-long production of a high-energy magnesium beam which
required a high deflector field (130 kV/cm) and high r.f. power. This is the
highest operating field that has been attained with the deflector to date.
Tests are planned to determine if voltages of 90 kV can be maintained reliably
at a gap of 6 mm and under all operating conditions.

Efforts are underway to redesign the deflector so as to reduce heating, »/hich is
caused by r.f. fields and beam impingement, and minimize activation by higher
beam currents. We believe that sufficient research has been completed to
identify the important areas that must be modified in order to reach this goal.
Included in this design effort will be a lower supporting rail which is remotely
moveable so that the gap can be adjusted from outside the cyclotron.

A large test stand that can test a complete deflector was commissioned during
this period. The deflector parts are assembled within a copper structure that
has the same geometry as the dee in the cyclotron. This project also included
the development of a computer system to condition the deflector to higher
voltages, monitor operation at a given voltage and abort operation under fault
conditions. All sub-systems have been tested, but the project is on hold
because of higher-priority work.

4.1.3 Main Magnet Control Software

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

The LSI-11 development system including the software files and the magnet
simulator has been turned over to TASCC personnel. Training was provided on the
operation of the system.

4.1.4 Foil Changer

J.F. Mouris (Accelerator Physics Branch)

In the midplane of the cyclotron, the lower ends of foil shrouds are guided by a
MACOR channel mounted in the bottom of the dee inside an r.f. shield. The
channel was extensively damaged, probably by overheating, which may have
occurred during cyclotron operation at high r.f. power. A modified channel,
which avoids mechanical stress concentration at holes, was fabricated from MACOR
and installed in the cyclotron.

4.1.5 Electrostatic Deflector: Intermediate-Electrode Development

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

Development experiments on the model intermediate-electrode continued in a
modest magnetic field of C 5 T. The model features a set of electrodes located
between the high-voltage electrode and the sparking plates of a conventional
electrostatic defector. The intermediate electrodes operate at half the
potential of the main electrode. The model cross-section is full size, but the
model is 20% of the full length. An alumina-post insulator, coated with Cr2O3

for reduction of secondary electron emission, was added between the main
electrode and a metal plate that supports the intermediate electrodes. The
insulator is aligned perpendicular to the magnetic field. Two similar
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insulators are located between the intermediate electrodes and the sparking
plates. Tests were done with all three insulators in the system, and with the
insulators to the sparking plates removed. Both configurations were conditioned
to operation at -100 kV on the main electrode and -50 kV on the intermediate
electrodes with small leakage currents. The configuration with one post
insulator may be applicable to a full-scale deflector with intermediate
electrodes that could be mounted and supported in the cyclotron in a manner
similar to the existing deflector.

Breakdown did occur when a high-voltage resistive divider was connected to the
intermediate electrode to monitor voltage. Unlike the cables from the power
supplies, the resistive divider had no large resistor (for example, 30 Mn) tc
isolate the electrodes from the energy stored in the connecting cable.
Approximately 1 joule was available to drive any sparks.

A.1.6 Radial Probes

R.E. Milks and R.R. Tremblay

Nev, water-cooled heads were installed on both radial probes early in the new
year. Initially, there were a number of failures that allowed the head cooling
water to leak into the vacuum, but recent modifications to the probe assembly,
newly installed flowmeters and interlocks should prevent these disruptions from
recurring.

The radial probes now consist of five fingers mounted one above the other and a
vertical wire, all protected by an r.f. shield, as compared to only three
fingers and an r.f. shield on the old probes. The increased diameter of the
probe tip si6nificantly reduced the clearance between the probe shield and the
copper liner on hills #1 and #2 in the magnetic-shim areas and resulted in
numerous r.f. trips because of arcing between the liner and the probe. The only
way of increasing the clearance while maintaining five fingers was to remove
material from the copper liner. Therefore, the copper on hills //I and #2 (upper
and lower) was ground down approximately 0.7 mm in the shim areas. Arcing
between the copper liner and the probe barrel has been greatly reduced, but
remains a problem when the probe is moved in to 150 mm at high r.f. power.
Aside from this minor limitation, the probes are working very well and seven of
eight spare heads have been received from the commercial manufacturer.

Radial probe #3, consisting of a single vertical wire attached to a radial
drive, has jeen manufactured in the TASCC machine shop. Assembly drawings are
complete and installation in the bottom of dee 3-4 is expected to begin in 1992
August.

A.1.7 Cyclotron Vacuum Systems

R.E. Milks and R.R. Tremblay

Cryostat Vacuum

A new vacuum controller for the cryostat-vacuum system, which was designed and
built in the last report period, has been bench tested. We are still waiting
for some interfacing components but this is a low-priority job. Installation of
this controller is expected to occur during the next six months.



4-6

Midplane Vacuum

Leaky, Teflon sliding seals in the main tuner caused the guard vacuum to
deteriorate, which, in turn, caused the midplane vacuum to cycle with the
cryopump cycle-times, and new seals were installed on both upper and lower
tuners. After the first replacement of these seals, new seal assemblies were
designed and manufactured, and the new seal assembly has recently been installed
on the lower tuner. Initial results indicate that the new seals maintain a
better vacuum over the full length of the tuner than the old ones did. When the
upper-tuner seals start to leak, or if the opportunity arises sooner, they will
also be replaced with the new seal assemblies. The guard-vacuum pumping system
was also equipped with an alumina-filled foreline trap with the hope of
minimizing the amount of oil backstreaming into the midplane vacuum.

The midplane-vacuum r.f. interlock sensor has been changed from a hot-filament
ionization gauge to a cold-cathode gauge. As ionization-gauge head filaments do
not have a long lifetime in high magnetic fields, we are reviewing the
feasibility of replacing other ionization gauges with cold-cathode gauges, in
particular those for radial-probes #1 and #2, the extraction probe, the cryostat
and midplane vacuum readouts.

