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1. TASCC SUMMARY

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



1.1 GENERAL

Once again, in the first six months of 1993 the TASCC facility set a new record
for beam delivery: 2937 hours. This is 68% of the total time, and is a measure
of the facility's reliability and the vigour of its experimental programs.

Experiments with the Bit spectrometer continue to dominate the basic research
programs at TASCC. High-spin states have been studied in a vide variety of
nuclei, from 47V to 198Pb. Of particular interest is a further experiment on
i52,i53Dy which confirmed our earlier evidence for hyperdeformation. A paper
describing all our results has been accepted for publication in Physical Review
Letters.

There has been a gratifying increase in TASCC usage for applied research
programs. The Accelerator Mass Spectrometry (AMS) group, specializing in 36C1
detection, has studied the Cigar Lake uranium deposit as well as 36C1 release
from historical bomb tests and contemporary reactors. TASCC beams have also
been used to create single-event upsets in integrated circuits, and to simulate
reactor conditions in radiolysis and fuel-damage studies.

During this six-month period, the cyclotron provided beam on target for 490
hours. This is somewhat less than the previous reporting period, reflecting the
increased activity in the high-spin program on the 8* spectrometer, which rarely
calls for cyclotron beams. Cyclotron beams were used on four occasions in
reactions experiments, and once each in an ISOL experiment, a radiolysis
measurement and a study of single-event upsets. Beam development has continued
too, however, with 5 new beams appearing so far this year. Including beam
development and operator training, the cyclotron operated for 1076 hours, or 30%
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 3788 hours. This beam time
was 98% of the scheduled operating time and 87% of the total time available — a
record that matches our best. The cyclotron suffered a number of disruptions
which led to it being operational only for 72% of its scheduled time. Viewed as
a whole, though, the facility operated for 92% of its scheduled time, or 81% of
the total time — again, among the best periods we have had.

As usual, our experiments were mostly collaborative efforts, involving
university and other non-TASCC scientists, in addition to our own staff. This
period, the former contributed 46% of the total laboratory research effort and
figure prominently in most of the scientific publications. We are proud that
currently some two-dozen graduate students from Canadian universities are basing
some or all of their thesis research at TASCC.

1.2 RESEARCH

Theoretical work has been done on several 0-decay issues. The mesonic-exchange-
current enhancement of the rank-zero axial-charge matrix element of first-
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forbidden p decay has been calculated for four cases in the A=ll-16 region. The
shell model has been used to calculate the positions of 0+ excited states in fp-
shell nuclei and the results used in calculating the strengths of the weak non-
analogue "forbidden" Ô O* decays to these states in the cases of 46V, 50Mn and
54Co. A start has been made in calculating the strength of p decay from the 0+,
T=3 state in 14Be to the 1', T=2, 0.47 MeV state in 14B with a view to a later
examination of its dependence on the model used to describe the 14Be neutron
halo. Work has been done on P,T violation in nuclei and on the effect of the
boost correction that must be applied when calculations of elastic magnetic
electron-deuteron scattering are compared with experiment.

Experimental studies were made of non-analogue 0+-»0+ 0-decay branching ratio in
the 46V, 38mK and 62Ga decays. Attempts were made to observe the decays of four
Tz=-l nuclides with success being realized in the cases of

 44V and 52Co.

Experiments are reported that study the dynamics of intermediate-energy heavy-
ion reactions. The status of the analysis of the experiment that studied a
highly excited nuclear-matter system with an exclusive impact-parameter trigger
is reported. Progress is reported on the analysis of the 24Hg projectile-
fragmentation experiments, in which the current focus is on the 24Mg + 12C •» 9a
channel. A just-completed experiment that studies the reactions 43A MeV 3SC1 +
12C, 24Mg, 27A1 is reported. Further experimental work with the Q3D
spectrometer is reported on the search for pionic fusion from 12C + 12C
reactions.

An exploratory study aimed at studying fusion-evaporation/fission in light
nuclei demonstrated that low-cost solar cells made of amorphous silicon can be
used very effectively as fission-fragment detectors.

This report includes results emerging from experiments performed with
Gammasphere and Eurogam. The Gammasphere experiment studied high-spin states in
109Sb, 106Sn and 108Sn and complements 8n studies of these nuclei. The Eurogam
study of 149Gd established the /J=4 bifurcations of a superdeformed band in that
nucleus and provides one of a very few examples of approximate four-fold
rotational symmetry in nuclei. It also yielded information on multi-particle
excitations and identical bands in 149Gd.

Studies carried out with the 8n spectrometer included high-spin spectroscopy of
47V and neighbouring nuclei, a search for superdeformation in 145Tb, a study of
the level scheme of 159Tm at medium spins, and recoil distance lifetime
measurements of states in the oblate dipole bands of 197»198Pb. Analysis of an
STT miniball experiment on 131Pr has revealed a highly-deformed rotational band
in that nucleus, which is charactertized by strong AJ=1 transitions and extends
to the lowest rotational frequency of any known superdeformed band in the A-135
region. A further experiment was done relating to superdeformation and
hyperdeformation in 152<153Dy, which included both proton and isomer tags.

Theoretical work has been done in support of the Sir-spectrometer studies on
109Sb and neighbouring nuclei and provides the basis for the interpretation of
those results. Another theoretical initiative has shown how excitations from a
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non-rotating core can lead to isospectral bands of the kind observed in the
mass-150 region.

Results of efforts to study the lifetime of compound nuclei formed by the 19F +
Ta <100> and 48Ti+Ta<100> reactions with the fission-fragment crystal-blocking
technique are summarized.

The report on Accelerator Mass Spectrometry documents the very significant
improvements in system performance that have been realized through use of a nev
more-powerful velocity filter and new detector system. The recent areas of
application are described.

Single-event-upset work performed at TASCC is described. The effectiveness of
1.9 GeV and 0.2 GeV ion beams in producing upset was found to differ widely
despite the fact that the stopping powers for these beams is similar, though
falling on opposite sides of the Bragg-curve peak.

Radiolysis studies are reported in which a 175 MeV 7Li3+ beam was used to
simulate fast neutrons present in a reactor environment. The study of the
effects of stress on deuterium uptake in thin films of Zr-2.5wt%Nb have been
extended, with further measurements being done on an additional 25 Zr-2.5wt%Nb
foils and 24 Zr foils.

With COG support, experimental studies are continuing with high-energy heavy-ion
beam bombardments simulating the fission-fragment-induced effects on U02 CANDU
fuel that occur during in-reactor irradiations. Results on irradiâtion-induced
gas diffusion, gas-bubble formation and re-solution by fission spikes, and
structural changes due to displacement damage are reported.

A modelling of the scintillation light output from CsI(Tl) for heavy ions is
presented that includes in it the contribution that originates from the delta
rays.

1.4 INSTRUMENTATION AND FACILITY DEVELOPMENT

TASCC staff have been supporting a SNO-team investigation of radioactive sources
and source-transport mechanisms with a view to confirming that 8Li and a gas-jet
transport could be used for the energy calibration of the SNO neutrino detector.

The continuing developmental/upgrading work on TASCC computing-facility
hardware/software and related developmental work on experimental electronics is
documented. The on-line graphical analysis software being developed for the SUN
workstations has seen use in analysis of 8n experimental data, and user feedback
is beginning to come in.

A variety of new features have been added to the specialized software that has
been developed to expedite the analysis and interpretation of 7-7 and 7-7-7
coincidence data from instruments such as the 8n spectrometer.
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Software has been developed that permits kinematic reconstruction of Doppler-
broadened lines in cases in which the Sn-miniball combination provides the
necessary 7-particle events information.

Status reports are given on the miniball particle-detector array upgrade, the
project to provide computer/NMR control of the Q3D spectrometer, the operational
activities and development work on the ISOL facility, and the preparatory work
done toward a major installation grant proposal for a Penning Trap mass
spectrometer to be installed at TASCC.

The ion optics of the negative-ion injector have been analysed for operation
with both the Hiconex 860 and the AMS sputter ion sources. Work on development
of a differential-algebra (DA) code for ion sources and electrostatic lenses has
continued and the code applied to the AMS ion source and an Einzel lens.
Progress on development of the differential-algebra-Lie-algebra orbit-dynamics
code, DACYC, includes work by M.S. de Jong and P.P. Adams Jr. (Accelerator
Physics Branch) which may provide a tractable solution to the modelling of the
r.f. fields in the cyclotron "cavity". Further refinements have been made to
the magnetic-field model which will be used in the new code. The Lie-algebraic
analysis earlier applied to a uniform-field cyclotron has now been extended to
apply to an isochronous cyclotron.

Target laboratory activities over the reporting period are summarized.

1.4 ACCELERATORS

Accelerator operation was very successful for the Tandem, with new records
being achieved for both reliability and high-voltage performance; cyclotron
performance was rather more mixed. An unusual number of mishaps marred the
cyclotron operation during the first half of the report period, causing
considerable stress to staff. The second half (and at least the subsequent
two months) saw, by contrast, extraordinarily smooth operation under demanding
conditions.

The cyclotron operated for seven (often lengthy) research experiments for a
total of 38 days, using an increasing number of difficult beams. The new
beam, 70Ge at 35 MeV/nucleon, set a total-energy record of 2.45 GeV, and was
used extensively.

A third diagnostic probe, P3, was installed in the midplane in January, as was
a remotely moveable septum for the electrostatic deflector. However, because
of technical difficulties and pressure to use the cyclotron for experiments,
these two systems are not yet fully commissioned.

Major projects making good progress are: the computer monitoring and control
of the cryogenics plant; the conversion of accelerator computer control to
Vsystem; the reliable monitoring of the magnet-coil temperatures; and the
development of ion sources for intense negative beams.
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The latter item is particularly noteworthy, since an ECR ion-source
development program, which was only initiated in 1992 December, has produced
(on the Accelerator Physics test-stand) beams of high brightness, good
emittance (almost perfectly matched to the Tandem) and very high intensity.
Examples are 0~ at 250 M- and He at 33 /iA.

Finally, the hiring of a reliability engineer in 1992 December has proven to
be of tremendous benefit to the facility. Both urgent maintenance
requirements and (computer-activated) preventive actions now receive proper
attention.

Operating statistics for the facility are provided in Table 1.4.1. Overall
facility reliability over the report period was good.

TABLE •» .4.1
TANDEM AND CYCLOTRON OPERATING RECORD

1993 JANUARY 1 TO JUNE 30

TIME (HOURS)
USE TANDEM CYCLOTRON FACILITY

System available

Beam development

Planned shutdown

Forced shutdown

3396.9

391.1

469

86

607.9

467.6

2839.5

428

2937

594.5

497.5

314

TOTAL ELAPSED TIME 4343.0 4343.0 4343.0

1.5 PUBLICATIONS. REPORTS. LECTURES AND CONFERENCE CONTRIBUTIONS

Publications

DIRECT MASS DETERMINATIONS OF NEUTRON DEFICIENT NUCLEI CLOSE TO 100Sn
K.S. Sharma, P.P. Unger, G.R. Dyck, R.C. Barber, E. Hagberg, J.G. Hykawy,
V.T. Koslowsky, J.C. Hardy, H. Schmeing, G. Savard, V. Perry & M. Watson
Nuclei far from Stability/Atomic Masses and Fundamental Constants, 1992,
Institute of Physics Conference Series Number 132, edited by R. Neugart and
A. Wôhr, IOP Publishing, pg. 31-36

PRECISE STUDIES OF 0+-0+ SUPERALLOWED BETA EMITTERS AT CHALK RIVER
E. Hagberg, V.T. Koslowsky, I.S. Towner, J.C. Hardy, J.G. Hykawy, G. Savard,
T. Shinozuka, P.P. Unger and H. Schmeing
Nuclei far from Stability/Atomic Masses and Fundamental Constants, 1992,
Institute of Physics Conference Series Number 132, edited by R. Neugart and
A. Wôhr, IOP Publishing, pg. 783-790
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CONCLUDING REMARKS
J.C. Hardy
Nuclei far from Stability/Atomic Masses and Fundamental Constants, 1992,
Institute of Physics Conference Series Number 132, edited by R. Neugart and
A. Wôhr, IOP Publishing, pg. 989-911
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A.J. Elliot, M.P. Chenier, D.C. Ouellette and V.T. Koslowsky
AECL-10659
COG-92-191
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THE <110> DIRECTION IN Si
J.S. Forster, J.U. Andersen, G.C. Ball, J.A. Davies, W.G. Davies, J.S. Geiger,
H. Geissel and E.P. Kanter
SHIM 92, Bensheim/Darmstadt, Germany, 1992 May 19-22
Radiation Effects and Defects in Solids, 1993, Vol. 126, pp. 299-302

RESOLUTION OF NUCLEAR GROUND AND ISOMERIC STATES BY A PENNING TRAP MASS
SPECTROMETER
G. Bollen, H.-J. Kluge, M. Koenig, T. Otto, G. Savard, H. Stolzenberg,
R.B. Moore, G. Rouleau, G. Audi
Phys. Rev. C46 (1992) R2140
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Nuclear Shapes and Nuclear Structure at Low Excitation Energies, Cargese,
France, 1991 June 3-7, edited by M. Vergnes et al., Plenum Press, p. 399

THE MANIPULATION OF IONS USING ELECTROMAGNETIC TRAPS
R.B. Moore, M.D.N. Lunney, G. Rouleau and G. Savard
Phys. Scr. 46 (1992) 569
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Laurent, W.U. Schroder, E. Schvinn, W. Skulski, A. Sokolov, J. Toke and
X.M. Vang
Proc. XXIX Int. Winter Meeting on Nuclear Physics, Bormio, Italy, 1991
January 14-19, Edited by I. lori, published by Ricerca Scientifica ed
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L. Pienkovski, S. Bresson, R. Bougault, J. Colin, E. Crema, J. Galin,
B. Gratty, A. Genouix-Lubain, D. Guerreau, D. Horn, D. Jacquet, U. Jahnke,
J. Jastrzebski, A. Kordyasz, C. Le Brun, J.F. Lecolley, B. Lott, M. Louvel,
M. Morjean, C. Paulot, E. Piasecki, J. Pouthas, B. Quednau, W.U. Schroeder, E.
Schvinn, W. Skulski and J. Tôke
Proc. of the XXX Int. Winter Meeting on Nuclear Physics, Bormio, Italy, 1992
January 27-February 01, p. 209, Edited by I. lori, published by Ricerca
Scientifica ed Educazione Permanente
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ION-BEAM STUDIES OF DEUTERIUM INGRESS INTO ZIRCONIUM
R.L. Tapping, J.S. Forster, T.K. Alexander, D. Phillips, T. Laursen and
J.R. Leslie
Proc. Vol. of the Electrochemistry Society, PV91-7 (1991) 138, Edited by D.R.
Baer, C.R. Clayton and G.D. Davis, published by The Electrochemical Society,
Inc.

EXPERIMENTS WITH A 4* CHARGED PARTICLE DETECTOR AND THE STT SPECTROMETER
A. Galindo-Uribarri
Prog. Part. Nucl. Phys. Vol. 28 (1992) p. 463

A SUPERDEFORMED ROTATIONAL BAND IN 142Sm
G. Hackman, S.M. Mullins, J.A. Kuehner, D. Prévost, J.C. Waddington,
A. Galindo-Uribarri, V.P. Janzen, D.C. Radford, N. Schmeing and D. Ward
Phys. Rev. C47 (1993) Rapid Comm. 433

SHELL-DEPENDENCE OF THE COUPLING CONSTANTS FOR THE EFFECTIVE ONE-BODY PARITY
NONCONSERVING WEAK INTERACTION
Â.C. Hayes and I.S. Towner
Phys. Lett. B302 (1993) 157

ADVANTAGES OF USING DIFFERENTIAL-ALGEBRA AND LIE-ALGEBRA IN THE ORBIT DYNAMICS
OF CYCLOTRONS
W.G. Davies
XIII International Conference on Cyclotrons and their Applications, Vancouver,
B.C., 1992 July 6-10 (World Scientific, Singapore, 1993, p. 372, published by
World Sci. Pub.

INTRUDER BANDS IN 108Sn
R. Wadsworth, H.R. Andrews, R.M. Clark, D.B. Fossan, A. Galindo-Uribarri,
J.R. Hughes, V.P. Janzen, D.R. LaFosse, S.M. Mullins, E.S. Paul, D.C. Radford,
P. Vaska, M.P. Waring, D. Ward, J.N. Wilson and R. Wyss
Nucl. Phys. A559 (1993) 461

CHARACTERIZATION OF SUB-NANOSECOND HEAVY-ION BUNCHES AT THE TASCC
SUPERCONDUCTING CYCLOTRON
G.R. Mitchel and N.A. Towne
Proceedings of the 1993 IEEE Particle Accelerator Conference, Washington,
D.C., 1993 May, p. 2415-2417

PROTOTYPICAL EXPERIMENTS: PROTON-RICH NUCLEI REACTION STUDIES WITH INVERSE
KINEMATICS
J.C. Hardy
Workshop on the Production and Use of Intense Radioactive Beams at the Isospin
Laboratory, Joint Institute for Heavy Ion Research, Oak Ridge, Tennessee, 1992
October 7-10, edited by Jerry D. Garrett (ORNL), pg. 51

FERMI BETA DECAY AND THE VECTOR COUPLING CONSTANTS: TESTS OF CVC AND THE
STANDARD MODEL
J.C. Hardy, I.S. Towner, V.T. Koslowsky, E. Hagberg and H. Schmeing
International School: Low Energy Weak Interactions, Sep 4-13, 1990, Dubna,
USSR, p. 365-373.
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Reports

POSSIBILITIES AND LIMITATIONS OF A GAS-FILLED MAGNET FOR SEPARATING
NEIGHBORING ISOBARS IN AMS WORK: CALCULATION OF THE TRAJECTORIES OF HEAVY
IONS IN GAS-FILLED MAGNETIC SYSTEMS
J.C.D. Milton
RC-900

SCC Notes

ABSOLUTE BEAM ENERGY - MEASUREMENTS BY BUNCH TIME-OF-FLIGHT - SYSTEM
PHILOSOPHY AND INITIAL RESULTS
G.R. Mitchel
SCC Note (Series II) #160, 1993 January

CENTERING OF 12C AT 23 MEV/U USING SCC NOTE #44
E.H. Lindqvist and H. Schmeing
SCC Note (Series II) #44.1, 1993 January

MODIFICATIONS TO THE TRIM-RODS AND DRIVE SYSTEM
R.E. Milks and A. Hunter
SCC Note (Series II) #112.2, 1993 February

DERIVATION OF METHODS FOR MEASURING CAVITY GAP VOLTAGE RATIOS
N.A. Towne
SCC Note (Series II) #132.1, 1993 March 22

THE BEAM POSITION STABILIZATION SYSTEM
N.A. Towne
SCC Note (Series II) #162, 1993 March 25

HALF SCALE MODEL MEASUREMENTS AND NUMERICAL MODELS OF THE RADIAL DEPENDENCE OF
THE DEE VOLTAGE
N.A. Towne
SCC Note (Series II) #161, 1993 March 26

RUN DIARY: DEVELOPMENT OF 35Cl-35, PRODUCTION OF 70Ge-35, 1993 FEB. 26-MAR. 6
L.V. Thomson
SCC Note (Series II) #111.6, 1993 April 1

TRIM ROD MECHANICAL ZEROS
R.E. Milks and R.R. Tremblay
SCC Note (Series II) #3, Revision 3, 1993 April

STRAY FIELD AT 5.04 TESLA DURING THE 5.25 MEV/U U-238 RUN
B.F. Greiner
SCC Note (Series II) #58.7, 1993 April 13
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STRAY MAGNETIC FIELDS AROUND THE CYCLOTRON AT 5.1 TESLA
L.W. Thomson
SCC Note (Series II) #58.6, 1993 April 14

LINEAR PHASE MODULATOR
S. Kingsley-Jones
SCC Note (Series II) #164, 1993 April 27

MASS-ENERGY DIAGRAM FOR THE SCC USING A LOWER FIELD LIMIT OF 2.4 T
E.H. Lindqvist
SCC Note (Series II) #105.3, 1993 May

CHECK OF CRYOSTAT COIL POSITION AFTER PROLONGED VACUUM FAILURE
E.H. Lindqvist and R.E. Milks
SCC Note (Series II) #146, 1993 May

HOW TO CHECK MAIN COIL DECENTERING USING THE BEAM
E.H. Lindqvist
SCC Note (Series II) #165, 1993 May

A COMPARISON BETWEEN MEASURED AND CALCULATED EXTRACTION ENERGIES FROM THE SCC
E.H. Lindqvist and G.R. Mitchel
SCC Note (Series II) #163, 1993 May

RUN DIARY: PRODUCTION OF 35Cl-35, 180-38, 7Li-25 and 127I-15
1993 MARCH 14-APRIL 02
L.W. Thomson
SCC Note (Series II) #111.7, 1993 May 18

RUN DIARY: DEVELOPMENT OF 35Cl-43, 35Cl-46, 28Si-27, 81Br-25 and 208Pb-5.6
1993 APRIL 25-29
L.W. Thomson
SCC Note (Series II) #166.0, 1993 May 21

TESTS OF INTERLOCK DEVICES AT 5 TESLA
R.R. Tremblay and G.L. Caldwell
SCC Note (Series II) #58.8, 1993 May 26

CYCLOTRON RUN LIST (1985 THROUGH 1992 DECEMBER)
L.W. Thomson
SCC Note (Series II) #102.2