Because cryoputnp-#2 fcot-valve was damaged and is no longer sealing properly,
the liquid-helium transfer tube was removed and a redesigned foot-valve needle
was installed. The new needle has a stainless-steel body with a KEL-F sealing
area, which permits us to increase the sealing pressure as required to
compensate for vear of the sealing surface.

The bearings of the Leybold-Heraeus turbo-pump that backs the high-vacuum turbo-
pump failed late in the report period. The pump was replaced with a spare
Varian turbo-pump that was on hand. Since the controllers for the two types of
pump are incompatible, the Varian turbo-pump controller could not be plugged
into our midplane-vacuum controller. Therefore, the midplane-vacuum system is
not fully automatically controlled. A replacement turbo-pump from Leybold is
expected to arrive shortly and will be reinstalled on the midplane backing-
vacuum system.

4.1.8 Cyclotron Openings

R.E. Milks and R.R. Tremblay

The cyclotron lower pole was lowered and raised a total of eleven times over the
six month period. Table 4.1.8.1 lists the dates and reasons for the openings.

TABLE 4.1.8.1
REASONS FOR LOWERING THE BOTTOM POLE

Date Reason

1992 January 10 Pole lowered in between 5.6 MeV/u Au and 15 MeV/u I runs
because the deflector would not go above 65 kV.
1) Replaced the high voltage feed insulator.
2) Electro-polished the electrode, septum and lower

sparking plates.



4-7

1992 January 14

1992 January 30

1992 February 18

1992 March 11

1992 April 1

1992 April 7

1992 April 9

3) Set the aperture at 5.0 mm.

Pole lowered during 15 MeV/u I run after the deflector-
cooling, high-puri ty water s tar ted to leak into the
midplane vacuum.
1) Titanium electrode removed.
2) Water leak, found at the rear end of the feed insulator,

was repaired.
3) Used stainless-steel electrode was installed.
4) Aperture was set at 7.5 mm.

Pole lowered to increase the deflector aperture from 7.5 mm
to 9 mm.
1) Feed-insulator housing vas modified in order to reduce

the time required to replace the feed insulator.
2) Aperture was set to 9 mm.
3) New probe #1 installed and position readback was set

with reference to scribed line on copper liner.
4) First attempt at trying to fit probe #3 in DEE 3-4.

Pole lowered to reduce the deflector aperture from 9 mm to
5 mm.
1) Aperture reduced to 5 mm.
2) Filed -1/32" off the upper and lover copper liner of

hills #1 and #2 at shim areas in order to increase gap
between probe barrel and copper liner.

Pole lowered to remove upper rail and install newly
designed self-supporting titanium septum.
1) New Ti septum installed.
2) Aperture set at 5.5 mm.

Pole lowered during 18 MeV/u Br run because of high leakage
current on the deflector.
1) Replaced titanium electrode with stainless-steel one.
2) Continued to use titanium septum but also reinstalled

upper rail.
3) Aperture set at 5.5 mm.

Pole lowered at the start of the 35 MeV/u Cl and 40 MeV/u C
run because of high leakage current on the deflector.
1) Removed previously installed titanium backshielding

which was covering the back of the copper dee.
2) Removed new titanium septum and installed old stainless-

steel one.
3) Cleaned electrode and set aperture at 5.5 mm.
4) Cleaned the midplane copper to remove suspected oil

vapours, which are suspected to cause the high leakage
currents.

Pole lowered because deflector suffers from high leakage
current once the magnet field is turned on.
1) All deflector components were removed except the high-

voltage feed insulator. New upper and lower sparking
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1992 April 23

1992 Mav 21

1992 June 16

plates and all-metal deflector components were electro-
polished.

2) Aperture set at 5.5 mm.

Pole lowered to check, the actual position of the two radial
probes.
1) PI position readback was corrected. The probe was found

to be 6 mm farther in than the readback indicated.
2) The MACOR foil-chain guide in dee 4-1 was broken.
3) New MACOR guide was fabricated and installed.
4) The web was found to be burned off foil holder #12.
5) New foils were loaded on chain.
6) The stainless-steel deflector electrode was replaced

with another used stainless-steel electrode; electrode
and lower sparking plates were electro-polished prior to
installation.

7) Aperture set at 5.0 mm.

Pole lowered during 50 MeV/u Li run because the high-purity
deflector-cooling water started to leak into the midplane.
1) Deflector completely disassembled.
2) Water leak found at Teflon/alumina joint on feed

insulator.
3) Replaced feed insulator and reassembled deflector

components.
4) Aperture set at 5.0 mm.
5) Probe #2 head cooling leak repaired.

Pole lowered to increase deflector aperture from 5.0 mm to
6.5 mm and to determine why the six-finger array on the
nose of the extraction channel no longer worked.
1) Deflector aperture set to 6.5 mm.
2) Six-finger array could not be repaired at this time

because the diagnostic lines, which are routed between
hill lens #2 and upper hill #2, were melted.

3) Probe #2 wall-plate Teflon-guide insert was replaced.

4.1.9 Trim Rods

R.E. Milks and R.R. Tremblay

A new electro-pneumatic cylinder and support stand has been assembled in order
to assist in the removal and installation of the lower trim rods for replacement
of the steel 0-ring housing. The three lower quadrants that remain to be
serviced require a longer cyclotron shutdown-time, since all three trim-rod
drives have to be removed in order to be able to remove trim rods in any of the
quadrants.