AN EXTENDED MASS-ENERGY DIAGRAM FOR THE SCC WITH A LOW STRIPPING EFFICIENCY
LIMIT OF 1% INJECTING WITH A 15 MV AND A 16 MV TANDEM
E.H. Lindqvist
SCC Note (Series II) #105.2
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RUN DIARY: DEVELOPMENT OF 37Cl-35, 70Ge-35, 79Br-25, 14N-25, 7Li-25, 28Si-25
AND 238U-5.25 (1993 FEBRUARY 1-6)
L.W. Thomson
SCC Note (Series II) #111.5

RUN DIARY: PRODUCTION OF C-23 (1993 FEBRUARY 7-12)
L.y. Thomson
SCC Note (Series II) #155.1

RUN DIARY: DEVELOPMENT OF 35Cl-43, 28Si-27, 35Cl-46 AND 81Br-25
(1993 MAY 8-14)
L.W. Thomson
SCC Note (Series II) #166.1

RUN DIARY: PRODUCTION OF 35Cl-43 AND 12C-40 (1993 JUNE 4-18)
L.V. Thomson
SCC Note (Series II) #166.2

TASCC Instructions

DE-IONIZED WATER MAKEUP
B.U. Noel and L.V. Thomson
TASCC Instruction 7.01, Revision 4, 1993 January

ISOLATION OF SAND FILTERS
G.D. Reynolds
TASCC Instruction 7.08, 1993 February

BUNCHING AND PHASE CONTROL SETUP
G.R. Mitchel and N.A. Towne
TASCC Instruction 4.1.1.1, Revision 2, 1993 February

LOW ENERGY BUNCHER REMOVAL AND INSERTION
T.G. Kosmack
TASCC Instruction 4.1.2.09, Revision 3, 1993 February

BUNCHING AND PHASE CONTROL SETUP
G.R. Mitchel and N.A. Towne
TASCC Instruction 4.1.1.1, Revision 3, 1993 March

R.F. SYSTEM SHUTDOWN
N.A. Towne
TASCC Instruction 4.1.0.08, Revision 1, 1993 March

SETTING SOFTWARE LIMITS FOR THE EXTRACTION-CHANNEL MAGNET CURRENTS
B.F. Greiner
TASCC Instruction 4.6.04, 1993 March
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CYCLOTRON SHUT-DOWN PROCEDURE
R.R. Tremblay and N.A. Towne
TASCC Instruction 1.1.10, Revision 1, 1993 April

Invited Lectures

RF-COUPLING AND COOLING TECHNIQUES OF STORED HEAVY IONS
G. Savard
Workshop on Traps for Antimatter and Radioactive Nuclei, TRIUMF, Vancouver,
1993 Feb. 25-27

THE PROPOSED PENNING TRAP MASS SPECTROMETER FACILITY AT TASCC
K.S. Sharma
Workshop on Traps for Antimatter and Radioactive Nuclei, TRIUMF, Vancouver,
1993 Feb. 25-27

SUPERALLOWED BETA DECAY: PRECISION MEASUREMENTS AND IMPLICATIONS FOR THE
ELECTROWEAK STANDARD MODEL
I.S. Towner
Colloquium at the University of Toronto, 1993 February 25

SUPERALLOWED BETA DECAY: PRECISION MEASUREMENTS AND IMPLICATIONS FOR THE
ELECTROWEAK STANDARD MODEL
I.S. Towner
Colloquium at the Université de Montréal, 1993 April 16

THE SHAPES OF NUCLEI AT HIGH ANGULAR MOMENTUM
D. Ward
Seminar, University of Toronto, 1993 February 10 and University of Ottawa,
1993 March 5

TOWARD THE LIQUID-GAS PHASE TRANSITION IN NUCLEAR MATTER
D.R. Bowman
Invited talk, Eastern Regional Nuclear Physics Conference, Pembroke/Chalk
River, Ont., 1993 March 5-7

VACUUM HIGH-VOLTAGE INSULATION
W.T. Diamond
Isotrace Laboratory, University of Toronto, 1993 March 15

SUPERDEFORMED BANDS IN 149Gd
D. Ward
American Chemical Society, Denver, 1993 March 28-Apr. 1

'BIG' SCIENCE PROJECTS IN SUBATOMIC PHYSICS
I.S. Towner
Seminar, Science Educators, Chalk River, 1993 April 16
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MASS DEPENDENCE OF THE COUPLING CONSTANTS OF THE PARITY AND TIME REVERSAL NON-
CONSERVING INTERACTIONS
A. Hayes
Workshop on TP Violation in Neutron Resonances, Dubna, Russia, 1993 May 4-7

EXPERIMENTAL ADVANCES SINCE 1990
E. Hagberg
Workshop on Symmetry Tests in Semi-Leptonic and Leptonic Weak Interactions,
Louvain-la-Neuve, Belgium, 1993 June 2-4

CURRENT STATUS OF ELECTROMAGNETIC CORRECTIONS FOR SUPERALLOWED FERMI BETA
DECAY
I.S. Towner
Workshop on Symmetry Tests in Semi-Leptonic and Leptonic Weak Interactions,
Louvain-la-Neuve, Belgium, 1993 June 2-4

SUPERDEFORMATION IN NUCLEI
D. Ward
University of Washington, Seattle, 1993 June 16

EXPERIMENTS WITH THE PARTICLE-GAMMA FACILITY AT CHALK RIVER
A. Galindo-Uribarri
University of Washington, Seattle, 1993 June 14

DIELECTRONIC RECOMBINATION FOR HE-LIKE IONS CHANNELED IN THIN CRYSTALS OF Si,
Au AND Ni
G.C. Ball
1993 CAP Congress, Burnaby, B.C., 1993 June 13-16

THE PENNING TRAP AS A MASS SPECTROMETER FOR UNSTABLE ISOTOPES
G. Savard
1993 CAP Congress, Burnaby, B.C., 1993 June 13-16

AN OVERVIEW OF NON-NUCLEAR SCIENTIFIC AND INDUSTRIAL
PROGRAMS AT TASCC
J.S. Forster and H.R. Andrews
1993 CAP Congress, Burnaby, B.C., 1993 June 13-16

PRECISION STUDIES OF SUPERALLOWED BETA EMITTERS AND THE CKM-UNITARITY
J.C. Hardy
Particles and Nuclei XIII International Conference (PANIC), Perugia, Italy,
1993 June 28-July 2

Conference Submissions

INTRUDER ROTATIONAL BANDS IN 109Sb AND 108Sn
V.P. Janzen, D.B. Fossan, J.R. Hughes, D. LaFosse, H. Schnare, H. Timmers,
A. Galindo-Uribarri, D.C. Radford, D. Ward, E.S. Paul, J.N. Wilson,
S.M. Mullins, L. Persson, J.C. Waddington, S. Pilotte, R. Wyss and
I. Ragnarsson
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7



1-14

SEARCH FOR SUPERDEFORMED NUCLEI IN THE MASS 190 REGION
G.J. Zwartz, T.E. Drake, M. Cromaz, H.R. Andrews, A. Galindo-Uribarri,
D.C. Radford, D. Ward, S.M. Mullins, L. Persson, T. Porcelli, D. Prévost,
J.C. Waddington and V.P. Janzen
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

FOUR ALPHA EVENT SHAPE ANALYSIS
R. Laforest, D. Doré, J. Pouliot, R. Roy, C. St-Pierre, G. Auger, P. Bricault,
S. Groult, E. Plagnol and D. Horn
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

PROJECTILE EXCITATION AND BREAKUP IN THE 35Cl + 1 9 7Au REACTION AT
30 MeV/NUCLEON
L, Beaulieu, R. Laforest, J. Pouliot, R. Roy, C. St-Pierre, G.C. Ball,
E. Hagberg, D. Horn and R.tf. Walker
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

USE OF SECONDARY BEAMS FOR ENERGY CALIBRATION OF Csl DETECTORS
Y. Larochelle, L. Beaulieu, B. Djerroud, D. Doré, P. Gendron, E. Jalbert,
R. Laforest, J. Pouliot, R. Roy, C. St-Pierre, M. Samri, G.C. Ball, E. Hagberg
and D. Horn
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

NUCLEAR MEDIUM EFFECTS ON THE COUPLING CONSTANTS OF THE EFFECTIVE PARITY
NONCONSERVING INTERACTION
A.C. Hayes and I.S. Towner
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

SPECTROSCOPY OF 167Hf
M. Cromaz, T.E. Drake, G. Zwartz, D. Ward, H.R. Andrews, G.C. Ball,
A. Galindo-Uribarri, V.P. Janzen, D.C. Radford, S.M. Mullins, J. Rodriguez and
J.C. Waddington
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

STUDIES OF HYPERDEFORMATION AT HIGH ANGULAR MOMENTUM
A. Galindo-Uribarri, H.R. Andrews, G.C. Ball, M. Cromaz, J. DeGraaf,
T.E. Drake, G. Hackman, V.P. Janzen, J. Kuehner, R.W. MacLeod, S.M. Mullins,
L. Persson, S. Pilotte, D. Prévost, D.C. Radford, J. Rodriguez, J.C.
Waddington, D. Ward, R. Wyss and G. Zwartz
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7
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THE TRIGAM SPECTROMETER - PROPOSAL FOR A NATIONAL FACILITY
D.C. Radford, H.R. Andrews, G.C. Ball, A. Galindo-Uribarri, D. Ward,
V.P. Janzen, J.C. Waddington and T.E. Drake
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

STUDIES OF SUPERDEFORMÂTION IN NUCLEI WITH A-140
S.M. Mullins, G- Hackman and the SH collaboration
Eastern Regional Nuclear Physics Conference, Pembroke/Chalk River, Ont., 1993
March 5-7

MULTIFRAGMENTATION IN CENTRAL Kr+Au COLLISIONS AT 60 MeV/u
0. Lopez, M. Aboufirassi, A. Badala, B. Bilves, R. Bougault, R. Brou,
F. Cosmo, J. Colin, D. Durand, A. Genoux-Lubain, D. Horn, J.L. Laville,
J.F. Lecolley, F. Lefebvres, C. LeBrun, M. Louvel, M. Mahi, C. Paulot,
A. Peghaire, G. Rudolf, F. Scheibling, J.C. Steckmeyer, L. Stuttgé, B. Tamain
and S. Tomasevic
The Second European Biennal Workshop on Nuclear Physics, Megeve, France, 1993
March 29-April 2

NUCLEAR STRUCTURE OF NEUTRON DEFICIENT 111Sb
D.B. Fossan, P. Vaska, M.P. Waring, V.P. Janzen, S. Mullins, S. Pilotte, D.C.
Radford, D. Ward, E.S. Paul and R. Wadsworth
Spring Meeting of the American Physical Society, Washington, 1993 April 12-14

A UNIVERSAL HISTOGRAM OBJECT FOR NUCLEAR SCIENCE
R.B. Piercey, R.A. Belshe, R.W. MacLeod and R.L. Varner
Real-time Computer Applications in Nuclear, Particle and Plasma Physics,
Vancouver, B.C., 1993 June 6-13

STUDIES OF HYPERDEFORMATION AT HIGH ANGULAR MOMENTUM
A. Galindo-Uribarri, H.R. Andrews, G.C. Ball, V.P. Janzen, R.W. MacLeod,
D.C. Radford, D. Ward, G. Hackman, J. Kuehner, S.M. Mullins, L. Persson, D.
Prévost, J. Rodriguez, J.C. Waddington, M. Cromaz, J. Degraaf, T.E. Drake, G.
Zwartz, S. Pilotte and R. Wyss
1993 CAP Congress, Burnaby, B.C., 1993 June 13-16
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21 TASCC DIVISION

Director:
Admin. Assistant

J.C.
R.J.

Hardy
Elliott

22 NUCLEAR PHYSICS BRANCH

Branch Manager:
Admin. Assistant

Professional Staff

H.R. Andrews
D. Bowman

G.C. Ball
W.G. Davies
J.S. Forster
E. Hagberg
D. Horn

A.C. Hayes-Sterbenz(l)
V.P. Janzen (2)
V.T. Koslowsky
R.W. MacLeod
D.C. Radord
G. Savard

I.S. Towner (3)
D. Ward

Research Associate

A. Galindo-Uribarri

J.S. Geiger
H.C. Yeas

Technical Staff

N.C.
P.

J.J.
R.E.
P.J.
J.D.
B.V.
M.G.
W.L.

Bray
Dmytrenko
Hill
Howard
Jones .
Lori
Luloff
Moreau(4)
Perry

F.J.
W.F.
L.V.
A.R.
R.W.
M.G.
G.A.
M.J.
T.G.

Sharp (5)
Slater
Smith
Sprake
Stalkie
Steer
Tapp
Watson
Whan

Students

s.
B.
J.
K.
D.
D.
W.

Garden
May
Albrecht
Yamazaki
St-Onge
Humphrey
Abdulla

Co-op
National
Co-op
Technical
National
DRSA
DRSA

Mohawk College
Queen ' s
Waterloo
Queen ' s
Concordia
Waterloo
Toronto

1993 Jan. 13 - 1993 Apr. 30
Started 1993 April 27
Started 1993 May 3
Started 1993 May 3.
Started 1993 May 10
Started 1993 May 3
Started 1993 June 28
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Attached University Staff

K.
M.

J.A.
J.

T.E.
P.
J.
G.

S.M.
S.
J.
D.
I.
J.
R.
N.

K.S.
C.
P.

J.C.
G.

Aarts (6)
Cromaz
Davies
De Graaf (7)
Drake
Garrett
Gray
Hackman
Mullins
Pilotte
Pouliot (8)
Prévost
Ragnarrson (9)
Rodriguez
Roy (10)
Schmeing (11)
Sharma
St-Pierre
Taras (12)
Waddington
Zwartz

Mani toba
Toronto
McMaster
Toronto
Toronto
McMaster
Deep River Science Academy
McMaster
McMaster
Ottawa
Laval
McMaster
Lund, Sweden
McMaster
Laval
McMaster
Manitoba
Laval
Montréal
McMaster
Toronto

23 TASCC ACCELERATORS AND DEVELOPMENT BRANCH

Branch Manager:
Admin. Assistant:

H. Schmeing
D.A. Denny

Professional Staff

tf.T. Diamond
B.F. Greiner
Y. Imahori
E.H.
J.V.
G.R.
G.D.
G.D.
L.W.
N.A.

Lindqvist
McKay
Mitchel
Pusch (15)
Reynolds
Thomson
Towne

Technical Staff

G.L. Backméier
P.J. Bunge
G.L. Caldwell (13)
D.J. Caswell
R.E. Milks (14)
D.L. Schroeder
R.R. Tremblay
S.G. Whittle
J.S. Wills



2-3

Operational Staff

Supervisors Operators

F.A.
G.

T.G.
T.tf.
R.E.

Galloway
Hodgson
Kosmack
Ryan
Stresman

J.K.
D.A.
M.J.
J.M.
R.J.
B.C.
B.A.
B.U.
W.G.
R.G.

Harrington
Corriveau
Corriveau
Godin
Kennedy
Lafreniere
McMahon
Noël
Schroeder
Schultz

Students

R.L. Halko
A. Hunter
S.D. Kingsley- Jones
P.L. Rosefield

DRSA
Co-op
Co-op
Co-op

U. of Guelph
U. of Windsor
U. of Waterloo
U. of Waterloo

May 17-September 3
January - April
January-April
May 3 - August 27

(1) Transferred from Theoretical Physics Branch, 1993 April 1.
(2) Started full-time employment 1993 April 27.
(3) Transferred from Theoretical Physics Branch, 1993 April 1.
(4) New employee, started 1993 May 31.
(5) Retired 1993 April 29.
(6) Started 1993 May 15.
(7) Started 1993 January 04.
(8) Terminated 1993 June 30.
(9) Summer visitor, started 1993 June 27.
(10) Summer visitor, started 1993 May 26.
(11) Transferred from Theoretical Physics Branch, 1993 April 1,
(12) Terminated 1993 May 1.
(13) Started 1993 January 7.
(14) Retired 1993 March 30.
(15) Terminated employment 1993 January 29.
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3.1 RESEARCH

3.1.1 First-forbidden fl-decay; Medium Enhancement of the Axial Charge
at A=16

I.S. Towner (Nuclear Physics Branch)
E.K. Varburton (Brookhaven National Laboratory)
B.A. Brown (Michigan State University)

Shell-model calculations for four relatively strong first-forbidden beta
decays in the mass region A=ll-16 were performed in order to study the
very large mesonic-exchange-current enhancement in the rank-zero axial-
charge matrix element. The /T capture on 160 was considered on the same
footing. A very large shell-model space was utilized in constructing
wavefunctions; configurations up to 4 -Cm excitation were included. One-
body impulse-approximation matrix elements, as well as two-body exchange-
current matrix elements, were calculated. The resultant enhancement
factor that multiplies the impulse-approximation axial-charge matrix
element was determined by comparison to experiment to be e = 1.55 ± 0.08,
in excellent agreement with meson-exchange calculations in the soft-pion
approximation.

3.1.2 Non-Analogue Fermi Beta Transitions in fp-shell Nuclei

I.S. Towner (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

Recent TASCC experiments on the decay of 46V, 50Mn and 54Co have measured
weak decay branches to excited 0* states in the daughter nuclei. These
Fermi transitions are isospin-forbidden. Therefore, a non-zero branching
ratio is a direct measure of the degree of isospin mixing in these nuclei
and their daughters.

To understand these decay branchings, we have performed shell-model
calculations of the energies of 0+ states in fp-shell nuclei. To include
isospin-mixing effects, the proton and neutron orbitals must be treated
separately. We took the model space and effective interaction from
Richter et a/, (FPMI3 in Nucl. Phys. A523 (1991) 325); it comprises four
orbitals - f//2> Ps/2» ^5/2» Pi/2 ~ f°r both protons and neutrons. This
model space leads to Hamiltonian matrices too large for practical
calculations in the nuclei of interest, so we have truncated to three
orbitals - f7/2» Ps/2» ^5/2 ~ ^or both protons and neutrons, with the
maximum occupancy for the Ps/2 and f5/2 orbitals limited to two. This
truncation required a further renormalization of the FPMI3 interaction,
which we obtained by adjusting the configuration centroids in a fit to
about 60 ground-state masses.

Two additional isospin-dependent terms were added to the interaction: a
screened Coulomb potential and a charge-dependent nuclear interaction.
The strengths of these two terms were obtained by fitting the b- and c-
coefficients of the isobaric multiplet mass equation (1MME) in the ground
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states of the nuclei of interest. With these ingredients we could then
calculate the weak branching ratios to the isospin-forbidden excited 0*
states. We obtained branching ratios (in ppm) of 29 ± 10, 8 ± 6 and
51 ± 22 for the decays of A6V, 50Mn and 54Co, respectively. The
uncertainty quoted relates to the accuracy to which the c-coefficient of
the IMME is known. The results are in reasonable agreement with
experiment.

3.1.3 Beta Decay of 14Be

I.S. Towner and A.C. Hayes

The nucleus 14Be is one of a series of nuclei - 11Li, uBe, 17B ... - that
are said to be exotic because they have a large neutron radius (a neutron
halo) and a strong low-energy El mode of excitation. The beta decay of
14Be principally excites states in UB that are particle unstable and emit
neutrons. However, in a GANIL experiment (Phys. Lett. B206 (1988) 195)
the branching ratio to states with no subsequent neutron emission is
determined to be 14 ± 3%. This result is interpreted in terms of a single
decay branch from the 0*, T=3 state in uBe to the T, T=2 state in UB at
0.74 MeV excitation. This branch therefore is first-forbidden and is of
interest because it is the beta-decay analogue of the low-energy El mode
of excitation that is believed to be strong in these exotic nuclei.

We have begun shell-model calculations of this decay branch with the
intention of examining its dependence on models of the neutron halo. Our
preliminary results indicate this beta branch to be much weaker than the
experimental value would suggest.

3.1.4 P- and T-violation in Nuclei

I.S. Towner and A.C. Hayes

Simultaneous violation of parity conservation and time-reversal invariance
(P,T-violation) in the low-energy nucléon-nucléon interaction can be
described in terms of non-relativistic potentials derived from single-
meson-exchange diagrams involving the lightest pseudoscalar and vector
mesons. We consider here just n, p, and w mesons. The strength of the
P,T-violating interaction was parameterised in terms of coupling constants,
Ë^iiT» characterizing the nucléon (N) •* nucléon (N) + meson (M) matrix
elements in the various isospin (I) components. We considered plausible
forms for the meson-nucleon Lagrangians and found in a calculation in
nuclei described by a closed-shell-plus-one configuration that the
contributions to P,T-violation from p-, u~ and the 1=0, 1=2 components of
7r-exchange were all identically zero for charge-symmetric closed-shell
cores. Thus, only isovector jt exchange is important.
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P,T-violation may be studied in neutron transmission and -y-decay
experiments in odd-mass nuclei. In both cases, P,T-violation is
accompanied by P-violation alone; thus, it is useful to consider the ratio
of these tvo interactions: <VP-T>/<VP> = K g^J' /gjjgjl' » where it is
assumed that P-violation occurs primarily through isoscalar p exchange
described by the coupling constant gĵ j}' . We are currently calculating
the ratio, K, and examining its nuclear-mass dependence.

3.1.5 Boost Currents in Electron-Deuteron Scattering

I.S. Towner (Nuclear Physics Branch)
P.G. Blunden (University of Manitoba)

Our vork to date on the elastic magnetic electron-deuteron scattering has
calculated the one-body (impulse approximation) and two-body (meson-
exchange) currents to leading order and next-to-leading order in
nonrelativistic reductions, where the latter terms are considered to be
relativistic corrections to the standard treatment. There is, however,
one further complication. If the nucleus is initially at rest, it will
recoil when struck by the electron. Depending on the reference frame in
which the calculation is performed (usually the centre-of-mass frame), one
needs the wavefunction of either the initial or final state in a moving
frame. The calculational technique is to compute the currents in the rest
frame for both initial and final states and then apply a Lorentz boost
correction. We are currently evaluating this boost correction and are
hoping it will improve the agreement between our calculation and
experimental data on magnetic electron-deuteron scattering.

3.1.6 Theoretical Calculations for Intruder Bands in 109Sb

I. Ragnarsson (University of Lund)
N.C. Schmeing (McMaster University)
R. Wyss (University of Stockholm)
V.P. Janzen (Nuclear Physics Branch)

To interpret 8n-spectrometer experimental data on 109Sb and neighbouring
nuclei (PR-TASCC-5: 3.1.12; AECL-10787), theoretical calculations are
being carried out in the Nilsson-Strutinsky cranking approach. These
nuclei are especially interesting because they are near the N=Z=50 closed
shells. Our calculations predict that rotational bands observed at
moderate-to-high spins in these nuclei have available angular momentum of
about 40 -h. The calculations reproduce the strong rise in excitation
energy with increasing spin at the highest states seen, giving unusually
small /(2> moments of inertia. They predict that the three bands in
109Sb behave similarly as a function of (Imax - I), where Imax is the
highest spin available for the respective configurations. This is seen
experimentally: the T-ray energies of the respective bands become nearly
equal at the highest spins.

The predicted shape minima for the bands are nearly prolate (-y<10°) at low
spin, and with increasing spin become definitely triaxial, moving slowly
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through the region of •y=10°-30°, and becoming oblate (60°) only ex-
termination. There is qualitative agreement betveen Woods-Saxon and
modified oscillator calculations.

3.1.7 A Generalized Hartree-Fock Procedure for Rotational Nuclei

N.C. Schmeing (McMaster University)

In the wake of the discovery of "identical" rotational bands, first in
neighbouring superdeformed nuclei, then in a vide range of cases, it has
been questioned whether current mean-field theories are sufficient to
describe this striking phenomenon, or vhether some new symmetry is
responsible (PR-PHY-3: 3.5.1.6; AECL-10535). Especially the AZ=1
isotones around mass 150 suggest that there may be orbitals in rotational
nuclei that have minimal net effect on collective rotation.

Ve have demonstrated by generalizing the Hartree-Fock minimization
technique that a deformed, rotating nucleus may have a nonrotational
phase, defined by different symmetry properties, as a core within the
rotating structure. The symmetry of the new phase results from the
ordinary symmetries of quantum mechanics operating within the coupled
system, and appears as a self-consistent symmetry in the Hartree-Fock
sense. Particles in the nonrotating core have frequency-independent
quantized alignment. Such alignment has been inferred experimentally, and
was then quite unexpected, since it is not a feature of current mean-field
theories.

Ve have shown how excitations from a nonrotating core can lead to
isospectral bands of the kind observed in the mass-150 region via a
schematic two-mean-field calculation for 152Dy.

3.1.8 Non-Analogue 0* -> 0* Beta Transitions

E. Hagberg, V.T. Koslovsky, G. Savard and J. Albrecht (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)

Branching ratios for non-analogue 0*-»0* beta transitions test isospin
symmetry-breaking corrections that affect the value of the weak vector
coupling constant derived from superallowed beta-decay data (PR-TASCC-1:
3.1.8; AECL-10377). Ve performed three experiments in this field during
the reporting period.

A non-analogue branch in the decay of 46V was reported in (PR-TASCC-2:
3.1.5; AECL-10431). During that experiment, three unidentified t rays
were observed which were tentatively interpreted as single- and double-
escape peaks from 7 rays depopulating a 1* state at 4317 keV excitation in
46Ti. Unfortunately, the corresponding photopeaks were above our energy
range. Because the correction to the superallowed transition rate would
be important if the GT branch were 0.02% or greater, we repeated the
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experiment. The new data clearly shov the photopeaks from two 7 rays
populating the ground state and first 2* state in />6Ti from the 4317 keV
1* state. A detailed analysis of the experiment is in progress, but it is
already clear that the si2e of the GT branch is small enough that the
effect on the decay rate of the superalloved branch will be negligible.

We also performed a search for a non-analogue branch in the decay of 38raK.
The lowest 0* state (3377 keV) in the daughter, 38Ar, is depopulated by a
1210 keV 7 ray to the lowest 2* state. The main limitation to the
experiment is the presence of 38K, which gives rise to an intense 2167 keV
7 ray. The 1210 keV 7 ray would therefore be located on a Compton
platform. Our setup included a lead collimator that allowed 7 rays to
impinge only on the central region of a 68Z HPGe detector, in order to
improve its peak- to-Comp ton response. The collection time of the
activities produced was very short (1.1 s), so as to maximize the ratio of
the 924 ms 38mK activity of interest to that of the bothersome 7 min 38K
activity.

The 38mK activity was produced with an 18 MeV 4He beam on a stack of salt
(Cl) targets and was transported to our detector station with the fast
gas-jet and tape- transport combination. Unfortunately, the salt targets
deteriorated significantly over a period of eight hours, and we were
obliged to work with reduced beam currents and frequent target changes.
Both LiCl and BaCl2 targets were tried and only the last batch of the
latter type stood up well. Despite these limitations, we observed the
decays of 7xl09 38K nuclei. There appear to be some indications of the
presence of a 1210 keV 7 ray during the first 1.2 seconds of our 2.4-s-
long counting period. For longer counting periods, the background
produced by long-lived 38K dominates, and the evidence for a 1210 keV peak
is not statistically significant. This scanty evidence for a non-analogue
branch is consistent with a 924 ms half-life and would imply the presence
of a branch at the 10 ppm level. The detailed analysis underway will
demonstrate whether our tentative results are proof of the existence of
this branch, or whether only an upper limit can be quoted. At 10 ppm such
a limit would nevertheless be 2 orders of magnitude more stringent than
the best previous literature value.

A short experiment was also performed on the decay of 62Ga. It was
produced with a 29 MeV 6Li beam on a stack of seven 0.9-mg/ cm2 -thick
natural Ni targets. The cross section for the 2n evaporation channel was
very low and only IxlO7 decays of 62Ga were studied. No evidence for a
non-analogue transition was observed, and a limit of 400 ppm for such a
branch was deduced. The branch is expected to be about 60 ppm according
to theory. A significant improvement to our limit would be possible only
through a substantial increase in production rate.
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3.1.9 Studies of Decays of Tz « -1 Nuclei

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

The decays of Tz = -1 nuclei in the fp shell are poorly known. In many
cases, only weak delayed-particle branches have been observed and neither
the superallowed beta-decay transition nor the dominant Gamow-Teller
transitions are known. Ve have previously reported the first observation
of the decay of one such nuclide, 50Fe (PR-TASCC-2: 3.1.6; AECL-10431).
We have now attempted to observe the decays of four more Tz = -1 nuclides:
44V, 46Cr, 52Co and 54Ni. Very weak delayed particle branches have
previously been observed from 44V and 52Co, whereas no decay information
is available for 46Cr and 54Ni. We attempted to produce all four nuclides
with (HI,2n) reactions. For 44V, 52Co and 54Ni, we used Ca targets and
beams of 6Li, 14N and 160, respectively. For 46Cr we used PbS targets and
a 160 beam.

Our data show the first evidence of beta-delayed y rays from the decays of
44V and 52Co. In both cases, strong 6+ •» 4* -> 2+ -»• 0* 7-ray cascades were
seen in the daughter nucleus. In the 52Co case this is not surprising,
since its ground state is expected to be 6*, but in the 44V case the
ground state is expected to be 2*. However, the mirror of 44V, 44Sc, has
a 2+ ground state and a 6* isomeric state at 271 keV. Thus, it is likely
that the decays we are observing are from a 6* isomer in 44V. In 44V and
52Co, the dominant decay branch should then be the superallowed transition
to the 6+ isobaric analogue state in the daughter. In both cases, the
location of this state is not well known. However, we observe -y-ray peaks
in both cases with energies that correspond very well to the energy
difference between the expected 6* isobaric analogue state and the lowest
6* state in the daughter, and with intensities that are about equal to
those of the 6+ •» 4* transitions observed. Thus, we have indications of
the superallowed beta-decay branch in both 44V and 52Co, as well as other
allowed GT transitions.

In parallel with our work, studies of the decay of 44V were also performed
with the USE fragment separator at GANIL (private communication). They
also conclude that the decay they observed comes from a high-spin isomer
in 44V, but their data is much more sparse than ours.

The analysis performed during the experiment did not yield any evidence of
the decay of either 46Cr or 54Ni. A more detailed analysis is under way.

>

3.1.10 Fragmentation and Residue Formation in Intermediate-Energy
Reactions

D.R. Bowman, G.C. Ball, A. Galindo-Uribarri, E. Hagberg, D. Horn
and B. May (Nuclear Physics Branch)
L. Beaulieu, B. Djerroud, R. Laforest, E. Jalbert and R. Roy
(Université Laval)

Correlations between emitted fragments and light charged particles are a
powerful tool for unravelling the underlying dynamics of nuclear
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collisions. The relative velocity distribution of intermediate-mass
fragments is sensitive to the tine-scale of nuclear decay. A knowledge of
the emission tioe-scale can indicate vhether the reaction proceeds along a
binary path, such as for deep-inelastic scattering or incomplete fusion,
or vhether the emission time-scale is too short to allow a physical
separation of the projectile-like and target-like fragments.

Theoretical work has indicated that the combined detection of light
particles and heavy reaction residues can yield information about nuclear
dynamics. Physically relevant parameters in transport model calculations -
the compressibility of nuclear matter and the in-medium nucléon-nucléon
cross section - are sensitive to correlations between the residue mass,
the residue charge, and the azimuthal anisotropy of emitted light
particles with respect to the plane defined by the beam axis and the
residue velocity vector.

To investigate the dynamics of nuclear reactions at intermediate energy,
residues and fragments with 2 < Z < 34 were detected and identified with
Si/CsI telescopes at 3-5° in the reverse-kinematics reactions 70Ge + 27A1,
and natTi at E/A = 35 MeV. Light charged particles and fra?{ments with Z <
18 were simultaneously measured with the 80-element CRL/Laval phoswich/Cs!
array, which covers ~95£ of the solid angle between 6.5 and 46°.

Preliminary results show the expected correlations between impact-
parameter filters such as charged particle multiplicity, intermediate mass
fragment multiplicity, residue charge, and residue velocity. The yield of
intermediate-mass fragments of Z = 4 - 9 is sufficient to construct
fragment-fragment velocity correlation functions, and to investigate the
fragment-emission time-scale.

In collaboration with D.C. Radford, we have developed a semi-automated
particle-identification scheme for the forward-array phoswich elements
based upon 8* peak-identification programs. An ancillary program scales
existing particle-identification gates, to correct for gain shifts in the
scintillator photomultiplier tubes.

The 80 Forward Array and Csl elements are now calibrated for particle
identification (including gain shifts). The Si/CsI telescopes for residue
detection are calibrated for particle identification and have preliminary
energy calibrations. Ve are proceeding by determining energy calibrations
for the Array elements and by looking at the azimuthal distributions of
the light charged particles. A follow-up experiment is planned, which will
improve the existing energy calibrations, correct the response of Csl
elements for low-energy protons and provide isotopic information for
hydrogen isotopes in the Forward Array.
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3.1.11 Multifragment Emission in Xe + Al. Cu. Y. Ho. Au Reactions at
E/A = 30 and 70 HeV

D.R. Bowman and D. Horn (Nuclear Physics Branch)
A. Moroni, I. lori, S. Brambilla, S. Chiodini, Â. Ferrero and
R. Scardaoni (INFN and Université di Hilano, Milano, Italy)
N. Colonna, F. Petruzzelli and L. Celano (INFN Sez. di Bari)
H. Bruno, M. D'Agostino, P.F. Mastinu, P. Milazzo and E. Querzola
(INFN and Université di Bologna)
F. Gramegna (INFN Laboratori Nazionali di Legnaro)
G.V. Margagliotti and R. Rui (INFN and Université di Trieste)
C. Schvarz, J. Dinius, O.K. Gelbke, T. Glasmacher, D. Handzy, V.-
C. Hsi, M.-J. Huang, M.A. Lisa, V.G. Lynch, G.F. Peaslee,
L. Phair and H.B. Tsang (Michigan State University)

An experiment vas performed with the K1200 Cyclotron at Michigan State
University, to investigate the onset and evolution of the multifragment
decay mechanism at E/A = 30 and 70 MeV. A goal of this experiment vas to
determine the time-scale of multifragment emission near the threshold for
the process. Reactions at E/A -30 MeV betveen heavy partners have
indicated the presence of a binary decay mechanism akin to low-energy
deep-inelastic scattering. This conclusion vas reached based upon
kinematic measurements of neutrons, light charged particles, and
projectile-like fragments. With an improved detector system ve performed a
similar experiment that simultaneously measured kinematic quantities in
high resolution along vith fragment-fragment velocity correlations, which
are sensitive to the emission time-scale in the decay process. These
measurements vill determine vhether the fragments are emitted on a very
short time-scale ("simultaneous emission") vhile retaining a kinematic
memory of the entrance channel, or vhether the emission time-scales are
indeed so large that interpretations in terms of sequential decay of the
projectile-like and target-like fragments become meaningful.

The detection system vas composed of the 44-element high-resolution
MULTICS array at forvard angles (<23°) and the 159-element MSU Miniball
phosvich array at backvard angles (23 - 160°). The MULTICS telescopes
consist of an axial gas ionization chamber followed by a position-
sensitive 500 micron Si detector, a 3.5 mm Si(Li) detector, and finally a
2.5 cm Csl crystal. Unit charge identification is possible in these
telescopes for Z = 1 - 54. The energy resolutions are approximately IZ for
the Si and Si(Li) detectors and a fev percent for the ion chambers and Csl
crystals. Position resolutions of -0.2° are obtainable. For energy-
calibration purposes, 32 separate analogue beams vere extracted from the
MSU Cyclotron and tuned directly into the telescopes.

Each Miniball element consists of a 40 /tm plastic scintillator foil and a
2 cm Csl crystal. Charge identification is possible for Z = 1 to
approximately 15, and energy resolutions of 5-10Z are obtained.
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Calibration of the HULTICS detectors is being performed in Italy and is
nearly complete. Calibration of the Hiniball detectors is progressing at
Chalk River.

3.1.12 Extension of the Study of a Highly Excited Nuclear-Matter System
with an Exclusive Impact-Parameter Trigger

G.C. Ball, A. Galindo-Uribarri, E. Hagberg, D. Horn, M.G. Steer
and T.G. Vhan (Nuclear Physics Branch)
L. Beaulieu, R. Laforest and R. Roy (Université Laval)
T. Li, A. Vander Molen, G.D. Vestfall, J.S. Vinfield, J. Tee and
S. Yennello (NSCL and Michigan State University)

Analysis of the experiment carried out at Michigan State University in
1991 September has continued (PR-TASCC-5: 3.1.9, AECL-10787). Energy
spectra for light ions (Z = 1-3) from the high-resolution telescopes have
been obtained, gated by the central!ty of the collision, as determined
from the parameters MB (the 4jt-ball multiplicity) and 2ZF (the total
forward Z detected by the Chalk River Forward Array). The a-particle
spectra obtained for 45A MeV 20Ne on 24Mg are in good agreement with
previous data for 45A MeV 20Ne on NaF at 0L=47° (Pruneau et d.t Nucl.
Phys. A534 (1991) 204). In addition, similar pseudotemperatures (within
±1 MeV) are obtained from the high-energy slopes of the p, d, t and a
spectra for the data taken at a given angle. However, the values are
found to decrease by -1-2 MeV over the range from 0L = 39.5° to 52.3°.

The shapes of the light-ion energy spectra for 80A MeV 20Ne on NaF and
80 MeV 36Ar on KC1 were found to be nearly identical. The relative
intensities of the p, d, t, 3He and a yields were also found to be
similar. These results are consistent with the formation of a participant
zone at the same temperature and average velocity for both symmetric
systems, which differ in mass by a factor of two.

Playback of the data for 45A MeV 36Ar on KC1 has not been completed. A
more complete analysis of these data, including corrections to the energy
spectra for losses from elastic and inelastic reactions in the detector
materials, is in progress.

3.1.13 Projectile Fragmentation of 24Mg

T. Larochelle, G. Anctil, L. Beaulieu, B. Djerroud, D. Dcré,
P. Gendron, E. Jalbert, R. Laforest, M. Rochette, R. Roy,
M. Samri and C. St-Pierre (Université Laval)
G.C. Ball, D. Bowman, A. Galindo-Uribarri, E. Hagberg and D. Horn
(Nuclear Physics Branch)

The first two experiments performed with the 80-detector forward array
(1992 August and November, PR-TASCC-5: 3.1.6; AECL-10787), and a 2*Mg beam
at 25 and 35A MeV, are part of a systematic study on 24Mg projectile
fragmentation. Previous experiments were performed at 50 and 70A MeV at
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GANIL. To save as much time as possible in the lengthy process of off-line
energy calibration» both calibrations needed for the TASCC experiments
were executed in parallel and are being analyzed. Angular correlations
betveen particles and fragments for complete events (i.e., all projectile
and target residues identified) from runs with the carbon target have been
examined. The 9~alpha channel (Y. Larochelle, M.Sc. Thesis) is discussed
in a following report.

Energy Calibration

While the phoswich detectors between 6.7 and 24° have been calibrated for
many earlier experiments, we had never before calibrated the 32 CsI(Tl)
detectors between 24° and 46°. Two recent works have studied extensively
the mass dependence of the response of CsI(Tl) scintillators. In the first
case (D. Horn et a/, Nucl. Inst. Meth. in Phys Res., A320(1992) 273), 35
energy points for Z=l to 6, up to a total energy of 500 MeV, have been
used; the second study is based on experimental values for Z=2 up to 36
with a maximum total energy of 1250 MeV (N. Colonna et a/, Ibidem, A321
(1992) 529). The first analysis expressed the light output as a function
of the energy, mass number and charge, and attained an overall precision
of tl.5%. The second analysis neglected the mass dependence; therefore,
the precision was not better than 5%. It is generally preferable to
express the energy as a function of light output, mass number and charge,
thereby avoiding interpolation between tabulated values, since energy is
the desired observable. Unfortunately, the relationships derived by Horn
et al. are transcendental functions, and cannot be inverted. However, an
empirical function has been developed,

B = a AZ2 + <b + cAZ2) L -

which can be fitted to a calibration curve to evaluate the energy E as a
function of the mass number A, the charge Z and the light output L, with
adjustable parameters a, b, c and d. This function reproduces the
experimental points of Horn et d. with an overall error of ±4.2%. This
function was applied to calibrate the experiments mentioned above by
fitting to four alpha peaks between 81 and 117 MeV and two proton peaks at
15 and 26 MeV.

In future work, the procedure could be improved by use of several precise
energy peaks obtained in a dedicated calibration process, as was, for
example, done in the 43A MeV 35C1 experiment (see 3.1.15). A cyclotron-
produced carbon beam, which can be elastically scattered or used to
produce a secondary beam of light fragments, is a better way of performing
these complex calibrations.
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3.1.14 The 9-Alpha Channel in the 2*Mg on ^2C Reaction at 35A MeV

Y. Larochelle, L. Beaulieu, D. Doré, E. Jalbert, R. Laforest,
R. Roy and C. St-Pierre (Université Laval)
G.C. Ball, A. Galindo-Uribarri, E. Hagberg and D. Horn (Nuclear
Physics Branch)

The CRL-Laval Forward Array is an efficient detection system for studying
reactions vith inverse kinematics. The first reaction investigated with
the nevly completed 80-detector facility (PR-TASCC-5: 3.1.7; AECL-10787)
was 24Mg on 12C at 35A MeV. It allowed the measurement of high
multiplicity channels from which most of the total charge of the
projectile-target system (2Z=18) can be detected. To date, analysis has
focused on the 9-alpha channel (I. Larochelle, M.Sc. Thesis). Simulations
based on the code EDMON (F. Auger et a/, Phys. Rev. C35 (1987) 190) have
shown that the detection efficiency is 80Z for events with greater than
two particles emitted in fusion of the projectile and target nuclei.

Several approaches for the analysis are planned. We need to identify the
key observables so that various possible reaction mechanisms (entrance and
breakup channels) can be identified. Preliminary results on the azimuthal
correlations among the alphas are being evaluated. Simulated distributions
for a prompt-breakup scenario result in different correlations from those
of a binary-sequential decay. Compared to the experimental results, the
predicted ones favor the sequential decay mechanisms. However, the
simulations, based on the code SOS (J.A. Lopez and J. Randrup, Comp. Phys.
Comm. 70 (1990) 92), are performed with no angular momentum assigned to
the emitting nucleus. Moreover, the experimental energy thresholds and
limited angular coverage might have a strong biasing effect on the
results. Thus, further analysis is needed to evaluate the importance of
angular momentum and to make sure that the experimental restrictions are
adequately taken into account and understood. An extensive study made
recently on the projectile fragmentation of 160 at 50 and 70A MeV was
indecisive concerning the role of angular momentum. However, the present
nuclear system is different: 9-alpha channel events should be produced
preferentially in central collisions and, contrary to the projectile-
fragmentation case cited above, there should be zero or small associated
angular momentum.