Air leaks have developed at three of the upper trim-rod seals, two of which had
the new polyethylene 0-ring housings. The cause of the leaks is corrosion of
the sliding shafts. The upper pole has this problem because sometimes there are
water spills on the pole surface which allow water to sit on top of the
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polyethylene 0-ring housings and corrode the shafts. Nev stainless-steel shafts
have been manufactured by the CRL main machine-shop for replacement of twenty-
eight 40 mm and twenty 60 mm trim-rod shafts on the upper pole. Trim-rods #1
are excluded since they cannot be removed.

4.2 RADIO FREQUENCY SYSTEM

4.2.1 Pow°t-Amplifier System

P.J. Bunge and S.G. Whittle

The power amplifier has operated without problems. Periodic inspections have

revealed no new damage caused by arcing in the output resonator, which has been
an historical problem, probably due to the effectiveness of the new, fast
screen-current interlock.

A new 125 kW Altronic water load has been procured to replace the 80 kW load
which failed in 1991.

4.2.2 R.F. Control System

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

Local computer-control of the cyclotron r.f. system has finally progressed with
the receipt of new hardware and software interfaces for the two CAMAC crates.
The original interface board had problems with the hand-shake protocol used to
communicate with the crate controllers and with the clock speed of the 80386-
based personal computer (PC). It has been replaced with 2 nev interface board
intended to be used with 386-based PC's. Monitoring and control functions from
the PC console and certain logging functions have been developed in house.

A two-screw, lower-main-tuner mechanism that collapses into the lower pole of
the cyclotron was constructed and installed. The two screws advance into a
thimble inside the dee stem, on the center axis of the lower pole, to drive the
tuner along its 1.2 meters of travel.

4.2.3 Bunchers and Phase-Control System

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

During the report period, the bunching and phase-control systems have continued
to perform reliably. The use of capacitive pickups, and 'bucket-control'
software in the phase-control system (PR-TASCC-3: 4.2.3, AECL-10545) has greatly
simplified the set-up of the system. The bucket-control software is now fully
accessible from the control-room touch panels and provides automatic reset of
the correct beam phase after dropouts. In addition, operator training in phase-
control setup is now complete.

A nev feedback circuit, which utilizes the high-energy buncher (HEB) to decrease
the energy jitter of beams injected into the cyclotron, has been installed.
Energy jitter in the beam from the Tandem accelerator causes variations in beam
position on the "phase" slits downstream of the HEB, in vacuum-section "In". A
signal derived from the beam current on the slit javs is utilized by the new
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circuit to adjust the HEB phase within a range of a few degrees and compensate
for a few keV of the energy variations. The new system reduces amplitude
modulation on the beam injected into the cyclotron, and improves the stability
of the extracted beam.

The HEB automatic-frequency control (AFC) has been improved by using a vector
voltmeter as the measuring element instead of the original mixers and octave-
bandwidth phase shifters. The vector voltmeter allows the auto-tuning program
to find more reliably the stable-phase crossover during AFC setup, and increases
the system dynamic range and bandwidth.

A.2.4 Bunched-Beam Diagnostics

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

Work during this reporting period has focused on the development of an array of
Beam Pulse Detectors (BPD's) on the extraction beam line to measure absolute
beam energy by bunch time-of-flight. Three BPD's have now been installed and
their positions surveyed to ±2 mm, with station separations of 6.76 m and
22.54 m. The bunch-to-bunch separation is typically 1 m, and the total time-of-
flight is in the range from 300 ns to 1100 ns for beams in the specific-energy
range from 4 to 50 MeV/u.

Our goal is to measure AE/E to 10° or less, which requires measurement of the
time-of-flight to ±200 ps. Present measurements of AE/E are within -3 x 10"3 and
systematic errors in the energy measurement are under investigation. The probes
have a spatial resolution of .25 mm across the beam, and it appears that the
beam has a transverse energy variation ~10'3. As well, we are investigating the
absolute reproducibility of beam energy from day to day, e.g. after cone
changes, small cyclotron adjustments to optimize output current, and other beam
interruptions.

The system is in an operational-prototype state, pending an evaluation of
automated readout schemes that is in progress.

4.2.5 Auxiliary Crate-Controller Applications

G.R. Mitchel, and J. Almeida (TASCC Accelerators and Development
Branch)
G.A. Tapp and F.J. Sharp (Nuclear Physics Branch)

The successful use of intelligent-auxiliary (AUX) crate controllers for low and
high-energy buncher tuning has spurred the construction of six new controllers.
These can serve as backups for the current systems, and will be used in other
applications. In addition, software has been developed that allows a
conventional personal computer (PC) to upload programs from and download to the
AUX controllers via the serial port. This facilitates the programming of backup
units and the controllers can now be replaced easily in case of failure.

The electrostatic deflector (ESD) is a critical cyclotron component that is
still under development, and typically requires much attention before and during
runs. In particular, conditioning a new deflector requires many hours and
frequent operator attention. During conditioning or operation, if the leakage
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current increases during a spark, and does not decrease with time, as during
normal reconditioning, but rather continues at a high level, permanent damage
may occur. A new AUX-controller application aims to produce a watchdog program
that will automatically sense a spark, on the ESD, lower the voltage, and, if
possible, condition the ESD to its previous voltage.

A more modest version of the watchdog program has been written as a Waterloo-
Student project. For a new ESD or other electrode configuration in a test
stand, the program controls the high-voltage source and monitors leakage
current. It conditions the electrodes to a specified voltage while limiting
leakage current and avoiding sparks. In order to protect the low-voltage
control and readback circuits, we have developed optical links between the
computer (in its CAMAC crate) and the high-voltage source. Further tests and
development will be done on the test stand before any application in the
cyclotron itself.