Other analysis techniques, such as velocity diagrams (longitudinal versus
transverse components) and event-shape analysis in terms of sphericity-
coplanarity, are being explored. The observables generated by the analysis
techniques will be examined for sensitivity to the breakup mechanism and
insensitivity to bias from the experimental setup. To date, the velocity
diagrams are promising, and are less influenced by the experimental
filter. A similar analysis will be conducted on other 2Z=18 channels.
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3.1.15 Time Evolution in Nuclear Reactions

G. Anctil, L. Beaulîeu, D. Doré, B. Djerroud, E. Jalbert,
R. Laforest, Y. Larochelle, R. Roy, M. Samri and C. St-Pierre
(Université Laval)
G.C. Ball, D. Bowman, A. Galindo-Uribarri, E. Hagberg and D. Horn
(Nuclear Physics Branch)
D. Guinet and P. Lautesse (Institut de Physique Nucléaire, Lyon)

In 1993 June, a major experiment was completed with the full 80-detector
CRL-Laval Array (PR-TASCC-4: 3.2.3; AECL-10674). This experiment involved
nearly two weeks of continuous running with a 35C1 beam at 43A MeV.
Several targets (12C, 24Mg, 27A1) were bombarded in a study of the
sensitivity of simple observables as discriminants between sequential and
simultaneous breakup of nuclear systems.

In the most central collisions between heavy nuclei at intermediate
energies, the production of intermediate-mass fragments (IMF) is expected
to be the dominant process. Several models have been developed in an
attempt to find suitable observables to discriminate among various
physical assumptions. In particular, data analysis in terms of IMF
relative velocities and angles (J.A. Lopez and J. Randrup, Nucl. Phys.
A491 (1989) 477) is a starting point to study the behavior of the
fragmentation mechanism and to look for a transition from a binary-decay
mechanism to a simultaneous cracking of the nuclear systems
(V. Gawlikowicz and K. Grotowski, Nucl. Phys. A551 (1993) 73; D.H.E. Gross
et û/, Phys. Lett. B234 (1989) 29). If the excitation energy of the system
can be established on an event-by-event basis, it could become the common
link for interrelating different nuclear systems formed over a range of
projectile energies.

We have also used the 43A 35C1 beam to bombard a 197Au target in a
continuation of our program on projectile fragmentation, by specifically
measuring the IMF correlations from the breakup of an intermediate-mass
projectile. This research should complete the study (L. Beaulieu, M.Sc.
Thesis; L. Beaulieu et a/, to be submitted to Nuclear Physics) made at
30A MeV; the increase in beam energy provides an increase in the
excitation energy accessible for study by measurement of higher
multiplicity exit channels.

In order to achieve a complete energy calibration for all detectors of the
five rings as well as for the three Si-CsI telescopes mounted inside the
inner ring, a 12C beam at 40A MeV was requested. Ve did not use the
43A MeV 35C1 beam for secondary-beam production, since a 24Mg beam used in
an earlier calibration had not produced high enough secondary beam
intensities to provide calibration points in all detectors. The carbon
beam, because of its high intensity and its relatively low mass, furnished
more intense and more focused secondary beams. Carbon production targets
of thicknesses 300, 400 and 700 mg/cm2 were used. The carbon beam was used
at its full energy and degraded to 30, 26.6 and 20.2A MeV. On line, alpha
peaks were observed in most of the detectors at 40, 30 and 20A MeV. Other
particles should become visible in a full analysis. A Tandem beam of 12C
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at 98 MeV was used to obtain low-energy deuterons and protons from a CD2-
CH2 target.

3.1.16 Search for Pionic Fusion

D. Horn, G.C. Ball, D.R. Bowman, V.G. Davies and G. Savard

The possibility that a heavy-ion collision near the absolute energy
threshold for creation of a pion could result in a pion, leaving a fused
compound nucleus, was raised in PR-TASCC-5: 3.1.5; AECL-10787. At that
time, the feasibility of measuring A=24 residues from the 12C+12C reaction
with the Q3D spectrometer was evaluated and various sources of background
identified. As a result of those tests, a number of improvements and
ancillary measurements were made. An experiment has now been performed to
search for pionic fusion. Improvements to the setup for this experiment
included:

- a separated anticoincidence region at the back of the heavy-
ion counter to reject "punch-through" events,

- modifications permitting the detector to run at higher gas
pressure with improved AE-E response,

- reduction of the diameter of the circular entrance aperture
for the Q3D from 17.2 to 12.7 mm to reduce background, and

- a set of slits in the beam line just before BE-8 to remove
beam halo.

Among the measurements performed were:

- runs with a W03 target to examine the effect of oxygen
impurities in the carbon target,

- charge-state fraction measurements for 24Mg as a function of
energy and target thickness,

- a precise determination by TASCC A&D Branch of the energy of
the incident 12C beam, and

- a measurement of the 12C target thickness by means of a
particles from a 241Am source.

The results demonstrate that, if all candidate A=24 events came from
oxygen contamination on the target, that contamination would have to
represent at least 4Z by weight of the 12C target. They also indicate that
the detected charge states of 24Mg, namely II4 and 12*, constitute about
95% of the yield for the average magnesium recoil velocity expected in the
experiment. The nominal beam energy of 276 MeV can now be replaced by the
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measured value of 274.8 ± 0.2 MeV, and the nominal target thickness of
490 jug/cm2 by 486 ± 50 /jg/cm2 .

The Q3D spectrometer detected A=24 reaction products recoiling at 1° or
less in the search for the 12C(12C,24Mg)*° and 12C(12C,24Na)jt* reactions
at 274.8 MeV. The target vas exposed to approximately 5xl015 12C ions at
each of four spectrometer field settings, calculated to span the
anticipated momentum-to-charge values for q=ll+ and q=12+ pionic fusion
products. The permitted momenta for 24Na recoils range from 2406 to
2517 MeV/c. For 24Mg, the range is 2389 to 2527 MeV/c; in addition, the
radiative-capture reaction with a high-energy -y-ray emitted forward or
backward can produce 24Mg recoils in the 2287 to 2361 HeV/c and 2562 to
2625 HeV/c ranges, respectively. The absolute momentum calibration for the
spectrometer focal plane was extrapolated from a low-field alpha-particle
measurement. Ve have adjusted this coarse calibration using the pattern
of permitted 24Mg momenta in a background- to- peak minimization procedure
and obtained a sharp minimum in the ratio,

da(bkgd)/dp dn

da(peak)/dp dn

for a 0.6% shift in the momentum spectrum relative to the nominal
calibration. The number of 24Na events was smaller, and no convincing cusp
was observed for that reaction. Despite efforts to minimize and monitor
both target contamination and pileup, we cannot be certain of the
background levels in the present experiment. Accordingly, we take the
maximum number of 24Mg detected in any 138-MeV/c momentum slice (35 events
for charge 11 and 12) plus a statistical error of 17% and extract an upper
limit of 0.32 nanobarns for the reaction 12C(12C,24Mg)ji° .

A timing detector for pileup rejection is being designed for future
measurements, which will also include calibration with a 24Mg beam from
the Tandem, and possible elastic- scattering measurements of target
impurities.

3.1.17 CsI(Tl) Light Output for Heavy Ions; Effects of Delta-Ray
Production

D. Horn

The scintillation response of Csl to heavy ions has previously been
investigated (see PR-TASCC-2: 3.2.9; AECL-10431 and Nucl. Inst. and Meth.
in Phys. Res. A320 (1992) 273) for ions as heavy as 12C. That work
revealed the mass-dependence of the light output and incorporated it into
the quenching formalism of Birks (Theory and Practice of Scintillation
Counting (Pergamon, 1964) 465). Recent measurements by Colonna et ci.
(Nucl. Inst. and Meth. in Phys. Res. A321 (1992) 529) have provided data
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for ions as heavy as &4Kr. For such heavy ions, the light from within the
primary ionization column is almost entirely quenched because of the very
high differential energy loss. Their light output is therefore dominated
by that fraction of the energetic electrons, or "delta-rays", that are
scattered outside the primary ionization column; for these electrons the
scintillation efficiency is nearly 100Z. Putting this physics into our
earlier approach, we obtain the differential light output,

dL

dx 1 + (!-Fs)kB(dE/dx) dx

dE dE
— + SFS —,

dx
(1)

where S is the scintillation constant, kB is the quenching factor, and Fs
is the fraction of the electrons scattered out of the ionization column.
This fraction is zero up to a threshold ion velocity of about /3=0.04.
The expression for Fs, valid above the threshold velocity, is taken from
the review article by Ahlen (Rev. Mod. Phys. 52 (1980) 121):

an(2mec
272/32/T0) - ft2

2{an(2mec
27202/I) - ft2}

(2)

The values of ft and 7 are calculated from the ion velocity; mec
2=511 keV

is the electron mass; the electron kinetic energy cutoff, T0, is given as
1.5 keV; and 1=0.488 keV is the Csl ionization potential. At moderate
velocities {ft < 0.7), a simpler approxmation to equation (2) in terms of
the ion's mass number, A, and energy, E, is equivalent to within one
percent :

an(4.5E/A) - an(T0/I)

2ftn(4.5E/A)
(3)

Since the analytical expression for Fs is negative for energies below
0.7A MeV, equation (1) is integrated up to that energy with Fs=0, and from
0.7A MeV to the full ion energy with Fs given by (3). As in PR-TASCC-2:
3.2.9; AECL-10431, the value of kB(dE/dx) is approximated by AZ2/E
multiplied by a constant. The expression for light output as a function of
energy becomes

0.7A + a2AZ2 nE

0.7Aa2AZ
2

ftn(T0/I) 1

an(4.5E/A)J
dE

, r an(T0/i) ]
2E+a2AZ2 1 + ———

L an(4.5E/A)j

(A)

The constants, a1 and a2, can be obtained from fits to calibration points.
The first is the product of the scintillation constant and the gain
factors of the instrumentation. The second is the quenching factor
multiplied by the (p^proximately constant) ratio of dE/dx to AZ2/E.
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Data extracted from the light-vs.-energy curves of Colonna et fl/, ranging
from low-energy helium ions to 1300-MeV krypton ions, vere fitted by the
expression for light output (the final term vas integrated numerically),
giving good agreement. Similarly, calibration data for three CsI(Tl)
detectors from a recent experiment (see 3.1.13.) vere analyzed for ions
ranging from 320-MeV 15N to 1159-MeV 70Ge, yielding standard errors of
less than 2% for each detector.

Note that a2 should, in principle, be the same, for a given detector,
regardless of hov it is used. Once established, the constant should not
need remeasurement from one experiment to the next. In practice, hovever,
the apparent quenching factor vill vary vith the electronic integration
time of the signal. CsI(Tl) yields light vith tvo decay time constants,
the fast emphasized by high differential energy loss, and the slov by lov
dE/dx. For example, the a2 coefficients obtained from a crystal coupled to
a fast photomultiplier tube vith the output pulse encoded in a QDC vith a
gate time of a fev hundred nanoseconds should be much lover than those
from the same crystal coupled to a photodiode vith a spectroscopy
amplifier having a shaping time of several microseconds.

3.1.18 High-spin Spectroscopy of 47V and Neighbouring Nuclei

J.À. Cameron, G. Hackman, J. Jonkman, S.M. Mullins,
J.L. Rodriguez, J.C. Waddington and L. Yao (McMaster University)
H.R. Andrews, A. Galindo-Uribarri, V.P. Janzen, D.C. Radford and
D. Ward (Nuclear Physics Branch)
M. Cromaz, J. DeGraaf and T. Drake (University of Toronto)
S. Pilotte (University of Ottava)

Heavy-ion evaporation reactions populating mid-shell f7/2 nuclei have been
conducted at the TASCC facility. Most recently, high-spin states in 47V
and surrounding nuclei have been investigated vith the 8ji detector array.
Symmetric as veil as asymmetric reactions have been studied:
28Si(28Si,2ap) and 40Ca(10B,2pn). In 1993 May, a 125 MeV 28Si beam vas
used, and experiments with backed and self-supported targets were carried
out. The targets were: a) 0.800 rag-cm"2 28Si vith 13 mg-cm"2 gold backing,
and b) O.A50 mg-cm'2 x 2 28Si. In 1993 July, a 37 MeV 10B beam vas used
and the targets vere: a) 0.990 mg-cm'2 natural calcium vith 11.0 mg-cm'2

gold backing, and b) 0.450 mg-cm'2 x 2 natural calcium. States at and near
the band-terminating level in 47V vere observed. Currently, Doppler-Shift
Attenuation Method (DSAM) and standard analyses of the data are being done
at McMaster University.
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3.1.19 Fusion-Evaporation/Fission in A-50

À. Galindo-Uribarri, D. Bovnan, D.C. Radford, G. Savard and
D. Ward (Nuclear Physics Branch)
B. Djerroud, R. Laforest and R. Roy (Université Laval)
C. Beck (CRN, Strasbourg)
S. Pilotte and D. Cameron (University of Ottawa)
J. Rodriguez and J. Jonkman (McMaster University)

An exploratory run to study fusion-fission of the *7V compound nucleus
formed in both symmetric and asymmetric reactions vas performed with the
8x spectrometer and the Miniball. The fission process in light nuclei has
not been studied as extensively as in heavy nuclei. Previous studies of
fusion-evaporation and fusion-fission of 47V have been done by Morganstern
et d. Z. fur Phys. A313 (1983) 39 and by C. Beck et d. Phys. Rev. C47
(1993) 2093. These studies might improve our theoretical understanding of
the fission process and its link to clustering in nuclei. Fusion-fission
with heavy ions excites the nucleus to high spins and excitation energies
compared with other excitation mechanisms, such as electron-induced
fission.

There are experimental problems involved in these studies. The fission
fragments have lov kinetic energies and they are difficult to detect over
their full dynamic range. Also, the large angular spread of emission
results in an extremely lov counting efficiency unless a high-solid-angle
detection system is employed. Unambiguous identification of fission is
possible if the tvo fragments are detected in an appropriate kinematic
coincidence. This can be accomplished vith surface-barrier silicon
detectors, but the cost of building large-solid-angle arrays is high.
There are also other dravbacks, such as the severe radiation-damage
problems caused by the fragments.

In this experiment, ve tried a novel approach. Ve used both silicon-
detector telescopes and lov-cost solar cells made of amorphous silicon.
The cells vorked as fission detectors vith very satisfactory results.
Large solid angles vere covered vith these inexpensive devices. One very
important feature is their insensitivity to light ions, vhich are produced
in much larger numbers than fission fragments in this reaction. With the
present data ve expect to study response characteristics of these
detectors: their potential for use in large arrays could be far-reaching.

A second purpose of the experiment vas to study high-energy -y rays from
the giant dipole resonance (GDR). For light medium-mass nuclei, evidence
of an oblate-to-triaxial phase transition at high spin has been found
recently in GDR studies by a University of Washington group (M. Kicinska-
Habior et d.).

We used both an asymmetric reaction, 37C1 + 12C at 200 MeV and 150 MeV,
and a symmetric reaction, 23Na + 24Mg at 89 MeV and 150 MeV. The
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bombarding energies vere chosen to form the 47V compound nucleus at
excitation energies of E*= 50 MeV, 65 MeV, and 93 MeV.

The experimental setup consisted of:

a) 16 Csl/photodiode detectors of the Miniball, to study light
particle spectra (p, d, a) covering the angular range of 67.5 to
157.5° in the laboratory;

b) 2 Csl/photodiodes to study light-particle spectra at forvard
angles;

c) tvo AE-E telescopes for detecting fission fragments and measuring
their Z-distribution;

d) three solar cells for detecting fission fragments;

e) 70 BGO ball detectors to: i) measure gamma-ray fold to extract
spin distributions, ii) serve as a multiplicity filter, and iii)
to measure high-energy gamma- rays; and

f ) 20 HPGe detectors to identify residual nuclei and study their
Doppler shifts and broadenings.

Typical beam currents vere 0.6 pnA. The event rates to tape were above
2000 events/s characterized by a multiplicity on the BGO of K^Q > 1; and
on the HPGe KHPGe > 1. A characteristic of these reactions is the high
recoil velocities encountered (up to 8.2% of the speed of light).

The analysis of the data is at a very preliminary stage, but the on-line
results are very encouraging.

3.1.20 High-spin States in 109Sb. 1Q6.lQ8sn Studied with the 6AMMASPHERE
Spectrometer

V.P. Janzen (TASCC/McMaster University)
D.C. Radford (Nuclear Physics Branch)
D.B. Fossan, D.R. LaFosse, H. Schnare and P. Vaska (SUNY
Stonybrook)
R. Vadsworth, K. Hauschild and I. Hibbert (York University, U.K.)
S. Hullins (McMaster University)
J. DeGraaf and T.E. Drake (University of Toronto)
J.R. Hughes (Lawrence Livermore Laboratory)
C.tf. Beausang and E.S. Paul (University of Liverpool)
B. Cederwall, M.Â. Deleplanque, R.M. Diamond, P. Fallen, I.Y. Lee
and F.S. Stephens (Lawrence Berkeley Laboratory)

An experiment designed to study high-spin states in 109Sb and
was carried out in April with GAMMASPHERE, the third-generation -y-ray
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spectrometer situated at Lawrence Berkeley Laboratory. The goals of the
experiment vere:

1) to extend the rotational bands observed vith the 871
spectrometer (PR-TASCC-5: 3.1.12; AECL-10787) to higher spin
and higher rotational frequencies»

2) to search for additional rotational structures, and

3) to look for linking transitions between rotational and single-
particle states.

The GAMMASPHERE spectrometer is in an "early-implementation" phase of
construction and, at the time of the experiment, comprised 24 Compton-
suppressed 70% HPGe detectors in two clusters, one between the polar
angles of 17.3° and 37.4°, and the other between 162.7° and 142.6° with
respect to the beam direction. The reaction used was identical to that
used for the Bn experiment: namely, a 243-MeV 58Ni beam on 54Fe targets.
The 109Sb, 106Sn and 108Sn were populated via the 3p, «2p and 4p exit
channels, respectively. Vith a trigger condition of three suppressed HPGe
detectors in coincidence, and a beam current of 5 particle-nA incident on
a 1-mg/cm2 target foil, approximately 2.5xl03 events-per-second were
collected on tape. These events comprised approximately 79% three-fold,
18% four-fold and 3% five-fold suppressed HPGe coincidences.

Over a three-day period, approximately 4.9X108 and l.OxlO8 unpacked three-
fold coincidences were collected with unbacked and Pb-backed targets,
respectively. Also, 5.3xl07 unpacked triples were collected with a Au-
backed target. The data are presently being analysed at SUNY Stony Brook,
York and CRL. Figure 3.1.20.1 shows the sum of background-subtracted
double-gated coincidence spectra obtained from a triple-coincidence data
set with gates on pairs of transitions within the yrast rotational band of
109Sb. Analysis of the data is continuing.

3.1.21 A Highly-deformed Band in 131Pr

A. Galindo-Uribarri, T.R. Alexander, H.R. Andrews, G.C. Ball,
J.S. Forster, D.C. Radford, N. Schmeing and D. Ward (Nuclear
Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake and G. Zwartz (University of Toronto)
S. Flibotte, J. Johansson, S.M. Mullins, D. Prévost and
J.C. Waddington (HcMaster University)
S. Pilotte (University of Ottawa)

A highly deformed rotational band has been discovered in the odd-Z nucleus
131 Pr. The experiment was performed with the 8* -y-ray spectrometer and the
Miniball array. The rotational sequence, characterized by strong regularly
spaced AJ=1 transitions and weak E2 crossovers, has a moment of inertia
characteristic of large deformation. The bottom of the band corresponds
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Figure 3J20J Coincidence spectrum obtained by summing spectra gated on pairs of
transitions within the yrast rotational band in Sb. Peaks marked with a * are
known members of the band. Energies in keV are given by the channel number xOJ>.
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to -hu=0.17 HeV; this is the lowest frequency encountered in any known
superdeformed band in the A-135 Ce-Nd region. The assignment to 131Pr was
based on tvo-dimensional T-T matrices gated by different charged-particle
conditions. Further properties of this band are being investigated. An
experiment to measure lifetimes with DSAH has been scheduled.

3.1.22 Search for Superdeformation in l45Tb

S.M. Hullins, G. Hackman, J. Jonkman, J. Rodriguez and
J.C. Waddington (McMaster University)
A. Galindo-Uribarri, D.C. Radford and D. Ward (Nuclear Physics
Branch)
V.P. Janzen (TASCC/McMaster University)

Superdeformed bands have been found in the two N = 80 nuclei, 143Eu
(S.M. Mullins et a/, Phys. Rev. Lett. 66 (1991) 1677; A. Atac et û/, Phys.
Rev. Lett. 70 (1993) 1069) and 142Sm (G. Hackman et al., Phys. Rev. C47
(1993) R433). The latter was discovered in data obtained with the 8*
spectrometer. Many groups have searched for superdéformâtion in the next N
= 80 isotone in the chain, namely 144Gd. These searches have not proved
fruitful, and the failures have been, at least in part, attributed to the
possibility that the yrast SD-band does not have a regular spacing.
Calculations predict a band-crossing due to N = 6 quasiprotons that causes
the dynamic moment of inertia to change rapidly. This crossing is blocked
in 143Eu, and, so it would seem, in 142Sm. The Z = 65 N = 80 isotone,
145Tb, should not exhibit this crossing either, which offers the chance to
find superdeformed bands with established techniques that rely on regular
energy spacings. Hence an experiment was carried out to search for
superdeformation in 145Tb.

The experiment was carried out at the TASCC facility, and made use of the
Bn spectrometer in conjunction with the ALP Miniball charged-particle
detector array. States in 145Tb were populated in the 2p2n exit channel
from the reaction 37C1 + 112Sn at 187 MeV. The target consisted of two
stacked self-supporting ~500 /jg/cm2 foils. Approximately 2.7X108 events
were collected, which were distributed amongst U5Tb, U2Gd, U5Dy, 144Tb,
144Dy and 144Gd. Hence, there was considerable fractionation of the yield
over many exit channels, and only limited enhancement of 145Tb events was
possible. The data were replayed into a 7-7 coincidence matrix subject to
conditions on the Miniball. These were 1 < Mp < 2 for the proton
multiplicity and Ma = 0 for the o-particle multiplicity. This matrix
contained l.SxlO8 events, in which 145Tb was approximately twice as strong
as 142Gd. The matrix was searched for superdeformed bands with established
techniques. Two candidates for superdeformed bands were found, and gated
coincidence spectra were projected from the 7-7 matrix. One of the
candidates proved to be more convincing than the other, and consists of
ten transitions in the energy range 500 keV to 1200 keV. It is our
intention to obtain a more extensive data set, with which we would hope to
confirm and also extend the candidate band.
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3.1.23 AI=4 Bifurcation in a Superdeformed Band: Evidence for C4
Symmetry?

S. Flibotte, F.A. Beck, G. Bélier, T. Byrski, D. Curien,
G. de France, D. Disdier, G. Duchêne, Ch. Finck, B. Haas,
B. Kharraja, J.C. Merdinger, V. Rauch, H. Savajols, Ch. Theisen
and J.P. Vivien (CRN, Strasbourg)
G. Hackman, D. Haslip, S.H. Hullins and J.C. Vaddington (McHaster
University)
H.R. Andrevs, G.C. Ball, D.C. Radford and D. Ward (Nuclear
Physics Branch)
V.P. Janzen (TASCC/McHaster)
C. Beausang and P.J. Twin (Liverpool)
J.C. Lisle (University of Manchester)
V. Nazarewicz (Oak Ridge/University of Tennessee)
K. Zubcr (Cracow)
S. Aberg (Oak Ridge/Lund Institute of Technology)

The identification of rotational bands in atomic nuclei about forty years
ago led to the conclusion that many nuclei possess a deformed shape. In
most cases, rotational bands are formed of spin sequences with AI=2,
connected by E2-transition matrix elements. This implies R-invariance (C2
symmetry); i.e., the intrinsic Hamiltonian is invariant under the rotation
of 180° around an axis perpendicular to the symmetry axis (A. Bohr and
B.R. Mottelson, Nuclear Structure (Benjamin, New York, 1975), Vol. 2). We
report on experimental evidence for the presence of a higher symmetry in
the rotational spectra. The yrast superdeformed band in U9Gd (B. Haas,
et al., Phys. Rev. Lett. 60 (1988) 503, B. Haas et a/, Phys. Rev. CA2 (1990)
R1817) shows an unexpected staggering effect. At high rotational
frequencies the AI=2 rotational band is perturbed and two Al=4 rotational
sequences emerge, with an energy splitting of about 120 eV. This feature,
which we believe is a bifurcation (I.M. Pavlichenkov, Phys. Reports 226
(1993) 173), suggests the remnant of a quantum number associated with an
invariance of the Hamiltonian under a rotation of 90° around the symmetry
axis (C4-symmetry).

The yrast superdeformed band of 149Gd has been studied with the Eurogam
multidetector array (PR-TASCC-5: 3.1.16; AECL-10787). The high-energy
part of the -y-ray spectrum for the yrast superdeformed band in 149Gd is
presented in Figure 3.1.23.1. The analysis of four- and five-fold
coincidence events produced extremely clean spectra, which required little
background subtraction. This was essential for very precise determination
of 7-ray energies. The new Y-ray transition of 1730 keV corresponds with
the highest rotational frequency (tô Ê /2) observed so far in a discrete
superdeformed band. If we assume the theoretical spin assignments of
Ragnarsson (B. Haas et al., Nucl. Phys. A (1993), in press), this 7-ray is
emitted by a state having angular momentum 1=139/2 h.
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The deduced J(2> dynamical moment of inertia of the yrast superdeformed
band in 149Gd is plotted in Figure 3.1.23.2 as a function of rotational
frequency. This quantity is related to the curvature of the excitation
energy as a function of spin, and is extracted from the energy difference
between two consecutive quadrupole transitions in a band by
J<2>(I)=4Jï2/AE7(I) where AE7(I)=E7(I+2)-E7(I). This quantity J< 2>
therefore does not depend on knowledge of the spin I, but only on measured
•y-ray energies. As shown in Figure 3.1.23.2, J(2> exhibits a staggering
effect at frequencies greater than -hu = 0.49 MeV. Evidently, the effect
originates from a perturbation of the superdeformed energy levels. The
effects of the perturbation on A&y can be experimentally determined from a
comparison of the AÊ (I) values with a smooth reference calculated with
the help of the expression AET

ef (I)=[AET(I-t-2)+2AE7(I)+AET(I-2)]/4. As
shown in Figure 3.1.23.3, the absolute value of AE7(I)-AE7

ef(I)
corresponds on average to 230 ± 43 eV, with alternating signs. This
pattern represents an alternating effect in the -y-ray transition energies,
the E~ values being alternately shifted up an4 down by 115 ± 22 eV. The
superdeformed energy levels are consequently Separated into two sequences
with the spin values I, 1+4, 1+8, ... and 1+2, 1+6, 1+10, ...,
respectively. Notwithstanding, AI=2 spin states are connected with strong
E2 transition matrix elements. Considering the fact that these
superdeformed states are at an excitation energy of -20 MeV above the
ground state, the observed shifts correspond to a fractional perturbation
of -ID-6.

Because of the regularity of the perturbation, it is likely to be of
regular (non-chaotic) origin. Thus, explanations based on the interaction
with the states in the first well, or the coupling to the fission channel
(J.F. Berger et aï., Phys. Rev. C41 (1990) R2483) are unlikely. The
presence of the two regular AI=4 families in a rotational band suggests an
explanation based on a fourfold rotational symmetry.

In atomic nuclei there are very few examples of (approximate) fourfold
rotational symmetry. For instance, the 4p-4h band in 160 built upon the
I7t=2* level at 6.0494 MeV can be understood in terms of four alpha
particles in a plane forming a bent rhombus or kite shape; i.e., close to
the (C^-invariant) square configuration (V. Bauhoff, H. Schultheis and
R. Schultheis, Phys. Rev. C29 (1984) 1046). The corresponding rotational
sequence shows an energy splitting -200 keV between the two AI=4 families.
Examples of AI=4 bands have been pointed out by Peker et al. (Phys. Rev.
Lett. 50 (1983) 1749); for instance^ the octupole K*=0- bands in 236U,
(-400±100 eV) and "6u, (~45±45 eV). Similar fluctuations in J<2> have
been observed in the yrast line of the nucleus 80Sr (R.F. Davie et al.,
Nucl. Phys. A463 (1987) 683). However, in all those cases, the J<2>
oscillations are not so regular as in 149Gd and they take place over a
much shorter spin sequence.
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Figure 31231 Partial i-ray spectrum corresponding to the yrast superdeformed
band in Gd obtained by summing a number of combinations of 3-dimensional
energy windows set on four-fold coincidence events. A small fraction of the
corresponding double-gated spectrum has been subtracted.
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Figure 31232 Dynamical moment of inertia of the yrast superdeformed band in
l^Gd corresponding to the j-ray energy region displayed in Figure 3J23J. The
solid line joining the points is intended to guide the eye.
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Figure 3J233 Energy differences LE^ between two consecutive y-ray transitions of
the superde formed band in Gd as a function of rotational frequency after
subtraction of a smooth reference. The irregularity observed at the highest
frequencies is probably caused by an interaction with another band having the same
spin and parity.
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A possible explanation for the bifurcation in 149Gd could be a coupling to
the hexadecapole field, as suggested by Peker et al. (loc. cit.)- The
yrast superdeformed band in U9Gd is expected to have a large £4(~0.08)
deformation, which changes with rotational frequency, indicating softness
to hexadecapole distortion (W. Nazarewicz, R. Wyss and A. Johnson, Nucl.
Phys. A503 (1989) 285).

3.1.24 Multi-particle Excitations and Identical Bands in the
Superdeformed 149Gd Nucleus

S. Flibotte, Ch. The!sen, F.A. Beck, G. Bélier, T. Byrski,
D. Curien, G. de France, D. Disdier, G. Duchêne, B. Haas,
B. Kharraja, J.C. Merdinger, V. Rauch and J.P. Vivien (Centre de
Recherches Nucléaires, France)
G. Hackman, J.Â. Kuehner, D. Prévost, S.M. Mullins and
J.C. Waddington (McMaster University)
V.P. Janzen (TASCC/McMaster University)
H.R. Andrews, G.C. Ball, B.C. Radford and D. Ward (Nuclear
Physics Branch)
C. Beausang, P.M. Jones, E.S. Paul, J.F. Smith and P.J. Twin
(University of Liverpool)
M.A. Bentley (Daresbury Laboratory)
P. Fallen (Lawrence Berkeley Laboratory)
J.C. Lisle (University of Manchester)
J. Styczen and K. Zuber (Institute of Nuclear Physics)

With the advent of a new generation of Y-ray spectrometers, it is now
possible to perform detailed spectroscopic studies of superdeformed (SD)
nuclei. In particular, four- and five-fold 7-ray coincidences allow, for
the first time, an unambiguous assignment of weakly populated excited
bands to their originating nuclei, which is crucial for the investigation
of the identical band phenomenon. In this work, we have studied the U9Gd
nucleus in order to characterize its excited SD bands (B. Haas et al.,
Phys. Rev. C_4_2 (1990) R1817). The residual nucleus was populated in the
fusion-evaporation reaction 124Sn(30Si,5n)149Gd at an incident energy of
158 MeV. The beam was supplied by the Tandem accelerator of the Daresbury
Nuclear Structure Facility. The target consisted of a stack of two thin
Sn foils (0.5 mg cm'2) enriched to 98% in 124Sn. Gamma rays were detected
in the Eurogam multi-detector array (F.A. Beck, Prog. Part. Nucl. Phys. 28
(1992) 443; C.W. Beausang et al., Nucl. Instr. and Meth. A313 (1992) 37)
comprising 44 large-volume HPGe Compton-suppressed detectors. Gamma-ray
coincidence events were recorded only when the number of Ge-detector
triggers (unsuppressed) was greater than six. Under these experimental
conditions, approximately IxlO9 events were acquired, with an average
number of suppressed Ge detectors equal to four. After the higher-fold
coincidences were unpacked, there were approximately 3xl09 four-fold
Compton-suppressed events in the data set.
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Eight SD rotational bands have been observed in the U9Gd nucleus. The
analysis of four- and five-fold events clearly showed that the SD
transitions are emitted in coincidence with known 7 rays of the normal-
deformed level scheme. This places the band assignments co U9Gd on a
firm basis. Five of the bands are reported for the first time, while the
others have been extended both to higher and lower angular momenta. Two
of the new bands have been seen with the 8x spectrometer (Ch. Theisen et
al., CRN Stasbourg progress report 1991-92), but the high- fold coincidence
data obtained with Eurogam were required to assign these bands to the
U9Gd nucleus. We label the bands by the letters a to h, for ease of
discussion. At the present beam energy, the population intensity of the
yrast band (band a) represents -1.8% of the total yield of the U9Gd
nuclei. The relative intensities of the excited bands b-h, which are
probably related to their excitation energies in the feeding region, are
approximately 25%, 12%, 14%, 8%, 8%, 5% and 5%, respectively.

The variations of the dynamical moment of inertia ( J( 2 } =4̂  /AÊ ) with the
rotational frequency (ftu = E.y/2) of the SD bands are characteristic of the
number and type of the high-N orbitals that are occupied, a fact which
aids the configuration assignments. The J(2> moment of inertia of band b
rises sharply at low frequency. The yrast SD band of 150Gd is the only
other band in this mass region that shows a similar behaviour. It is
therefore natural to interpret band b as a neutron particle-hole
excitation relative to the SD x62vT* yrast configuration (B. Haas et al.,
loc. cit.), so that the two lowest N=7 neutron- intruder orbitals are
occupied as in 150Gd. In the present experiment, the four-fold
coincidence data have allowed us to extend this excited band to lower
frequencies. The relevant part of the -y-ray spectrum is presented in
Figure 3.1.24.1. From intensity arguments in the decay-out region, we
have established that this band undergoes a complete backbend, the first
one observed in a SD band.

Ve have also extended band c to lower frequencies. This band was
interpreted as a proton excitation (B. Haas et al., loc. cit.); it is
isospectral (identical y-ray energies) with the yrast band observed in
150Tb. The lower-energy part of the corresponding spectrum (Figure
3.1.24.1) presents an interesting new feature: the -900 keV and -850 keV
transitions are observed at 5 keV below and above their respective twins
in 150Tb. It should be emphasized that all the other -y- ray transitions,
both at lower and higher frequency, respect the isospectral property.
This implies that the state populated by the -900 keV transition, and only
that state, is pushed up by 5 keV due to an interaction with a state of
some other SD band with the same quantum numbers. Ve do not have
experimental evidence for the corresponding state that would be pushed
down by 5 keV by this degeneracy.

In contrast to the A- 190 mass region, the J(2> moments of inertia of the
yrast SD bands in A- 150 nuclei show a variety of behaviours as a function
of rotational frequency. The dynamical moments of inertia for the six
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weakest observed bands in 149Gd are shown in Figure 3.1.24.2. The above-
mentioned interaction has an obvious effect on the J(2> moment of inertia
of band c. Some of the other bands exhibit similar but weaker anomalies.
Excluding these irregularities, it seems that ve can always find an yrast
SD band in some neighbouring nucleus which has almost identical J(2)

values with one of the excited SD U9Gd bands. The correspondence is to
1 5 0 T b > 1 5 2 D y > 1 « 8 G d > 1 4 8 G d , 1 5 0 T b and 150 T b ) for band c to hj

respectively. Assuming these bands must have the same intruder
configuration as their corresponding yrast-band partners, we conclude that
bands e and f are built on neutron excitations; band c, and probably bands
g and h, on proton excitations; and finally, band d on a 2p-n excitation.
It is a puzzle why the particles or holes in excess have almost no effect
on J<2), since it implies, in cranked shell models, that the sum of the
curvatures of the Routhians for the corresponding orbits expressed as a
function of to is equal to zero over the whole observed frequency range.
Furthermore, the A5/3 rigid-body scaling of the moment of inertia is
certainly not valid locally. Nuclear-structure models, including this
scaling factor explicitly or implicitly, will have to be revisited.

The identical-band phenomenon requires not only that the dynamical moment
of inertia, which depends on energy differences between adjacent gamma
rays in the sequence, be identical for the bands concerned, but also that
the absolute gamma-ray energies bear simple relationships to one another
as described below. Ve have therefore examined the transition energies of
bands c to h. The analysis reveals that most of them indeed obey rather
closely the relationship /cE!̂ ef [I]+(l-K)Ê ef [1+2], with K = 1, 1/2, 1/4, or
3/4, E!̂ ef being the -y-ray energy of the twin yrast band in the region.
The incremental alignment Ai introduced by Stephens et ci. (Phys. Rev.
Lett. 64 (1990) 2623; 64 (1990) 301) can be used to test graphically the
precision of these equalities. It is defined by Ai=2(E.y-EC

ef )/AE!̂ ef . The
values Ai=0, 1, 0.5 and -0.5 correspond to K=l, 1/2, 1/4 and 3/4,
respectively. The incremental alignments of bands c to h are plotted as a
function of 7-ray energy in Figure 3.1.24.3. This quantity is very
sensitive to any differences in the moments of inertia; a constant value
of Ai as a function of rotational frequency means that the J(2) of the
band is strictly identical to the J(2) of the reference band. In
agreement with the conclusion of Stephens et a/, concerning SD bands in the
A- 190 mass region, our data show that the incremental alignment tends to
be quantized in integral multiples of

The incremental alignments of 146Gd and 153Dy excited SD bands are also
presented in Figure 3.1.24.3. We note that band d is isospectral with the
first exited band observed in 153Dy, a nucleus which differs by two
protons and two neutrons from U9Gd. This is the first time that
identical bands have been observed in nuclei with such a large mass
difference. The interpretation of these two identical bands will be a
challenge for the various theoretical approaches: why do three holes (2p-
In) or one particle (In) have the same effect on the 152Dy core?
Similarly, band e is isospectral with the excited SD band in 146Gd even
though the intrinsic configurations of these bands should differ by
orbitals having large variations in curvature as a function of frequency.
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Figure 31242 Dynamical moment of inertia j' ' of bands c to h as a function of
rotational frequency. The error bars, where not seen, are smaller than the data
points.



3-31

0.5

0

-0.5e
c

0.5

O
E
(D
b
c

-0.5

0.5

0

-0.5

i i i i

800 1000 1200 1400 1600
Gamma-ray energy (keV)

Figure 31243 Incremental alignment (see text for definition) of various excited
bands as a function of i-ray energy. The reference yrast superdeformed band is
indicated in each panel. In the upper panel: band e (filled circles), band f
(filled squares), and the first excited band in 46Gd (empty circles). In the middle
panel: band c (filled circles), band g (filled squares), and band h (filled
triangles). In the lower panel: band d (filled circles), and the first (empty circles)
and second (empty squares) excited bands in Dy.
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3.1.25 Studies of Suoerdeformation and Hvperdeformation of
Isomer and Proton Tag

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

A high-statistics experiment with the reaction 37C1 + 120Sn at 187 HeV and
a combination of isomer-tagging and charged-partiele detection was
performed. The setup was similar to that reported in PR-TASCC-4: 3.1.20;
AECL-10674. The target consisted of two self-supporting 120Sn foils with a
thickness of 600 jig/cm2 each. Approximately 5xl08 events above a
multiplicity-10 trigger in the BGO ball were recorded, which, when added
to the previous data, brought the total number of isomer-tagged events to
about l.OxlO9, and untagged events to l.SxlO9.

The main result was that we confirmed the presence of a ridge at 30 keV
separation in the proton-gated matrix. Analysis of the data also indicated
that the ridge was present in the proton-gated "prompt" matrix, but no
evidence for it was found in the isomer-tagged matrix.

The ridge has been interpretted by us as evidence for hyperdeformed
rotational bands, and a paper has now been published (A. Galindo-Uribarri
et a/, Phys. Rev. Lett. 71 (1993) 231).

3.1.26 Study of the Level Scheme of 159Tm at Medium Spins

H.R. Andrews, A. Galindo-Uribarri, D.C. Radford and D. Ward
(Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
S. Pilotte (University of Ottawa)

The high-spin level structure of 159Tm has already been studied at TASCC
with the 126Te(37Cl,4n) reaction (PR-PHS-P-9: 3.1.17; AECL-10196). Ve have
now performed a complementary low-spin study. This new experiment used the
149Sm(14N,4n) reaction, at a beam energy of 75 MeV. The target was
1.07 mg/cm2 of 149Sm on a gold backing thick enough to stop the recoiling
Tm ions (2.8 mg/cm2). Approximately 160 million 7-7 coincidence events
from the 8x spectrometer were recorded. The observed spectra are very
clean and generally of excellent quality.

The analysis of both high-spin and low-spin experiments is currently in
progress. A partial preliminary level scheme from the low-spin experiment
is presented in Figure 3.1.26.1. The two strongest bands (labelled bands 1
and 2) have been observed previously (A.J. Larabee et a/, Phys. Rev. 029
(1984) 1934; R. Holzmann et a/, Phys. Rev. C31 (1985) 421; S. Andre et a/, Z.
Phys. A321 (1985) 363). At low spin, our results are in good agreement
with these studies, but we are able to extend the bands from J=61/2 to
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91/2 in band 1 and from 43/2 to 79/2 in band 2. The feeding of bands in
the N-induced reaction seems to be less concentrated than that in the Cl-
induced reaction, allowing observation of a significantly larger number of
bands.

Transition branching ratios are also being analysed to extract B(H1)/B(E2)
transition-strength ratios for the observed bands. Preliminary results for
bands 1 and 2 are given in Figure 3.1.26.2. At low spins in band 1 (below
the backhand), these ratios exhibit less signature splitting than those
reported in a previous study (A.J. Larabce et cL, Phys. Rev. C29 (1984)
1934). The ratios observed in the present work are in good agreement with
expectations from a simple geometric model (F. Donau, Nucl. Phys. A471
(1987) 469), if 7/2[523] and 7/2[404] single-particle configurations are
assumed for bands 1 and 2, respectively.

3.1.27 Search for Very Extended Nuclear Shapes in I80/I8lps

D. Ward, H.R. Andrews and D.C. Radford (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake, M. Cromaz and J. de Graaf (University of Toronto)
J.C. Vaddington, G. Hackman and S.M. Millins (McMaster
University)

In a recent publication, R.R. Chasman (Phys. Lett. B302 (1993) 134)
predicted the existence of an island of very extended nuclear shapes
centered at A-175. In these calculations, the shape was parameterized
with an explicit neck degree of freedom, and whilst it is inaccurate to
speak of a P2 deformation, the predicted shapes have major-to-minor axis
ratios in the range 2.2 to 3.0, and therefore lie in the range generally
called superdeformed to hyperdeformed (i.e., f)2 from -0.6 to 0.9).
Similar predictions of hyperdeformed shapes in this mass region have been
made by Dudek and Werner (Strasbourg Conference, 1991, AIP Conference
Proceedings 259 (1992) p. 683). We note that the inclusion of a necking
degree of freedom in the Chasman calculations tends to 1) shift the island
in the direction of making the nuclei more accessible by fusion-
evaporation reactions, and 2) lower the spin at which the hyperdeformed
shape becomes yrast.