4.3 BEAM DYNAMICS

4.3.1 New Beams Calculated

E.H. Lindqvist

Table 4.3.1.1 lists the basic parameters of eight beams which are of interest
for physics experiments and for which beam-line and cyclotron parameters have
been calculated.

4.3.2 Evaluation of the New Hill-Lens Design

E.H. Lindqvist (TASCC Accelerators and Development)
C.R.J Hoffmann (Accelerator Physics)

Changes in the hill lenses, which would enhance their magnetic deflection and
thereby reduce the voltage required on the electrostatic deflector, have been
proposed. While the initial study (PR-TASCC-3:4.3.3, AECL-10545) of the
proposed lenses indicated possible benefits, the magnetic perturbations in the
accelerating region of the cyclotron resulting from the new lenses would reduce
the benefits. An analysis of the origins of the perturbations and their effects
on the beam orbits in the cyclotron has begun and the results, summarized below,
were reported at the XIII International Conference on Cyclotrons and Their
Applications, Vancouver, B.C., 1992 July 6.

Several field maps have been calculated to be used in SUPERGOBLIN, to identify
which components of the perturbation field cause the radial momentum of the beam
to be more negative at the entrance of the deflector. This effect reduces the
improvement in the required deflector voltage, and make it essentially disappear
for low fields. Preliminary results indicate that the average field component
of the perturbation is uniformly detrimental for all main magnetic fields.
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TABLE 4.3.1.1
BEAMS FOR WHICH CYCLOTRON PARAMETERS HAVE BEEN CALCULATED
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8 1 g*- a

ENERGY
(MeV/u)

25

25

35

30

35

35

4.17

4.37

2/6

3/9

4/11

4/13

4/13

5/15

4/12

4/12

FIELD
(T)

2.97

2.97

2.89

3.48

3.76

3.26

3.06

3.13

R.F.
MODE

7T

•n

n

n

n

•n

7t

n

HARMONIC

2

2

2

2

2

2

6

6

a. Beam has been developed.
b. Equivalent to 25 MeV/u 24Mg.
c. A repeat of previously developed ion and energy with another charge-state

combination to reduce deflector and Tandem voltages, but with the
disadvantage of lower beam intensity.

The first uarmonic component is alr-o detrimental but less so for fields above
3 T. The second harmonic component is only detrimental for very low fields and
actually beneficial for fields above 2.9 T.

4.3.3 Simultaneous Development of Two Beams

E.H. Lindqvist

Substitution of one beam for another "equivalent" beam during development of a
beam in a cyclotron is an established practice that can be very useful if the
"equivalent" beam produces less radiation, has higher intensity or is cheaper to
produce in the ion-source. After the "equivalent" beam is developed, the actual
beam of interest can be developed very quickly. For most cyclotrons, the only
criterion for this idea to work is that the mass-to-charge ratios of the two
beams are the same. In our case, as we strip in the cyclotron, the stripping
ratios also have to be the same and, in addition, the stripping efficiency of
the "equivalent" beam has to be reasonable.

Although we have not substituted an equivalent beam in the TASCC cyclotron, we
have accomplished a related and unusual feat by unintentionally developing two
beams (25 MeV/u 1 60 and 24Mg) simultaneously. For the development of 24Mg, the
ion source produced MgO" which was accelerated to the terminal of the Tandem,
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where it was dissociated and stripped. After the Tandem, both 24Mg 3-i- and l b0 2+
were analysed, as proven by the observation that the beam current was higher
than is theoretically possible with only one ion present. The small difference
in velocities of these two species results in only a 0.06 ns difference in
arrival time at the cyclotron and the small error in injection energy, 0.3%, is
hardly noticeable with respect to the decentering. At the cyclotron stripper-
foil, 24Mg strips to 9 + and 1 60 to 6+ with high stripping efficiencies. As the
stripping ratios are the same, the stripping radii in the cyclotron are the
same. The small difference in mass-to-charge ratios results in a 0.0132
difference in the rigidities of the two beams in the cyclotron and we observed
this difference by changing the main magnetic field by 0.02%. It is probably
not possible to accelerate both beams to extraction radius with separated turns
simultaneously. The beams were not extracted during the ir.itial development
run, but both were extracted separately later, with only minor changes to the
extraction parameters.

A.3.4 R.F. Field Model for the Cyclotron

G.D. Pusch (TASCC Accelerators and Development Branch)
W.D. Davies (Nuclear Physics Branch)

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 and 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
or calculated fields.

Based on a study of extant measurements (SCC Notes 17, 17.1 and 17.2, Series II,
N. Towne, private communication) and MAFIA-code calculations (F. Adams, private
communication) of the cyclotron r.f.-fields, we now have a qualitative
understanding of the dee and cavity-wall currents in both 0 and n n.odes. In
particular, we have formulated a hypothesis for the proximate cause of the
vertical electric-field components known to exist within the dees. The observed
patterns of measured cavity-wall currents and calculated r.f. magnetic fields
strongly suggest that a significantly larger r.f. current appears to flow on the
"web" surface of the dee than flows on the "antiweb" surface. Furthermore, from
electromagnetic theory we deduce that the largest surface current densities must
flow along the dee and hill edges in the vicinity of the gaps, while a much
smaller fraction flows along the hill and dee faces. Because the gross features
of the deduced r.f. currents appear to be describable by a fairly simple
geometry, we have therefore chosen to pursue the "integral-represe ation" model
(PR-TASCC-3:3.2.10, AECL-105A5). The model is based on the integral
representation

cos(k|r -
A(r;t) = cos(wt) :

J Ir - r'
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for the vector potential. We render the integral tractable by using a small
number of current filaments to model the large currents localized near the gaps,
and triangular current "patches" to model the remaining current distributed over
the hill and dee faces. The current filaments are responsible for the dominant
accelerating fields, as well as the vertical-deflecting fields near the gaps;
the patches contribute primarily to the vertical deflecting fields in the hill
and dee regions.