The favourableness of observing the predicted shapes depends on:
1) accessibility by fusion evaporation, 2) the yrast-crossing spin (low),
3) the depth of the hyperdeformed potential well (deep) and 4) the height
of the fission barrier (high). Amongst the nuclei considered by Chasman,
it seems to us that 1800s and/or 1810s are the most favourable. These
nuclei are predicted to show a 2.2:1 axis-ratio shape with an yrast
crossing at 1=62 ti, a well depth of ~4.5 MeV and an outer fission barrier
of -8 MeV.

The feeding of hyperdeformed or superdeformed structures by fusion-
evaporation reactions is not well understood, but it has been established
that the crucial entry region (that part of the excitation energy-spin
plane from which 7-ray emission first occurs after particle evaporation)
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is bounded in spin between the yrast crossing and the disappearance of the
fission barrier, and in excitation energy by a line a fev MeV above yrast.

Although the observed intensities of SD bands in the mass A-150 region
(measured at the plateau) vary from about 0.3% to 2.0% of the channel, it
has recently been noticed that for several bands in several different
nuclei intensities measured veil above the plateau region tend to common
values for a given spin. This implies that the main determinant of the
plateau intensity is the spin at vhich the SD-band crosses the normal
yrast line. Ve conjecture that the plateau intensity expected in any SD
band vith an yrast crossing of spin I is approximately equal to the
observed intensity of a transition vith spin I in a more intense SD band
measured veil above its plateau. If this conjecture vere true, then an
yrast crossing of spin 1=62 ft vould imply an intensity of 0.2% to 0.4£ of
the channel in the A-150 region. Since the fission cut-off could be at
lover spins in the A-180 region compared vith the A-150 region, the
intensity expected in the present case could be reduced belov this crude
estimate.

In the experimental search, a beam of 26Mg at 153 MeV from the HP Tandem
vas directed on a stacked target of tvo self-supporting 160Gd foils, each
of 600 Mg/cm2 thickness. The 5n and 6n fusion-evaporation reactions led
to 1810s and 1800s, respectively. Gamma-ray spectroscopy vas performed
vith the 8x spectrometer. These conditions led to an estimated maximum
angular momentum contributing to fusion of 70 ft and an entry excitation
energy of 37 MeV in 18lOs or 30 MeV in 1800s. The excitation energy of
the yrast crossing vas estimated to be 28 MeV by extrapolation of the
knovn yrast line from spin 34, and this is very uncertain. The entry
region is suitable for cold population of the predicted extended shape in
either 1800s or 1810s.

Various cuts on the fold K and total energy H measured in the BGO ball
vere examined, and the final selection vas H>14 MeV. With this condition,
the 1-1 coincidence matrix contained -2.4X108 events (symmetrized).

A rotational band built on the shape predicted by Chasman vith
j( 1 > = 140 ft2 MeV"1 (loc. cit.) should comprise a cascade of mutually
coincident 7 rays spaced -29 keV apart. The intensity of the cascade
should decrease rapidly above the spin of the yrast crossing (1=62), vhich
corresponds to Ê ,~880 keV. At sufficiently lov spin, the band vill decant
to the normal deformed states. If this occurs vhen a gap of, say, 4 MeV
has opened up, believed to be typical for the superdeformed case, then ve
estimate that the lovest observable spin in the cascade vould be 1-50 ft,
or Ky ~ 710 keV. These estimates lead us to believe that the observable
part of the cascade could be as fev as 6 or 7 transitions; i.e., much
shorter than a typical superdeformed cascade in the A-150 region.

We have searched the 7-7 coincidence matrix for cascades vith the
aforementioned characteristics using veil-established techniques,
including the codes SDSLICE and BANDAID. We have also examined the matrix
for diagonal ridge structures. There vas a prominent ridge running from
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approximately 650-900 keV vith a spacing of about 45 keV: it corresponds
vith strongly daaped normal-deformed bands with a spacing corresoonding to
J<2> = 90 ti2 MeV1. Each of the eight knovn E2-bands of 1800s (G. Marti
et al., International Conference on Nuclear Structure at High Angular
Momentum, 1992 May 18-21 and Workshop on Large Gamma-Ray Detector Arrays,
Ot1~va, 1992 May 22-23, AECL-10613, Vol. 2) vas extended by either tvo or
three transitions in this experiment, and vith the exception of band 6,
their J( 2 > values lie in the range 45 to 55 ft2 MeV'1 in the frequency
range 400<fa><500 keV. This frequency range lies above any band crossings,
except for band 6.

We find no evidence for any structure vith the expected characteristic of
the predicted shape. As a measure of the sensitivity of the experiment,
ve note that a nev, very regularly spaced band comprising mutually
coincident transitions at £̂ =654, 700, 750, 796, 843 and 890 keV vas found
in all the search procedures (see Figure 3.1.27.1). The J<2> value is
approximately 85 ft2 MeV"1, and therefore it cannot be associated vith a
very extended shape. Nevertheless, it has the cascade length and lies in
approximately the region of y-ray energy of interest. Compared to the
6+-f4* : 4+-»2* coincidence pair, vhich ve take to be 1002 of the cross
section to 1800s, ve find that this band has intensity 0.5±0.1£. We
expect that a regularly spaced band vith the properties predicted by
Chasman vould have been seen in this experiment at this intensity level.

3.1.28 Recoil Distance Lifetime Measurements of States in the Oblate
Dipole Bands of T97,198Pb

R.M. Clark, R. Wadsvorth and I. Hibbert (University of York)
H.R. Andrews, A. Galindo-Uribarri, R.W. MacLeod, D.C. Radford and
D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake and G. Zvartz (University of Toronto)
G. Hackman and S.M. Mullins (McMaster University)

The recent observation of cascading sequences of magnetic-dipole
transitions in the neutron-deficient Pb (P. Dagnall et O/, J. Phys. G19
(1993) 465, J.R. Hughes et a/, Phys. Rev. C47 (1993) R1337, R.M. Clark et a/,
Z. Phys. A342 (1992) 371, A. Kuhnert et fl/, Phys. Rev. C46 (1992) 133,
T.F. Wang et o/, Phys. Rev. Lett. 69 (1992) 1737 and G. Baldsieefen et a/,
Phys. Lett. B275 (1992) 252) and Bi (R.M. Clark et a/, J. Phys. G19 (1993)
L57) nuclei has prompted a great deal of interest. These structures have
been interpreted in terms of veakly oblate (P2 —0.05 to -0.15), high-K
proton configurations coupled to rotationally aligned neutrons. The
assignment of quasi-particle configurations to each band has so far been
based on qualitative considerations. To provide firm evidence for the
configuration assignments, accurate lifetime measurements for states
vithin the bands have to be made. These can be related to the g-factor of
each configuration, through the magnetic dipole (Ml) transition rate.
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The first Doppler Shift Attenuation Method (DSAM) lifetime measurements
have recently been reported for two of the bands in 198Pb (T.F. Wang et al,
Phys. Rev. Lett. 69 (1992) 1737). These support the oblate collective
interpretation, but do not go far enough to be specific about the
configurations.

Ve report recoil distance lifetime measurements (RDM) of several states in
each of four sequences (two in 197Pb and two in 198Pb) aimed at measuring
the lifetimes of states near the bandheads of each structure, thus
complementing the previous DSAM measurements in 198Pb. All the available
data were used to deduce Mi-transition rates, which could then be compared
with estimates from the Dônau and Frauendorf semi-classical model
(F. Dônau and S. Frauendorf, Proc. of the International Conference on High
Angular Momentum Properties of Nuclei, Oak Ridge (1983) p. 143), and the
Tilted Axis Cranking (TAC) model (S. Frauendorf and T. Bengtsson, Int.
Symp. on Future Direction in Nuclear Physics, Strasbourg, AIP Conf. Proc.
(1991) p. 223).

The experiment was performed at the TASCC facility. The reactions used to
populate high-spin states in I97.l98pb were i76yb(26Mg>xn)202-xpb> at a
beam energy of 125 MeV. Gamma rays were detected with the BJI
spectrometer. The data comprised the energy deposited in each Ge
detector, and the sum energy, H, and fold, K, recorded by the BGO ball. A
hardware fold condition of K>4 was imposed, and the -y-Y-BGO data recorded
to magnetic tape.

Lifetimes were measured with a standard recoil distance Doppler shift
method (T.K. Alexander and J.S. Forster, Adv. Nucl. Phys. JLO (1987) 197).
A precision plunger, designed and built at the Chalk River Laboratories,
was used. The target consisted of an 800 ngcm"2 176Yb layer evaporated on
the downstream side of a 1 mgcm"2 stretched gold foil. Passage through
the gold foil reduced the beam energy to 121 MeV. The stopper was a
stretched 3 mgcm'2 gold foil. Alignment of the foils was achieved through
an automated tilt-adjustment technique, which maximized the capacitance
between the foils. The separation was continually monitored during the
experiment by the capacitance method (T.K. Alexander and A. Bell, NIM 81
(1970) 22). Data were recorded at 0.0, 5.5, 7.0, 8.6, 11.8, 15.0, 23.0
and 5000 nm. The nominal separation was maintained during each run within
an accuracy of 0.2 (im for points in the range 0.0 to 23.0 pm.
Approximately 107 Y-7-BGO events were recorded at each setting. The
average recoil velocity was determined from the relative separation of
shifted and unshifted components of f-ray lines to be 1.13±0.05% of the
velocity of light.

The data were sorted into matrices, which contained events from detectors
at ±79° (y-axis) against events in detectors at +37° or -37° (x-axis). In
addition, fold conditions of 5.<K<14 and K> 11 were imposed to
preferentially enhance 197Pb and 198Pb contributions to the matrices
(respectively). Thus, a total of four different matrices were required at
each distance.
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The lifetimes of 16 levels in four bands (tvo in 197Pb and two in 198Pb)
were measured. In addition, estimates of the lifetimes of several lover-
lying states in 198Pb were made. The labelling scheme given by Clark et
cd-, (loc. cit.) will be used for the structures in 198Pb. The two bands in
197Pb, for which lifetime measurements were possible, are those described
in A. Kuhnert et al, Phys. Rev. C46 (1992) 133.

Table 3.1.28.1 summarizes the results obtained in the present work,
together with the results of the previous DSAM measurements for the bands
in 198Pb. The branching ratios, B̂ , were taken from previous studies
(A. Kuhnert, loc. cit.). The transitions were assumed to be of pure Ml
character.

In the following discussion, it is convenient to use the labelling
convention developed by R.M. Clark et a/, loc. cit., whereby the (unpaired)
neutron occupations are given relative to the oblate N=120 subshell
closure. The configurations that have been previously proposed for the
four structures are shown in Table 3.1.28.2. Different configurations
will, generally, have different B(M1) values associated with them. From a
comparison of the values in Table 3.1.28.1, it is clear that the B(M1)
values for band 1 in 198Pb and the regular band of 197Pb are similar.
They are greater on average than the values for band 3 in 198Pb which, in
turn, are greater than the values for the irregular sequence in 197Pb. It
may be concluded from these observations that at least three different
configurations must be involved. This is in accordance with the
configuration assignments shown in Table 3.1.28.2.

The (h9/2i13/2 )K=11 proton configuration is predicted to be the most
deformed of the structures, and to have larger B(H1) values than either
the (h9/2)

2K=8 or (h9/2sî}2)K=5 configurations (for a given neutron
configuration). Indeed, the highest measured B(M1) values are found for
the two structures that are associated with this proton configuration.
E2-crossover transitions have been seen for two of the four dipole
sequences: band 3 of 198Pb (T.F. Vang, loc. cit.), and the irregular
sequence in 197Pb (A. Kuhnert, loc. cit.). The measured branching ratios,
Ey, give the E2 transition rates, and in the rotational model the
intrinsic quadrupole moment is given by:

B(E2) = -|- Q|<IK20|I-2,K>2

where Q0 is the quadrupole moment in eb. The Clebsch-Gordan coefficients
are relatively insensitive to K, varying by -10% for different possible K-
values when I>20. The quadrupole moment for band 3 of 198Pb was estimated
to be Q0~2 eb (T.F. Wang, loc. cit.), but it was not possible to
corroborate this from the present study. From the present measurements,
and with the branching ratios of A. Foihnert (loc. cit.), the quadrupole
moment of the irregular band of 197Pb was found to be Qe-l eb.
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Table 3.1.28.3 summarizes the B(E2) estimates for both bands, and gives
the deduced values of the quadrupole moments, Q0. There is qualitative
agreement vith the configuration assignments presented in Table 3.1.28.2.
Total Routhian Surface (TRS) calculations predict that the (h9/2si}2)K=5
proton configuration should have the smallest deformation (02 ~ 0.07).
The measured quadrupole moments correspond to deformations, 02, -0.02-
0.06.

A more quantitative comparison can be made vith the absolute B(M1) values.
A simple approach is the semi-classical model of Donau and Frauendorf
(loc. cit.), which allows the contributions to the magnetic moment of both
the deformation-aligned protons and rotationally aligned neutrons to be
taken into account. Results for the different possible proton
configurations, coupled to various numbers of i13/2(N=6) neutrons, are
given in Table 3.1.28.4. The theoretical values greatly overestimate the
measured values, especially when one or more ii3/2 neutrons are involved.
The i<)3/2 neutrons must be present in some configurations, in order to
explain the observed spin alignments. The contribution of other alignable
neutrons (N=5), occupying orbitals close to the Fermi surface (e.g., Ps/2»
Pi/2» fs/2)> wil1 raise the B(M1) values by -10Z.

The coupling of high-spin protons and high-spin neutrons in these Mi-bands
must differ from familiar schemes. A new approach to this situation is
provided by the Tilted Axis Cranking (TAG) model of Frauendorf and
Bengtsson (loc. cit.). A calculation of the B(M1) values for the
jr(h9/2 iis/s) coupled with N=6 neutron configurations in 198Pb has
recently been reported (S. Frauendorf, loc. cit.). The deformation was
fixed to 02=0.12 and -y=-60° (i.e., weakly oblate). In this model, protons
combined with the 1-13/2 neutrons give rise to a motion in which the
cranking axis (which is parallel to the total angular momentum vector, I)
lies at ~45° to the symmetry axis. Increasing angular momentum is
generated when the individual proton and neutron spins gradually tilt
towards I. Figure 3.1.28.1 schematically illustrates this situation.

As with simple cranking, the calculations overestimate the experimental
B(M1) values by approximately a factor of 2. In addition, the gradual
alignment of the proton and neutron spins to the tilted axis should result
in decreasing B(M1) values with increasing total spin, and this feature is
not observed.

We conclude that a theoretical approach, which gives reliable B(M1) values
for the neutron-deficient Pb nuclei, is still required. One possibility
is full three-dimensional cranking: e.g., D.J. Thouless and J.G. Valatin
(Nucl. Phys. 31 (1962) 24), M. Harvey and M.G. Vassanji (Nucl. Phys. A344
(1980) 61) and F. Cuypers (Nucl. Phys. A468 (1987) 237). This method is
not constrained to uniform rotation about a tilted axis, as is required in
TAC, and, further, this treatment would properly take into account the
triaxiality.
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TABLE 3.1.28.1

MEASURED LIFETIMES, r(ps), AND REDUCED TRANSITION STRENGTHS,
B(M1) (Vu), OF STATES IN 197Pb AND 198Pb.

Band 3
Ie8pb

B 198Pb

Band 1
188pb

A 198Pb

Regular
187pb

Irregular
197pb

E7 (keV)
476
472
445
423
390
343
279
216
156
322
264
532
506
464
422
375
326
280
238

207*
429
228
267
201
151
294
365
'385
370
359
270
152

Expt
DSAM
DSAM
DSAM
DSAM
DSAM
DSAM
RDM
RDM
RDM
RDM
RDM
RDM

DSAM
DSAM
DSAM
DSAM
DSAM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM
RDM

T (PS)

0.27(7)
0.22(6)
0.24(4)

0.46(10)
0.72(10)
1.14(23)
2.1(5)
1.8(5)
2.7(9)

>8
>4
>4

0.052(11)
0.099(25)

0.20(4)
0.36(10)
0.58(15)
1.1(6)

0.85(30)
2.1(4)*
3.5(15)
4.6(14)
1.2(3)
0.9(4)
1.8(8)
1.3(3)
1.3(3)
1.1(3)
1.3(3)
1.3(3)
2.8(4)
3.1(7)

B7

0.77(2)
0.84(2)
0.87(2)
0.88(2)
0.91(2)
0.89(2)

-

0.86(2)
0.91(2)
0.90(2)
0.91(2)
0.95(2)

•~

-

0.90(2)
0.85(2)
0.87(2)
0.89(2)
0.92(2)

B(M1) (Wu)
0.74ÎS3J
0.991°-"
, Q7+0.38
J-'U'-O.l?
fl fiQ+0-38u-oy-o.ia
0.55ïS3i
0-481°;^
o.45i°il
0.83l°;«
0.67iS;^

-

3.7U:J
2.6+SS
i c+O.B
L-V-0.3
i 0+0.5
^•^-0.3

1.11S5
o.8i0;§
1.5ÎS1

n yc+0.18*
u-'°-0.12

™"

i.oiîS:»
2.08ijj7
i 00+1.33
J-.0/_044

n CQ+0.17u.o»_o 13
n ^4+°-n
U.«Î3_0 .os
n oc+0.14u.oo_008

0.341°;̂

0.38t0°:ol
n q-i+0.06
U-^^-O.OS
n 7fi+o.aa
U-'°-O.H

*The 207 keV transition is a doublet.
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TABLE 3.1.28.2

PROPOSED CONFIGURATIONS FOR THE BANDS IN 19r,198pj,

Structure
Band 1
Band 3
Regular
Irregular

Nucleus

19Spb

197pb

197pb

Configuration

7r(li9/2)2 €0

*The neutron configurations, in an unpaired scheme, are given in terms of
the occupation of states relative to the N=120 oblate subshell closure.
The neutron configuration of the irregular band in 197Pb was not assigned
and is labelled fX in the table.

TABLE 3.1.28.3

DEDUCED B(E2) TRANSITION RATES (IN e2b2) FOR BAND 3 IN 198Pb (WITH DATA
FROM (T.F. WANG, LOC. CIT.)) AND THE IRREGULAR BAND IN 197Pb. ALSO GIVEN
ARE THE CORRESPONDING QUADRUPOLE MOMENTS AND 02 VALUES.

Structure

Band 3
198pb

Irregular
197Pb

E7(keV)

917

948

129

755

750

659

B(E2)(eb)2

0092 +°-035
U>UyZ -0.020

0091 +°-°32
U>Uyi -0.019

0034 +0-01°U>U34 -0.006

0039 +°-015
UtU;Sy -0.008

0040 +a°12
U<UW -0.007

0050 +a°15
U'UDU -0.010

QO (eb)

1 AA +0-25
L44 -0.17

+ 0.23
1<W -0.16

«» +SS
0.94 t™

««.^

"» +ÏÏ

02

nn ._ +0.008
a047 -0.006

nn._ +0.008
a047 -0.005

0029 +a004
/y -0.003

u* *S£
™ tr
««» tr

TABLE 3.1.28.4

CALCULATED B(M1) TRANSITION RATES (IN Wu) FOR THE VARIOUS PROTON
CONFIGURATIONS COUPLED TO DIFFERENT NUMBERS OF i13/2 (N=6) NEUTRONS

hg/2®ii3/2

* hi/2
b.9/2®Si/2

V

0
1.97
0.44
0.56

61

3.48
1.01
0.92

6J

5.06
1.64
1.28

63

6.54
2.80
1.90
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Figure 3J38J Schematic diagram showing the composition and generation of
angular momentum in a tilted axis cranking model for the configurations described
in the text. I tot is the total angular momentum (with projections Ij and 13), whilst
i'x and iv are the components resulting from the protons and neutrons, respectively.
As shown by the dashed lines, increasing angular momentum is generated when the
proton and neutron spins gradually tilt towards I tot-
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3.1.29 Fission Fragment Blocking Measurements of the Lifetime of
Compound Nuclei Formed by the 19F + Ta<100> Reaction

J.S. Forster, G.C. Ball, A. Galindo-Uribarri and J.S. Geiger

In an earlier experiment (PR-TASCC-2: 3.1.16; AECL-10431), we made
crystal-blocking lifetime measurements of compound nuclei formed by the
19F + Ta <100> reaction at 19F bombarding energies of 100, 130 and 135 MeV
to test a hypothesis of Natowicz et al. (Phys. Lett. B247 (1990) 242). The
results were inconclusive, mainly, we believe, because of a build-up of
hydrocarbons on the surface of the cryogenically cooled crystal, which was
at a lower temperature than the surrounding shroud.

In the present experiment, we had considerably improved cooling such that
the shroud surrounding the crystal was always 20°C (or more) cooler than
the crystal.

Blocking measurements for 40 HeV elastically scattered 19F ions along the
<100> axis in the 2500 A Ta crystal gave a minimum yield of 8%, indicating
a high-quality crystal. Unfortunately, the experiment ended prematurely,
because of problems with the Tandem that required a tank opening, and we
were unable to perform the blocking measurements at the higher bombarding
energies.

3.1.30 Fission Fragment Blocking Measurements of the Lifetime of
Compound Nuclei Formed by the 48Ti + Ta<100> Reaction

J.S. Forster, G.C. Ball, A. Galindo-Uribarri and J.S. Geiger
(Nuclear Physics Branch)
J.A. Davies (McMaster University)

A recent publication (Lazarev et al., Phys. Rev. Lett. 70 (1993) 1220)
predicted that the long-lifetime component observed by crystal-blocking
techniques in heavy-ion-induced fission would provide a new probe of
dynamical effects in fission; it should yield information about the
strength of nuclear friction for compact configurations. In particular,
for intermediate nuclear systems with Z2/A>38, the retarding role of the
fission barrier is expected to decrease strongly and, instead, the
retarding influence of nuclear friction should come into play and give
rise to the long-lived fission component, mainly because of dynamical
effects.