We choose the current filaments to have a piecewise linear geometry, with an
interpolation-like distribution of current along each segment. The current
distribution is such that Maxwell's equations may be solved exactly in terms of
elementary functions. The interpolation-like distribution insures that the
current in each segment is uniquely determined by its values at the segment
boundaries, and is continuous between segments. The assumed form satisfies
global-charge conservation, with an almost constant local-charge density on each
segment.

We have not yet found a patch-current distribution yielding an exact closed-form
solution to Maxwell's equations. However, if we assume linearly-varying
surface-current patches, it appears feasible to expand the fields in a rapidly-
convergent multipole expansion outside a sphere circumscribing each patch. A
linearly-varying current density on a surface-current patch may be uniquely
determined by the total current crossing each edge, with the normal component
continuous between patches. The assumed form also satisfies global charge
conservation, with a constant charge density on each patch. Near the patch, the
multipole expansion fails; however, in this region, it appears feasible instead
to perform a rapidly convergent expansion of the Helmholtz Green-function in
powers of k|r - r'|. In addition to the multipole and "near-field" expansions,
we are also studying more sophisticated expansions based on work by M. Milgram
(TASCC-1-35-1).

Neither existing r.f.-field-measurement techniques nor three-dimensional r.f.
codes appear capable of accurately determining the spatial details of the
complicated fields existing inside the r.f. cavity of the cyclotron; however,
they can accurately determine line-integrals of the fields. Therefore, we
propose using a combination of measurements and calculations to determine the
model currents required to approximate the actual r.f. fields. Because the
width of the gap is small compared to both the r.f. wavelength and the radius of
curvature of the gap, we can use existing two-dimensional electrostatic codes to
calculate the fine details of the electric fields within the accelerating gap
once the equivalent electrostatic potentials are known; these equivalent
potentials may be found from either measured or calculated line-integrals of the
r.f. fields across the gaps. We may then fit for the "line-" and "sheet-"
charge densities our model requires to approximate the electric fields within
the gap. To determine the total current flowing through the dees and its radial
variation (both of which would probably be very difficult to measure directly),
we can use three-dimensional r.f. codes to calculate line integrals around the
"web" and "antiweb" surfaces of the dees. Charge conservation may then be used
to relate the surface charges to the surface currents, and thereby fully
determine the model.
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4.3.5 Computation

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

A program, written by K.R. Chaplin to model and fit trim-rod magnetic fields
during the early development phase of the cyclotron, has been revised to run on
the NOS/VE system. It will be used to explore the use of the trim rods to
compensate the perturbation fields that would result from the proposed changes
to the hill lenses. Revision of the program is in progress to take into account
changes in trim-rod magnetic-field-profile shape for different rod retractions.

4.4 CRYOGENIC SYSTEM

4.4.1 Scheduled Maintenance

R.E. Milks and R.R. Tremblay

Regular maintenance was completed on both engines #5 and #7 at 350-hour and
2500-hour intervals. In addition, two unscheduled main-bearing and flywheel-
shaft replacements were carried out on engine #5.

An ice plug in the transfer line from the cryostat helium can (H-line) caused an
incident of high pressure. Transfer to the helium can was stopped and the
return boil-off gas was rerouted to allow the H-line to warm for four hours.
Transfer was then resumed and all the pressures returned to normal.

There were two prolonged power outages over the period, the first of 40 minutes
on 1992 March 28 ar J the second of 45 minutes on 1992 June 7. These outages,
plus the maintenance periods, and possibly in combination with small leaks,
resulted in the loss of 136 cylinders of helium during the period.

Automatic speed control of the two refrigerator engines continues to suffer from
spurious transients which allow the engines to overspeed. The transients
persist even after complete rewiring of the Model-2800 refrigerator and the
installation of separate control power supplies for each engine. Further
debugging will continue during cryogenic maintenance periods.

The Model-2800 refrigerator has now operated for 61,520 hours.

4,4.2 Helium Compressors

R.E. Milks and R.R. Tremblay

A fault in the raw-water sand-filter backvashing cycle caused our new RS//2 screw
compressor to trip three times on high oil temperature before the fault was
pinpointed. The problem has since been resolved and the compressor is
undamaged.

The original, rebuilt RS#1 screw compressor was reinstalled and temperature
monitoring was reconnected. After the compressor was evacuated and purged four
times, it was started and has run faultlessly for 3,292 hours. The RS#2
compressor is stopped and is being kept on standby.
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The crack in the motor casting of reciprocating-compressor #4 was successfully
welded. The rebuilt compressor ran well until the after-cooler flex line broke.
A new flex line will have to be purchased through a different supplier since the
manufacturer will not sell this item separately.

An oil leak in compressor #1 was repaired during the period.

4.5 COMPUTER CONTROL

B.F. Greiner and D.J. Caswell (TASCC Accelerators and Development
Branch)
W.F. Slater and T.G. Whan (Nuclear Physics Branch)

The control system continued to provide 99.5% availability and even higher
reliability, with approximately four hours per month of down-time for scheduled
maintenance. In the worst case of beam loss resulting from a control-system
failure, 1.5 hours were required to bring up the CAMAC highway following a power
outage. The root problem was a software oversight that has since been
corrected. On another occasion, the main data base of device descriptions
became corrupted on the computer disk. Normal operation was quickly restored
from a backup copy of the data base. The cause of the incident has not been
determined and the problem has not recurred.

A steady workload of trouble-shooting and minor upgrades in support of day-to-
day operation has been maintained at the approximate level of one full-time
specialist. Investigations and upgrades that have been completed are listed
below.

The stability of the field in the Y-magnet (the injector-selection dipole)
has been verified to better than. 1 part in 10,000 during a 72-hour test.

A conversion of an awkward form of digital data representing Faraday-cup
currents into a more readily usable form has been stored on a PROM memory
and a standard system variable has been provided for access to the new
readout.

A regular schedule of testing and module replacement has restored fault-free
operation of the CAMAC highway.

Approximately 30% of the injector control and readback channels have been
recalibrated in an unsuccessful attempt to find the reason for variations in
operating points from run to run and between injectors.

An error in the program that sets quadrupole-magnet currents was discovered
and corrected.

A touch-panel page that gives quick access to the most commonly used
cyclotron controls was installed.

Two deficiencies in the program that compares trim-rod settings with the
demand values were corrected.
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Approximately 100 device descriptions have been added to the system-variable
data base for operation of new r.f. devices, positioning of new foils for
secondary-beam production and automatic control of accelerator mass
spectroscopy.

The disk, on the backup and development computer was made equivalent to the
disk on the control computer in order to restore true backup capability
which can be implemented by the operators.

4.5.1 Software Upgrade

A program of upgrades to the control system is underway with the purpose of
completing long-term projects which will increase the displ?y rate of the
system, reduce the incidence of control-system malfunctions and begin the
process of transferring special programs to another computet system. The
intention is to freeze the functionality of the system at an acceptable level in
order to free as much manpower as possible for the upgrade to VAX computers.

The following software projects have been completed: the NMR program was
upgraded to remove known faults, particularly with respect to automatic range
selection; a program that keeps the r.f. phase close to the correct value was
translated from MUMT1 to FORTRAN; the C-language version of the emittance-
measurement program was commissioned and a clone of the program is ready for
tests with the new emittance device downstream of the cyclotron; a program to
control stepping-motor devices has been written in FORTRAN and commissioned. In
addition, debugging and documentation of the "mimic-diagram" software has
resumed, following a long hiatus, and is 90% complete. Three new mimic diagrams
for heavily-used displays have been added to the control system and the new
documentation will allow users to make up their own diagrams.

4.5.2 Hardware Upgrades

The resumption of trouble-free operation of the CAMAC highway has allowed first
experience to be gained with automatic fault detection and graceful degradation
of the highway in cases of module failure. However, this work has taken
secondary priority behind the design, procurement, testing and installation of a
new system of controlling trim rods on the cyclotron. New motors, motor drivers
and control modules have been purchased for the eight, most-used trim rods. A
status relay has been added to the drivers and a switch was replaced on all of
the control modules. The electronic modules have been tested, a.c. service has
been installed, signal-distribution panels have been fabricated and cables are
being specified.

In support of accelerator mass spectroscopy, a "temporary" motor-control circuit
for sample selection has been modified several times in order to achieve
reliable operation in an environment of 5 and 15 kV sparks.

4.5.3 A Replacement for the TASCC Control System

Following successful testing (PR-TASCC-3:4.5.2, AECL-10545) of the major
features of "Vsystem"1 in the previous six-month period, a corrected version of
the software was received from the supplier. More logical and complete handling

1.Trademark of VISTA Control Systems Inc., Los Alamos.
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of CAMAC hardware errors has been implemented, an error has been corrected and
the "CAMAC list-mode" software has been corrected. The corrected software has
been tested successfully and the list-mode feature has increased the data rate
approximately five-fold. Detailed planning of the implementation of Vsystem at
TASCC had just begu>" ?t th.e~ ond of the reporting period.

4.6 NEGATIVE-ION INJECTORS

4.6.1 Operation and Development

J.W. McKay and Y. Imahori

During the reporting period, beams of tventy-two isotopes were produced (see
Table 4.7.1.1). Of particular importance were newly-developed beams of both
naturally occurring lithium isotopes and MgF- required for cyclotron operation.

Another significant trend is the increasing use of rare-isotope beams. In the
last six months, 6Li, 1 8 0 , 7 6Ge, 37Cl and 3 6S (from 34S) have all been produced.
A sputter-cone design that utilizes small quantities of material is now in
regular use for these runs. As well, a beam of 30Si was produced from the 3.1%
abundance in natural silicon.

Refinement:: to the AMS source (PR-TASCC-C3:4.7.1, AECL-10545) have continued. A
new insulator has been designed and installed as well as a more reliable ionizer
and a modified cesium feed. Modifications required to position the source
targets more precisely are being considered.

Two new sputter sources are under construction to give us more flexibility for
source development and to ensure that a clean, rebuilt source is always on hand
for installation in either injection deck.

Advantage was taken of a brief pause in the schedule to complete the re-
commissioning of the duoplasmatron ion source. Beam was extracted from the
source over six months ago, but 5t had not been possible to schedule a test of
beam through the accelerator. In May, a steady 33 MeV, 3 iA beam of helium ions
was accelerated for several hours.