We have attempted blocking lifetime measurements for fission from
bombardment of a thin (2500 À) Ta <100> crystal by a 48Ti beam; the
intermediate nucleus has Z2/A = 39.4. Fission fragments were detected in
a two-dimensional position-sensitive detector situated at 135° to the beam
direction and subtending ±3° in the vertical and horizontal directions.
Measurements were made at beam energies of 220 and 250 MeV, with a short
run at 260 MeV. At 220 MeV there is expected to be very little fission
yield, as the Coulomb barrier for Ti on Ta is at about 218 MeV bombarding
energy in the laboratory frame.
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For *8Ti bombardment of 181Ta, the recoiling compound nucleus energy is
such that the peak of the fission-fragment distribution observed at 135°
to the beam is belov the threshold of our detector. Consequently, we saw
no clear fission peak in the energy spectrum, but instead a rising
intensity at lower energies. At high energy, -100 MeV, ve clearly saw the
peak corresponding to *8Ti elastically scattered from Ta. We set a window
on the low-energy and high-energy portions of the energy spectrum and
generated blocking patterns. The blocking pattern corresponding to the
high-energy particles (elastics) was quite narrow, while the blocking
pattern for low-energy particles (fissions) was wide, as expected.

More analysis of the data is in progress and consideration is being given
to future experiments. It is clear that we need to work at more forward
angles, where the fission-fragment energies in the laboratory frame are
higher. Also, a more asymmetric system is desired (Y. Lazarev, private ̂ •
communication), such as 209Bi on a Si crystal. -̂ '

3.1.31 Progress in Accelerator Mass Spectrometry (AMS)

H.R. Andrews, W.G. Davies, V.T. Koslowsky, N.C. Bray, J.J. Hill,
P.J. Jones, B.V. Luloff, 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, L.A. Chant and G.M. Milton (Environmental
Research Branch)
J.C.D. Milton (Physical Sciences)

During this reporting period, there were two four-day runs for sample
measurement and two two-day runs for detector testing. The total number
of measurements was 224, of which 42 were standards, 22 were backgrounds
and the remaining 160 were unknowns. The unknowns studied included
precipitation samples, local environmental samples, samples of water from
the Great Lakes, various hydrological samples and preparation blanks (see
below). Major technical developments included the commissioning of the
new, more powerful velocity filter, and of the new detector system, as
well as the development of an improved method for processing rock samples.

Ion Source and Injector

Significant progress in resolving the isotopic-ratio instability problems
awaits completion of beam optical calculation of the ion source and
injector (see PR-TASCC-5: 3.2.14; AECL-10787 and section 3.2.11).
Conceptual design has begun on a new source with more rapid sample-
changing capabilities.

Tandem Accelerator

The minicups following the analyzing magnet were improved by the
installation of electrical shielding on all sides, and magnetic
suppression of electrons. The shields can be grounded or biased to -90 V,
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as desired. Beam-current readings from the two cups agree within 5% with
one another, and within 10% with Cup If (the image cup). This 10%
discrepancy may reflect less efficient suppression of Cup If. The cross-
talk between the cups is less than 1Z.

Velocity Filter

The new velocity filter has been commissioned at voltages up to ±40 kV.
The magnetic field can be run up to 2400 Gauss; a maximum of 3000 Gauss
can be achieved, but only with excessive heating of the coils. The
measured deflection of 35-37Cl relative to 36C1 (100 MeV 7+) at the slit
following the filter is ±4.1 mm at ±35 kV. This results in an attenuation
of the unwanted isotopes by greater than a factor of 106 at a generous
slit setting of 2.5 mm, and represents a gain of greater than 105 over the
old system. Operation at voltages higher than 35 kV is not stable over a
long period. It is believed that this limitation can be overcome, and
redesign may be pursued if future experiments warrant higher velocity
disperson.

Detector

Two two-day runs were devoted to commissioning the new detector
installation. The detector housing is resident in the beam-line following
BE3; the detector assembly is suspended from the top plate, which is
replaced with a blank plate when the beam-line is needed to deliver beam
to the particle facility. The maximum detector aperture is 3x7 cm, equal
to the limiting aperture of the gas-filled magnet box. In practice, the
detector entrance slits are set to 3.5 cm wide by 2.5 cm high, with a
corresponding smaller and therefore thinner window; thus, energy loss and
straggling from the window material can be minimized. At this setting, a
250 Mg/cm'2-thick aluminized mylar window can be used. With internal
electrodes made of 100 /jg/cm2-thick aluminized polypropylene (<10% non-
uniformity), the particle-identification resolution is comparable to the
old detector, while the detector efficiency is increased to 66% from the
previous 20%. One-hundred percent efficiency is possible with a larger
window and slit setting, but at a cost of a thicker window or window-
support grid. We have had some difficulty getting adequate electrical
conductivity in the aluminized electrodes, because of thermally induced
rupture during the vacuum-coating process. Adequate conductivity is
particularly critical for the performance of the avalanche stage of the
detector. Development work to overcome this problem is in progress.

Applications

The chief emphasis in the two sample runs has been on completion of work
to be presented at the 6th International Conference on Accelerator Mass
Spectrometry, to be held in New Zealand and Australia in September. This
falls into four main categories:
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1) 36C1 dispersal on the CRL site, and in the surrounding region.

Stack gases, ambient air, precipitation (snov and rain), overland
drainage, groundvaters, and a number of creeks and small lakes have
been sampled in the past year. Dispersion patterns are being
compared with those measured for tritium and 14C at the same
locations. The influence of CRL output on the 36C1/C1 content of the
Ottawa river has been measured in some detail.

2) In situ production of 36C1 in the Cigar Lake uranium ore body.

This work, in collaboration vith J. Pabryka-Martin of LANL and
J. Cramer at Vhiteshell, has been in progress for some time. The
emphasis recently has been in interpreting the data through a model
of 36C1 production in the ore body.

3) 36C1 in the Great Lakes Basin

Water samples taken in four of the six Great Lakes in 1992 are being
analyzed and compared to a model based on the input of 36C1 from the
bomb tests in the 1950's.

4) Investigation of contributions to our sample background.

The enhanced level of 36C1 present at CRL has demanded that ve
understand the chief mechanisms vhereby sample contamination can
occur. An investigation of air-water exchange indicates that
equilibrium with ambient air occurs in open dilute KC1 solutions in a
week or less. 36C1 is not introduced primarily by particulate
transfer.

The introduction of a pyrohydrolysis-ion chromatography technique
developed for stable chloride determination in geological materials
appears to have greatly reduced the contamination, compared to that
observed in the previous wet-oxidation method.

In addition to these items, a number of other samples provided by
collaborators were measured:

We have verified the ability of D. Cecil, of the. USGS, Idaho
Engineering (presently at the University of Waterloo), to prepare
extremely clean AgCl. He is proceeding to provide samples from his
studies in the Sturgeon Falls area.

I. Clark, Geology Dept., University of Ottawa, has submitted several
more samples from Jordan, where he is studying the recarbonation of
metamorphosed marls.

M. Sheppard, Environmental Sciences, WL, submitted soil and water
samples from a wetland area near Pinawa, at which they suspect deep
groundwater discharge to be occurring.
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3.1.32. Measurements of Single-Event Upsets in Large-Scale Integrated
Circuits

A. Knudson, H. Barrett, V. Stapor and J.D. Mann (U.S. Naval
Research Laboratory)
J. Howard and H. Dussault (Rensselacr Polytechnical Institute)
T. Cousins, T. Jones and B. Hoffarth (Defense Research
Establishment, Ottava)
J.À. Davies (McMaster University)
H.R. Andrews and J.S. Forster (Nuclear Physics Branch)
G.R. Mitchel (TASCC Accelerators and Development Branch)

Our initial investigation of single-event upsets (SEU's) at GeV energies
(PR-TASCC-4: 3.1.28; AECL-10674) showed that the use of a gold scattering
foil (as in the previous lower energy runs at McMaster University)
introduced an unacceptable level of secondary particles, due to nuclear
reactions between the 1.9 GeV 127I beam and the gold foil. Hence, it was
necessary to develop an alternative method of producing and accurately
monitoring a sufficiently uniform, large-area beam. The SEU beam
requirements were: beam diameter 12-15 mm, uniform to ±50%, with a total
fluence of 102-104 ions per second.

To monitor the fluence, a thin, large-area gas-flow counter was specially
constructed and inserted in the beam line immediately upstream of the SEU
chamber. A small, movable surface-barrier detector was mounted in the SEU
chamber, in order to investigate the optimum conditions for producing a
broad, uniform beam and for monitoring the resulting beam purity.

Initially, we attempted to defocus the beam by turning off all quadrupole
lenses along the final 25 metres of beam line. This produced a highly
asymmetric profile - with full-width half-maximum (FWHM) values of -10 mm
horizontal, but only 2 mm vertical - and was obviously unacceptable.
However, by inserting a 2.0 mg/cm2 Al foil approximately 12 metres
upstream, we obtained FWHM values of 17-19 mm, using a beam of 1.9 GeV
127I ions. At lower energies, a thinner foil must be used in order to
avoid excessive energy loss: for example, using 300 MeV 127I and a
0.16 mg/cm2 gold foil, we again obtained FWHM values of 15-20 mm. The
beam purity in all cases was excellent, with less than IZ contamination by
lower energy particles.

An extensive four-day series of SEU irradiations has been carried out on a
variety of electronic structures - digital signal processors, 386 and 486
CPU's, gate arrays and memory chips - with this modified irradiation
procedure. Two beam energies were chosen (1.9 and 0.2 GeV 127I), in order
to compare particles of similar stopping power, but on opposite sides of
the Bragg Peak. The results clearly show that stopping power is not
sufficient to characterize SEU behaviour fully. For example, at 1.9 GeV,
the cross section for producing "latch-up" (a particularly catastrophic
type of SEU) is several orders of magnitude larger than had been predicted
from lower energy Tandem irradiations.
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The Naval Research Laboratory (NRL) group has also carried out some
closely related charge-collection experiments, using specially designed
microstructures produced for this purpose by NRL and Sandia Laboratories.

3.1.33 Temperature Dependence of the G-values for Water Irradiated vith
High L.E.T. Radiation

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

During the past tvo years, radiolysis studies vith heavy-ion beams have
been used to estimate the temperature dependence of the yield of chemical
species created by neutron-induced recoil protons or deuterons.

In this reporting period, a 175 MeV 7Li3'f beam was used to simulate
reactor fast neutrons, as they both have similar L.E.T. (Linear Energy
Transfer) values of about 20 eV/nm. The irradiation was difficult to
perform because the beam could not be easily focussed into a 1 mm diameter
spot, due to a mismatch in phase space between the cyclotron emittance and
beam-line acceptance. Empirical adjustments to the quadrupole quadruplet
situated after the cyclotron proved necessary. The beam intensity was too
low (<20 nA) to be reliably monitored with beam-profile monitors, and a
scintillator was used.

Yields of H2 were observed to increase with temperature, the rate of
increase being comparable to that induced by both lower (0.2 eV/nm) or
higher (60 eV/nm) L.E.T. radiation. However, yields of aqueous electrons
(eaq) were found to be constant with temperature, whereas they were
expected to show an increase. Combined with earlier experiments (PR-
TASCC-5: 3.1.26; AECL-10787 and PR-TASCC-3; 3.1.4; AECL-10545), the
correlation of e'q yield with temperature is seen to be positive for low-
L.E.T. radiation, but negative for high-L.E.T. radiation. This effect is
not understood.

3.1.34 The Role of Stress in Deuterium Uptake by Thin Foils of
Zr-2.5wt%Nb Etched with a Solution of 0.1% NP4HF2 in D20

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

In a previous report (J.S. Forster et of, PR-TASCC-5: 3.1.24; AECL-10787)
we described the effect of stress on deuterium uptake by thin foils of Zr-
2.5wtZNb. In this report we describe further measurements on foils of Zr-
2.5wt%Nb, as well as measurements for thin foils of Zr.

The experimental details are identical to those described earlier (ibid).
Data have been obtained for a total of 25 separate foils of Zr-2.5wt%Nb
and for 24 separate foils of Zr.
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As reported earlier, the deuterium uptake in Zr-2.5vt£Nb varied between 2
and 22 x 1016 atozss/co2, vith the oaxinuza occurring at a stress of 150
MPa. For Zr, the range of deuterium uptake varied between 10 and 33 x
1016 atoms/cm2, with a small peak at about 250 MPa. However, the "peak"
does not stand out as clearly as in the case of Zr-2.5wt%Nb.

Four Zr and two Zr-2.5wt%Nb foils were submitted for SEM examination. The
SEM examinations consisted of several electron micrographs of increasing
magnification from a central area of each foil. All of the foils
contained etch pits and, in general, the pits were larger and deeper in
the Zr-2.5wt%Nb foils.

Detailed data analysis is in progress and a paper on this work will be
presented at the "Third European Conference on Accelerators in Applied
Research and Technology".

3.1.35 Use of TASCCfs Tandem Accelerator to Investigate In-Reactor
Irradiation Behaviour of CANDU Fuel

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

High-energy, heavy-ion beams from the Tandem accelerator can simulate, in
some respects, the effects of fission fragments on U02 CANDU fuel during
in-reactor irradiations. Use of the Tandem accelerator in a number of
experiments related to radiation-induced gas mobility and fission-spike
effects in U02 and SIMFUEL (simulated high-burnup fuel) was proposed as
part of COG WPIR 2901 in Fuel Technology Working Party (WP#9) for this
year.

The objective of this WPIR is to improve the performance of fuel in CANDU
reactors, particularly in the high-burnup tail of the burnup distribution.
The program supports underlying R&D expertise and response capability in
the fuel area. The main goal addressed directly by the program is as
follows :

"conduct fundamental studies on thermal conductivity, gas release and
other phenomena of importance to CANDU fuel performance and
irradiation behaviour at high burnup".

This goal is achieved through various tasks, among which is task 4:
"Fission-Product Mobility Measurements under Controlled Simulated in
Reactor Conditions" refers to the use of TASCC's Tandem accelerator.

The specific objective of this task is to obtain direct measurements of
fission-gas mobility in the radiation-induced mobility regime; i.e., below
1000°C (which includes over 50% of the volume of CANDU fuel elements).
This is directly applicable to reactor code development and can help to
establish the relationship between gas release and power ramping.
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Three types of experiments, using the Tandem accelerator to simulate
fission spikes in CANDU fuel, have been undertaken:

(a) Irradiation-induced gas diffusion. An advantage of heavy-ion beams is
that their effects on fission-gas mobility can be separated from
temperature effects.

(b) Gas-bubble formation and resolution by fission spikes. The effects of
fission spikes on fission-gas release in CANDU fuel is examined
through the use of transmission electron microscopy (TEH) foils.

(c) Structural changes due to displacement damage. Changes in the U02
fluorite lattice caused by fission fragments is being quantified
and the recovery of the radiation damage during thermal annealing
is investigated.

These phenomena were addressed in two experiments at TASCC with a high-
energy iodine beam.

Irradiation-induced gas diffusion

In laboratory experiments, fission gases are immobile in U02 at
temperatures belov about 1000°C. Annealing of ion-implanted U02 and
SIHFUEL specimens has shown that krypton diffuses to the surface, and is
released over time at temperatures above 1000°C. Modellers assume that
the fission gas is mobile below this temperature in a reactor, due to the
mixing caused by fission fragments, which travel about eight microns in
the fuel. This effect is termed radiation-enhanced diffusion and is
thought to contribute significantly to fission-gas release. While
generally accepted, the effect has never been experimentally demonstrated.
The results described here clearly show radiation-enhanced diffusion, and,
with further testing, could be used to determine its magnitude for CANDU
reactor powers.

Stable 8*Kr with a trace amount of radioactive 85Kr to monitor release,
was implanted at 40 keV in U02 and SIMPUEL to two doses, IxlO

14 and IxlO15

ions/cm2. These doses represent two different gas concentrations. At
40 keV, the ion range is about 20 nm (0.02 microns). The samples were
bombarded with 127I ions at an energy, 72 MeV, which approximates the
average energy of the heavier fission fragments in a reactor. Two doses
of iodine were used for each sample. After each irradiation, the samples
were removed and the activity counted with a proportional counter to
determine the Kr-gas release.

Approximately 50% of the implanted Kr gas was released at the low I-dose
level, and 75-80% at the high I-dose level. These results indicate
fission-gas mobility at room temperature. In principle, these release
numbers could be compared with isochronal annealing tests, to determine an



3-53

effective temperature for the accelerated beam, and further, allow an
estimate of the radiation-enhanced diffusion coefficient of the gas.

Gas-bubble formation and resolution by fission spikes

A (TEM) foil specimen implanted at 40 keV with a high dose of 84Kr
(1016 ions/cm2) was bombarded with 127I at 72 MeV, to investigate bubble
formation caused by local heating at fission spikes. TEM investigation of
the specimen before the iodine bombardment showed no evidence of gas
bubbles. Small, spherical bubbles of Rr were observed after the
bombardment.

A second TEM specimen, implanted with 84Kr at 40 keV, was annealed in a
furnace at 1250°C for two hours to form bubbles. The bubble population,
morphology and size were characterized by TEM. The specimen was bombarded
with iodine and then re-examined by TEM to investigate bubble resolution
due to the fission spikes.

Structural changes due to displacement damage

The changes in the U02 and SIMFUEL lattice parameter due to displacement
damage were investigated by X-ray diffraction after bombardment with I
beams at various energies between 28 MeV and 162 MeV. For the typical
energy of fission fragments (72 MeV), four different doses of ions were
deposited. Radiation damage was seen in the diffraction pattern as peak
broadening and displacement. Analysis is in progress to quantify the
effects of radiation damage due to both electronic and nuclear stopping.

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 8Li; A Possible Calibration Source for the Sudburv Neutrino
Observatory (SNO)

B. Sur and D. Earle (Neutron and Condensed Matter Physics Branch)
V.T. Koslowsky and E. Hagberg (Nuclear Physics Branch)

One of the remaining major challenges for the Sudbury Neutrino Observatory
(SNO) team is to find a means to energy calibrate the large detector
array. The j8-decay energy spectrum of 8Li (/8 endpoint = 13 MeV) resembles
the neutrino energy spectrum of 8B (ft endpoint = 15 MeV) sufficiently well
that it would act as an ideal calibration source for the SNO detectors.
We have performed a test to determine whether sufficient amounts of 8Li
(t1/2 = 0.84 s) could be produced (via the

 11B(n,cr) reaction with 14 MeV
neutrons impinging on a B target), thermalized, and then transported to
the centre of the SNO detector with a He gas-transport system in amounts
sufficient for calibration purposes. The test utilized the ISOL target
location, gas-transfer system, fast-tape station and 4n ft gas counter.
Neutrons were produced by bombardment of a thick Be target with about
100 nA of 28 MeV deuterons. The neutron flux was about SxlOVs and was
kinematically well focussed on the target. The gas-filled target chamber
was placed directly behind the Be target. The B target in the chamber
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consisted of a single wafer of BN ceramic. Aerosol-loaded (NaCl) helium
vas continuously flushed through the target chamber and a 6-m-long
capillary to a low-background counting location. The total transit time
vas estimated to be <0.5 s. After deposition onto a mylar tape, the
accumulated sample vas quickly moved into a ATI 0 gas counter. This
counter vas 92% efficient and had very lov -y-ray sensitivity. The event
rate vas multi-scaled and the decay curves of many samples summed. Ve
determined the initial 8Li counting intensity per sample by fitting the
summed data vith a tvo-component decay curve (8Li+11Be) plus a constant
background. This vas the only vay of identifying 8Li, as it has no
characteristic ^-delayed 7 rays.

Yields vere sufficient to permit the observation of the decay curve
sample-by-sample. Approximately 1000 atoms of 8Li vere produced per 0C of
deuterons. In addition, 11Be vas produced about 15 times less abundantly
(via the 11B(n,p) reaction). The constant background vas about 1% of the
8Li initial decay rate. These yields vere more than adequate for SNO
calibrations. Remaining concerns that need to be addressed are vhether
this short-lived activity can be transported over 50 m vithout serious
losses, and if 11Be, an unvanted background activity, can be suppressed by
a further factor of ten.

3.2.2 TASCC Experimental Computing Facility

G.C. Ball, R.V. MacLeod, F.J. Sharp, D. St. Onge and G.A. Tapp
(Nuclear Physics Branch)
G. Leblond, R. Roiha and H.A. Thompson (Mathematics and
Computation Branch)

During the past six months, both the CCUR 3230 and 3280 computer systems
vere used extensively for on-line data acquisition, off-line analysis and
system development. The only hardvare upgrade vas the addition of a
second double-density Exabyte 8500 tape drive and one more lov-density
EXB 8200 tape drive on the CCUR 3280.

Significant progress vas made on upgrading the data-acquisition softvare
documentation. Introductory (primer) manuals have been vritten for the
CCUR and SUN computer systems. A nev data-acquisition manual for the CCUR
systems is approximately tvo-thirds complete and vork has begun on a nev
utilities manual and a "frequently asked questions" manual.

A programmable router vas installed to restrict traffic across the netvork
bridge betveen the local CCUR/SUN netvork and the CRL site netvork.
Preliminary testing of the nev general-purpose data-scanner modules has
also been carried out (see 3.2.3).