4.7 TANDEM ACCELERATOR

4.7.1 Operation

J.W. McKay

Tne Tandem has run well during tha last six months with few openings and high
availability. Beams accelerated through the Tandem are listed in Table 4.7.1.1.
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TABLE 4.7.1.1
BEAMS ACCELERATED BY THE HP TANDEM

Max Ion Current
Isotope at Cup l.Ad

(nA)

Protons
Deuterons
Helium-4
Lithium-6
Lithium-7
Oxygen-16
Oxygen-18
Fluorine-19
Sodium 23
Hagnesium-24
Silicon-28
Silicon-30
Sulphur-36
Chlorine-36
Chlorine-37
Nickel-58
Copper-63
Germanium-76
Bromine-79
Bromine-81
Iodine-127
Gold-197

17,000
20

2,800
370
600

5,000
150
50
75
600

3,000
200
20
a

2,200
340

1,200
1,400
1,000
3,500
3,800
1,800

Max Beam
Energy
(MeV)

17
27
33
19
19.7
25
110
75
135
145
14
158
130
100
84
243
250
21
118
23
111
64

Charge
State

1 +
1 +
2+
1 +
i +
2+
7 +
6+

8+/10+
8+/10+
2+
10+
9+
8+
5+

11+/18+
11+/19+
4+
8+
4+
8+
7+

Max Analysed
Current (nA)

7,000
16

3,000
94
200

1,500
50
40
28
300

1,050
45
20
a

1,800
75
110
700
540

1,000
920
340

a. Produced in very small quantities during accelerator mass spectroscopy

4.7.2 Generator

J.W. McKay

Repairs and modifications to the charging systems in 1991, combined with an
experimental schedule that called for slightly lover voltages, resulted in a
major improvement in reliability compared to the previous six month period.

Two tank openings were required in the first two weeks of January after the
major repairs of December, but only 25 breakdowns were recorded from then until
the end of June. This can be contrasted with 342 breakdowns in the period 1991
July 1 to December 31. The tank was opened briefly during a scheduled beam-
transport-system maintenance period in April to replace two depleted titanium
sublimation pumps in the terminal.
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Tandem availability during the last six months was 76%. The maximum voltage used
during an experiment was 14.5 MV and voltages above 14 MV were run on twenty
days.

4.7.3 Sulphur Hexafluoride (SF6) Gas System

J.U. McKay

Actions reported in the last period (PR-TASCC-3:4.7.3, AECL-10545) have reduced
SF6 loss to a level lower than that measurable with our current instrumentation.
Temperature variations in the outside storage tank result in some uncertainty in
the quantity of gas represented by the measured pressure. No SF6 was added to
the system in the last six months and the Tandem pressure has been maintained at
83 psig.

4.8 BEAM TRANSPORT SYSTEM

4.8.1 Magnets

B.V. Luloff (Nuclear Physics Branch)
B.F. (Jreiner (TASCC Accelerators and Development Branch)

The beam-transport magnets again ran very reliably throughout the period. The
replacement of worn water-flow sensors with non-wearing, inexpensive sensors is
continuing and experience to date indicates that the replacements should last
much longer than the originals.

After approximately ten years of service, the carbon contact-rollers on large
VARIAC units in the oldest dipole power supplies are the target of a new,
regular-maintenance program. The rollers, 36 per 50 kU supply and 18 per 20 kW
supply, are seizing up because of wear debris that enters the bushing, and
quickly acquire a flat spot from sliding along the VARIAC windings. The roller
assemblies are now being serviced once per year, to clean up the bushings and
replace badly worn rollers. A source of supply for replacement rollers has been
found and spares have been ordered.

4.8.2 Vacuum Systems

J.J. Hill and P.J. Jones (Nuclear Physics Branch)

The vacuum system continues to perform with only minor problems. We are
continuing an upgrading program to harden the electronics against noise and to
remove the requirement that the CAMAC power be on.

4.8.3 Beam-Diagnostic Devices

G.L. Backmeier (TASCC Accelerators and Development Branch)
J.J. Hill and P.J. Jones (Nuclear Physics Branch)

A touch-panel-controlled target for the production of secondary beams and a
Danfysik beam-emittance device were installed in the cyclotron extraction line.
The secondary-beam target was commissioned and has been utilized during an
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experiment, but the emittance device has some minor problems which were
unresolved at the end of the report period.

4.9 BUILDING SERVICES

4.9.1 De-ionized Water System

L.W. Thomson

One unscheduled and one scheduled shutdown were necessary to repair water leaks
in 4" copper pipes. A position transducer was installed on the main flow-
control valve to provide valve-position indication in the control room. Timing
modules for automatic back.-flushing of the two sand-filters were replaced. Two
air-bleed valves were installed to facilitate the release of unwanted air from
the system. De-ionized water-pump #5 was replaced following failure of its oil
seals. Replacement of pump-outlet shut-off valves and check.-valves, and piping
repairs were scheduled and completed in the week following the period of this
report. As a result of the unusually cold weather in 1992 May and June, the
seasonal switchover from river to chilled-water cooling for the de-ionized water
system has been delayed several weeks beyond the normal switchover date.

4.9.2 Pressure Systems

J.W. McKay

Progress has been made in bringing our pressure systems into line with standards
required by the Province of Ontario. Pressure systems have been identified and
await classitication by the AECL Design and Engineering group. Pressure-relief
devices for the few vessels not up to specifications in this respect have been
selected and will soon be installed.

4.9.3 Ocher Services

J.W. McKay

Water supply pressure to the building has failed three times this period because
of problems at the powerhouse. Two of these failures caused power to the
injectors to trip off and interrupt the beam.

Two power outages occurred. In April, power went out for forty minutes after
stray bits of shrapnel struck a main power line crossing Canadian Forces Base
Petawawa. In June, the second power outage was followed by about five hours of
lost beam time resulting from a number of unrelated side-effects of the outage.

4.10 OPERATOR TRAINING

E.H. Lindqvist

During the last two years, the five shift crews of TASCC supervisors and
operators have received extensive training in cyclotron theory and operation.
The training consisted of seven 1.5-hour lectures, refresher lessons and
questioning sessions in topics covering everything from betatron oscillations to
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charge-state distributions. The theoretical part of the training ended with a
multiple-choice examination, with excellent scores by all fifteen participants.

In conjunction with the training, an extensive glossary on ion-optics and
cyclotron theory has been written. Hands-on training continues approximately
two days each month.

4.11 SAFETY AND LICENSING

4.11.1 Revision of Report AECL-MISC-263

W.T. Diamond

The Tandem Accelerator Superconducting Cyclotron (TASCC) Facility Safety Report,
AECL Report AECL-MISC-263, is the primary safety document covering the operation
of the TASCC facility. The last revision (Revision 1) was prepared in 1989 for
the AECL Accelerator Safety Committee as part of the approval process for
operation of the new TASCC Facility. Another major revision of this document
reflecting experience gained during the commissioning of the cyclotron and
operation of the new beam line is nearly complete. The document is scheduled to
be issued in 1992 August for review by the Accelerator Safety Committee.

4.12 PUBLICATIONS, REPORTS. LECTURES AND CONFERENCE CONTRIBUTION

L.W. Thomson

Seventeen SCC Notes (Series II) have been written and distributed. Five new
TASCC Instructions have been released during the period and five have been
revised. Monthly issues of the TASCC Newsletter continue to be written, with a
current mailing list of about 150 recipients, 107 of whom are off-site.

Publications

Evaluation of a Commercial System for CAMAC-based Control of the Chalk. River
Laboratories Tandem-Accelerator-Superconducting-Cyclotron Complex
B.F. Greiner, D.J. Caswell and U.F. Slater
IEEE Trans. Nucl. Sci. 39(2) April 1992

Reports

THEORY AND APPLICATIONS OF DIFFERENTIAL ALGEBRA
G.D. Pusch
TASCC-P-92-6
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SCC Notes
(SCC Notes are available for internal use, CRL)

RUN DIARY: 37CL-35 DEVELOPMENT, PRODUCTION OF C-40 (92-4-7/14)
L.W. Thomson
SCC Note (Series II) # 111.3

RUN DIARY: BR-18 PRODUCTION, OPERATOR TRAINING (92-03-23/29)
L.U. Thomson
SCC Note (Series II) # 64.6

COMPARISON OF TURN PATTERNS USING C-10 TO CHECK TRIM-ROD POSITIONS
E.H. Lindqvist
SCC Note (Series II) #133

A FIRST EVALUATION OF NEW HILL LENSES DESIGNED TO REDUCE DEFLECTOR VOLTAGE
E.H. Lindqvist
SCC Note (Series II) #134

ATTEMPT TO CALCULATE DEE-VOLTAGE VS RADIUS FOR C-10 AT 42.7 MHZ
E.H. Lindqvist
SCC Note (Series II) #136

80 KW UATER-LOAD FAILURE
P.J. Bunge
SCC Note (Series II) # 138

RUN DIARY: PRODUCTION OF AU-5.6 AND 1-15 (92-01-6/12)
L.W. Thomson
SCC Note (Series II) # 139

VHERE DID THE INJECTED BEAM GO?
E.H. Lindqvist
SCC Note (Series II) # 140

RUN DIARY: PRODUCTION OF AU-5.6 (92-01-20/27)
L.W. Thomson
SCC Note (Series II) # 141

RUN DIARY: DEVELOPMENT OF BR-4.17, SI-6 AND SI-7 (92-02-6/11)
L.W. Thomson
SCC Note (Series II) # 142

RUN DIARY: PRODUCTION OF 1-15, DEVELOPMENT OF MG-25 (92-03-02/8)
L.U. Thomson
SCC Note (Series II) # 143

TASCC EMITTANCE MEASUREMENTS
D.J. Caswell and B.F. Greiner
SCC Note (Series II) # 145
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CYCLOTRON AND ION-OPTICS GLOSSARY
E.H. Lindqvist
SCC Note (Series II) # 147

RUN DIARY; DEVELOPMENT OF MG-25, MG-35, SI-8, CL-35 AND 0-25 (92-5-4/10)
L.W. Thomson
SCC Note (Series II) # 148

RUN DIARY: DEVELOPMENT OF 7LI-50 (92-05-19/23)
L.W. Thomson
SCC Note (Series II) # 149

SHORT NOTE ON THE ^MG/^O COCKTAIL
E.H. Lindqvist
SCC Note (Series II) # 150

RUN DIARY: PRODUCTION OF 24MG-35 FOR COUNTER TESTS
L.W. Thomson
SCC Note (Series II) # 151

TASCC Instructions

TASCC FACILITY EMERGENCY SHUTDOWN (REVISION 2)
L.W. Thomson
TASCC Instruction 1.1.05

LOW OXYGEN-LEVEL ALARMS
J.W. McKay
TASCC Instruction 1.1.08

RF SYSTEM SHUTDOWN
N.A. Towne
TASCC Instruction 4.1.0.08

BUNCHING AND PHASE CONTROL SETUP FOR PREVIOUSLY-RUN BEAMS
G.R. Mitchel
TASCC Instruction 4.1.1.1

LEB REMOVAL AND INSERTION (REVISION 1)
L.B. Bender and T.G. Kosmack
TASCC Instruction 4.1.2.09

CYCLOTRON STARTUP AFTER A POWER FAILURE (REVISION 1)
L.W. Thomson
TASCC Instruction 4.3.05

BEAM DEVELOPMENT CHECKLIST
E.H. Lindqvist
TASCC Instruction 4.3.06
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OPERATING PROCEDURES FOR EXTRACTION CHANNEL SYSTEM (REVISION 3)
J.F. Mouris
TASCC Instruction 4.6.01

HIGH TEMPERATURE ALARMS
J.W. McKay
TASCC Instruction 6.02

ROUTINE CHECKS AND MAINTENANCE (REVISION 1)
L.B. Bender and J.W. McKay
TASCC Instruction 8.02
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