Usage of the SUN vorkstations for playback and off-line graphics analysis
continues to increase. A nev version of DOS vindovs vas installed that
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allows 8* users to run the interactive graphical analysis codes BANDAID
and CUBEAID developed by J.A. Kuehner (HcHaster).

Software development on the SUN workstations has concentrated on the
completion of the first working version of the on-line graphical analysis
(OLGA) software (see 3.2.4). The CCUR data-acquisition software has been
modified to provide transfer of the on-line histogrammed data to the SUN
workstations via a dedicated CAMAC memory I/O module. Preliminary testing
of the software package by on-line experimental groups is now in progress.

3.2.3 TASCC Experimental Electronics

G.Â. Tapp and F.J. Sharp

New Data Scanner

All major components of the data scanner have been completed to a point
that allows testing of all interactions and an evaluation of performance
characteristics.

The 12-channel coincidence gating unit has been completed and tested.
Three ADC gating modules have been built and tested, along with their
associated coincidence mixing chassis.

The above units, as well as a NIM bin and a CAMAC crate, have been
installed in a mobile 19" rack, thereby creating a stand-alone test bed
that can be patched in or out of the existing data-acquisition system,
allowing minimum disruption of an experimental set-up.

The CAMAC-based part of the system comprising (i) a STATUS module,
(ii) ADC I/O modules, (iii) a 512 k x 24-bit triple-port memory module and
(iv) a micro-processor based auxiliary controller, have been tested
together. Coincidence information from three ADC's has been collected and
successfully sent to the CCUR 3280. The red-station automatics can be
controlled from the new system, but modifications are necessary to allow
the CCUR 3280 to read the status of the automatics from the STATUS module.
Further testing and characterization of the system is required to
determine whether the present configuration is fast enough to meet design
goals. Testing of the 512 k x 24-bit memory module for singles operation
has begun. Error-free CAMAC dataway reads and writes to the memory module
are possible, but further debugging is required for data transfers from
the I/O modules.

SUN Stations

Final debugging of the 4 Mbyte CAMAC memory I/O module was completed.
This unit allows transfers of large data files from the CCUR 3230 or 3280
computers to the SUN's. A final version of this module, as well as a data
switch to allow two SUN stations access to either CCUR computer, has been
designed and circuit boards are being laid out.
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A second Co-systems dual parallel port was installed and tested. The unit
performed as expected, but data transfers to the Tektronix colour plotter
vere unsuccessful. Further investigation is underway.

All three SUN stations have had their memory upgraded to 64 Mbytes.

A third x-terminal has arrived and vill shortly be connected to the thick-
vire Ethernet by Mathematical and Computation Branch.

CCUR Computers

The Chromatics CG1999 graphics terminal connected to the CCUR 3280 failed.
The unit has been shipped out for repair. In the interim, an A/B switch
has been designed and installed that allows the remaining Chromatics
display to have access to either CCUR computer.

Miscellaneous Electronics

Four 4-channel timing single-channel analyzers, along with four 16-channel
ECL-to-NIM convertors, have been built and are undergoing testing.

The 8n Lecroy CAB was repaired, and problems with the control-room CAB
were rectified. A Lecroy triple-port memory for the CAB's was also
repaired.

Problems with the acquisition CAMAC serial highway were traced to a faulty
repeater unit.

3.2.4 Data Analysis Software

R.tf. MacLeod and D. St. Onge (Nuclear Physics Branch)
M.A. Thompson and G.E. Leblond (Mathematics and Computation
Branch)

Development of the On-line Graphical Analysis (OLGA) program has continued
(PR-TASCC-5: 3.2.11; AECL-10787). Many features have been added, as
discussed below, and as shown in Figure 3.2.4.1.

OLGA can read both .spk and .his files and can write one-dimensional data
out to .spk files. A graphical user interface (GUI) has been written so
that the user may expediciously select which histogram(s) to display. Both
.his files and on-line data can be transferred from the Concurrent
computers to the Sun workstations. The ability to transfer single spectra
in the on-line data set is currently being developed.

Both one- and two-dimensional data can be displayed on linear, logarithmic
or square-root scales. Up to 32 one-dimensional histograms can be
displayed by stacking and/or overlaying the data. Energy calibration,
yeak-find, and channel-marker functions have been implemented. Only a
single two-dimensional histogram can be displayed per window, but up to 64
windows can be manipulated.
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3J//J Tfe graphical user interface and display capabilities of the On-line
Graphical Analysis program are shown. The upper portion of the figure shows the
man GUI and the banana gating GUI. The two bottom windows show one- and
two-dimensional data being displayed.
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OLGA vas designed to be user friendly; therefore, most operations can be
performed vith the mouse. These operations include: changing the display
limits (expanding, moving up or down), displaying the counts or the
statistics for a region, and taking X, I, or banana gates on two-
dimensional data. A banana gate defines a region of a two-dimensional data
set; this region is created by specifying a series of (clock-wise)
connected points. In banana gating mode, the user can load and save a
banana file, display any of the bananas in that file, modify existing or
create new bananas, or take banana projections. The user can add, move,
delete or insert banana points; move, delete, stretch or rotate whole
bananas or reverse any of these operations.

OLGA has been used in one 8x experiment and user suggestions are being
implemented.

3.2.5 Gamma-ray Coincidence Data Analysis Software - New Developments

D.C. Radford and R.W. MacLeod

Programs ESCL8R and LEVIT8R have recently been developed for interactive
graphical analysis of 7-7 and 7-7-7 coincidence data sets, respectively
(PR-TASCC-4: 3.2.9; AECL-10674). These programs have revolutionized the
analysis of data from instruments such as the Bit spectrometer, and third-
generation arrays like EUROGAM and GAMMASPHERE. They are under constant
development; some of the more significant recent enhancements are
presented here.

The previous versions of these programs presented only the gate spectra
graphically; other programs had to be used to view a graphical
presentation of the level scheme. We have recently developed a version in
which both the level scheme and the gates are drawn by the program; this
allows interaction between the two types of data. For example, it is easy
to place a gate on a transition simply by using the mouse to select a
transition of interest in the level scheme, or to specify the energy of a
new transition to be added to the level scheme by using the mouse on the
spectrum display. The new versions also allow much easier editing of the
level scheme through its interactive display; functions have been added to
add, delete, move or otherwise change the bands, levels, transitions or
labels that comprise the level scheme and its displayed graphical
representation. An additional advantage is that this simplifies
considerably the creation of publication-quality level-scheme figures.

The first versions of LEVIT8R and the triples-replay program INCUB8R used
a single byte for the cube histogram, so that channels overflowed at 256
counts. While this was adequate for data from the 8n spectrometer, the
start-up of new third-generation arrays (e.g., EUROGAM1) has meant that
two bytes per channel were required. New versions implementing this change
have been written and distributed.

More user-friendly versions of the programs GF2, ESCL8R and LEVIT8R,
utilizing the MOTIF graphical user interface, are also under development.
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3.2.6 Kinematic Reconstruction of Doppler-broadened Lines with -y-rav
and Particle Information from the 8* and Miniball Arrays

J.A. Cameron, J. Jonkman, D. Prévost, J.L. Rodriguez and J.C.
Waddington (McMaster University)
G.C. Ball, A. Galindo-Uribarri, V.P. Janzen, R.V. MacLeod,
D.C. Radford and D. Ward (Nuclear Physics Branch)

Experimentally, -y-ray spectroscopy of light nuclei presents many
challenges. Large recoil velocities, high-energy 7 rays, multiple charged-
particle emission, large Doppler shifts and Doppler-broadened lines are
commonplace. The information already available from the 8x and Miniball
arrays has been used to overcome some of these difficulties. Particle
energies, times and hit patterns from the particle-detector array make
possible a kinematic reconstruction of each event, provided that all or
most evaporated particles are detected. During the last year, considerable
progress has been attained in the area of peak narrowing from the
kinematic reconstruction of 8?r and Miniball event data. Gamma-ray
(singles)-particle data from 28Si(28Si,xn yp za) reactions, obtained at
TASCC, have been reconstructed by a kinematic method devised at McMaster
University. For example, four transitions in 47V display the following
width (FWHM) improvements: 1148 keV 11/2' -> 7/2' from -14 keV to 9 keV,
1320 keV 15/2- -> 11/2' from -15 keV to 10 keV, 1519 keV 19/2' -» 15/2' from
-20 keV to 13 keV, 1771 keV 23/2' -* 19/2' from -22 keV to 14 keV. Further
improvements are being made.

3.2.7 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 continued to upgrade the 24-element CsI(Tl) charged-partide
detector array to 45 elements (PR-TASCC-4: 3.2.4; AECL-10674). The final
prototype preamplifier was built. Additional quad timing units and an
additional detector-bias supply were built.

Two ion-implanted totally depleted large-area (25 cm2) segmented double-
sided Silicon-Microstrip detectors with a thickness of 140 pm were
delivered by Micron Semiconductor Limited. We are planning to use them as
transmission detectors, providing p-ot discrimination, and as position-
sensitive AE-E telescopes.

3.2.8 Q3D Computer Control System

R.E. Howard and B.V. Luloff

Hardware

The computer interfaces for the Dl, D2 and D3 trim power supplies are
installed and commissioned. The interface for the dipole supply is also
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installed, but not calibrated. The quadrupole interface is built, but not
installed. All printed circuit boards are built, except for two slew-rate
boards. All the assembled boards except spares are tested. The remote-
control computer and control-room computer are installed. The D2 trim
supply has been controlled from the control-room computer. The control of
the dipole supply is ready for testing.

Software

The software for controlling the computers' serial ports is complete and
functioning. The program for the remote computer control is almost
complete. It works most of the time, but does have a bug that causes the
program to stop reporting "status". The program for the control-room
computer is working with all the functions to control devices. It receives
and displays "status" from the supplies and the NMR. It does not yet allow
stabilization of the dipole magnet with the NMR.

3.2.9 ISOL Operation

G. Savard, E. Hagberg, V.T. Koslowsky, tf.L. Perry and H.J. Watson
(Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

Four experiments were performed during the reported period. Three
experiments used the helium-jet transfer system: the first two involved
the study of non-analogue 0* -» 0* transitions in 46V and 38mK; the third
experiment dealt with the decays of the Tz = -1 nuclei

 44V, 46Cr, 52Co,
54Ni. One experiment was performed with the on-line isotope separator to
study the extraction of 11Li (produced by fragmentation of an 180 beam)
from the thermal ion source that was developed over the previous reporting
period (PR-TASCC-5: 3.2.2; AECL-10787). In the same run, an attempt was
made at extracting 38Ca produced with a 160 MeV 28Si beam from the thermal
source.

Both of these separator efforts were hampered by catcher/target
deterioration in the thermal source. In the first case, the 30% open-
porosity tungsten catcher, which had provided very fast lithium release
times (PR-TASCC-5: 3.2.2; AECL-10787), sintered to normal tungsten density
after a short time at high temperature. The sintering of the catcher, when
combined with the large implantation depth for the lithium isotopes
produced by fragmentation, resulted in negligible ISOL yields. In the
38Ca experiment, large yields of 38K were observed at low source
temperature. Raising the source temperature to ionize the calcium isotopes
as well did not result in extraction of measurable amounts of 38Ca, and
eventually led to a loss cf 38K yield. Inspection of the source revealed
that the carbon target/catcher had evaporated at the very high
temperature.

The difficulties encountered with the thermal-source catchers have
prompted a series of investigations to find more suitable catcher and
vindow materials and configurations. Initial tests on samples of 60% and
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80Z open-porosity tungsten indicate that sintering reduces the open
porosity by less than 20%. This material might therefore make a suitable
catcher.

Progress vas also made in tape-station development during the reporting
period. Nev drive electronics circuits have been installed for the motors.
They now accelerate faster, the servo system has less overshoot and the
tape station can operate at twice the speed (550 cm/s). The new drive
circuit has, however, an intermittent fault and has been returned twice to
the manufacturer for warranty servicing. A second tape-drive system is
currently being designed, in which the feed and take-up reels are located
on separate portable stands. This new system will be applicable to
complicated counting arrangements having many large detectors, and
eliminates the need to return the tape around the counting assembly.

3.2.10 A Penning Trap Mass Spectrometer for Short-lived Isotopes at the
TASCC ISOL

G. Savard, E. Hagberg and V.T. Koslowsky (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
K.S. Sharma, R.C. Barber and J. Hykawy (University of Manitoba)
F. Buchinger, J.E. Crawford, J.K.P. Lee and R.B. Moore (McGill
University)

The preparatory work has continued on an application to NSERC for a major
installation grant for a Penning trap mass spectrometer to be installed at
TASCC (PR-TASCC-5: 3.2.4; AECL-10787). The coupling of the tape-transport
system to a resonant-ionization laser ion source, which is a critical
component of the system, has been successfully demonstrated. Gold-loaded
salt spots, which were prepared at TASCC on an aluminized transport tape,
in a fashion analogous to that which is envisaged for the radioactive
samples, have been installed in the laser-ionization system at McGill
University and studied there. It was found that gold can be ionized
selectively, unhampered by the presence of the salt (relative gold
concentration of about 1 in 1012). The present ionization efficiency is
above 10"6 per laser pulse, in fairly good agreement with a "first
principles" calculation with the present geometry. The ionization
efficiency is limited mainly by desorbtion and laser power. With the more
powerful (commercially available) lasers envisioned for the proposed
instrument, an ionization efficiency of close to 10"4 per laser pulse is
predicted. With accumulation in the bunching trap, an overall efficiency
for the system of about 10'3 is expected. These experiments have tested
the most important unknown factors for the proposed instrument and have
demonstrated the soundness of the concept.

Studies of magnetic-field amplitudes and fluctuations at different
locations on the TASCC site are being performed to determine the best
location for the instrument. Progress on the proposal is on schedule, with
the general layout of the full system now fixed, and with detailed design
of some of the critical components started. In addition to mass-
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measurement capabilities, the system provides trapped radioactive ions for
precision measurements relevant to atomic, nuclear and particle physics.

3.2.11 Upgrading the Negative-Ion Injector Code INJECTE

V.G. Davies

The ion-optics code INJECTE (PR-TASCC-5: 3.2.15, AECL-10787) has been
upgraded to include the nev Einzel lens, as veil as the Atomic Mass
Spectrometry (ÂHS) ion source. In order for these devices to be used in
the code INJECTR, they must be parameterized so that their transfer maps
can be generated as a function of beam energy and electrode voltage at run
time; this is essential if one vants to use the program to optimize for
specific optical properties. In this regard, the first-order transfer
matrices calculated by the differential-algebra code (see 3.2.12) have
been parameterized by least-squares fitting each of the matrix elements
for each device to quadratic or cubic functions of the element voltages.
In the case of the extraction region of the AMS source, a two-dimensional
fit with respect to the extraction voltage and extraction Einzel-lens
voltages was required. The main Einzel lens and the AMS source "front
end" are one-dimensional fits to their respective electrode voltages.
(Note: There are now two Einzel lenses in this system.)

Fitting each matrix element separately, as was done here, does not
generally preserve the symplectic nature of the transfer matrix; resulting
errors lead to non-conservâtion of phase-space. This problem is overcome
by changes to the matrix made at run time by the use of a Lagrange-
multiplier-type correction, which modifies the matrix elements such that
the determinant has the correct value.

The upgraded code has been used to study the optics of the low-energy
Injector with both the Hiconex 860 ion source and the AMS ion source. In
particular, beam envelopes have been calculated for the AMS ion source as
a function of Cs-cathode voltage; here, the extraction Einzel lens and
main Einzel-lens voltages were treated as free parameters, either
independently or together. The results indicate that differences among
35C1, 36C1 and 37C1 beam envelopes are to be expected with the parameters
used in AMS experiments; these differences are not sufficient to explain
the isotopic fractionation observed. Consequently, it is essential to
include the effects of the electron-suppression magnet.

3.2.12 Application of Differential-Algebra to the Optics of Ion Sources
and Electrostatic Lenses

V.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)

Development of the differential-algebra (DA) code for ion sources and
electrostatic lenses has continued (PR-TASCC-5: 3.2.14, AECL-10787).
Electric scalar potentials for the accelerator mass spectrometry (AMS) ion
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source "front-end", the extraction Einzel lens (a combination of an Einzel
lens and an extraction electrode) for the AMS source and the aain Bincel
lens for the low-energy injector have been calculated, with the code
POISSON. These potentials have been expanded in Fourier-Bessel series,
which satisfy Maxwell's equations; the normalized coefficients are read
into a special version of the new cyclotron code DACYC (ibid; see also PR-
TaSCC-4: 3.2.10, AECL-10674). Only 25 Fourier terms were needed for the
worst case (the AMS source extraction section). For the AMS source
extraction-Einzel-lens element, the potential is the sum of the
extraction-electrode potential and the Einzel-lens potential (the
extraction electrode forms part of the Einzel lens), giving a two-
parameter system. Problems with convergence of the Fourier-Bessel series
at the end-points of the AMS source and extraction section, respectively,
which result from the fact that the potentials are not periodic, were
solved by artificial invocation of symmetry; that is, the systems were
treated as if they had reflection symmetry about the exit plane.

Calculations up to third order have been made with the DA code for the two
sections of the AMS ion source and the Einzel lens. Transfer maps were
computed, in 1 kV steps, for the front end of the AMS source for Cs-
cathode voltages between 3 and 10 kV, and for two different initial mean-
energies, namely 1 eV and 8 eV. For the extraction region of the AMS
source, transfer maps were calculated for 24 points in the two-dimensional
grid of extraction voltage (ranging between 8 and 20 kV) and Einzel-lens
voltage (ranging between 0 and 4 kV); the initial particle energy was
fixed at 5 keV. For the Einzel lens, transfer maps were computed for
electrode potentials between 0 and 12 kV for a particle energy of 15 keV.

The results of these calculations have been parameterized and incorporated
into the upgraded version of the ion-optics code INJECTR (see 3.2.11 and
PR-TASCC-5: 3.2.15, AECL-10787). As a check on the DA program and in
order to view details of trajectories in the front-end of the AMS source,
a code has been written that numerically integrates the equations of
motion and plots the results of individual rays.

In addition, the magnetic vector potential has been derived for the
electron suppression magnet, but this has not yet been incorporated into
the DA calculations.

3.2.13 Progress on the New Orbit-Dynamics Code DACYC for the TASCC
Superconducting Cyclotron

tf.G. Davies (Nuclear Physics Branch)
S.R. Douglas (Mathematics and Computation Branch)
G.E. Lee-Whiting (Theoretical Physics Branch)

Programming of the new differential-algebra-Lie-algebra orbit-dynamics
code, DACYC, for the TASCC cyclotron is continuing (PR-TASCC-4: 3.2.10,
AECL-10674). The code is being written in C++, as it is much easier to
code and test complex DA operations in that language. Although it was
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originally planned to have a FORTRAN version of the program, this has been
dropped. The code vill run on vorks tat ions or large 386 or 486 PC's. At
present, coding of the coil and basic magnetic-field model for the iron is
complete. Further development of the field model avaits the results of
refinements currently underway (see 3.2.14).

Since the present plan is to run the program on a large 486, development
of a WINDOWS interface has begun, which will allow integration of all the
codes used in the setup and analysis of the cyclotron, including DACYC.
To date, the basic windows interface has been written (in C++), the
magnetic field maps have been imported from the CYBER 990, and work has
been started on graphics facilities and the conversion of programs, which
currently run on the CYBER 990, to the WINDOWS environment.

Calculations have been done on the cyclotron r.f. cavity by M.S. de Jong
and F.P. Adams, Jr. (Accelerator Physics Branch), using the "boundary-
integral" method. Considerable progress has been made; solutions for the
surface currents have been obtained for the cavity in both 0-mode and it-
mode, which appear to be reasonable. The calculations predict vertical
fields in the dees in both 0-mode and jt-mode, as well as vertical fields
in the hills in jr-mode. As is usual in r.f. cavity calculations, there
are problems with spurious solutions ("spurious modes"); progress is being
made on how to deal with these. Another problem that has arisen is the
distortion of the electric fields near the edges of the "current patches".
This results from the fact that, in the present model, the continuity
equation is not satisfied at the edges of the patches (see PR-TASCC-5:
4.3.4, AECL-10787 for a discussion of some aspects of this problem). The
de Jong-Adams model uses quadrilateral rather than triangular patches
(ibid.), which makes it much more difficult to satisfy the continuity
equation. Work is in progress on solutions to these problems.

3.2.14 Progress on the Magnetic-Field Model for the TASCC
Superconducting Cyclotron

W.G. Davies (Nuclear'Physics Branch)
G.E. Lee-Whiting (Theoretical Physics Branch)

Further refinements have been made to the magnetic-field model for the
TASCC Superconducting Cyclotron, which will be used with the new
differential-algebra-Lie-algebra orbit dynamics code DACYC (see PR-TASCC-
5: 3.2.16, AECL-10787). The model consists of (i) the superconducting
coils, (ii) semi-infinite, uniformly-magnetized polygonal "prisms" of
iron, which represent the hills valleys and skirt regions of the cyclotron
poles, and (iii) the yoke, which was treated in the magnetic-circuit
approximation. The yoke model also terminates the infinite prisms.
Furthermore, the edges of the prisms are softened by addition of linear
dipole-densities, to help compensate for non-uniform magnetization
effects. These dipole-densities plus the three yoke parameters are the
only free parameters in the model. With this model, good fits were
obtained to the measured mid-plane fields; the RMS error was 0.126% for a
mid-field case with all parameters (282) free. Neglected in this model
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vere (i) the small inclination of the pole face to the horizontal in the
region of the inner nz-shimsn, (ii) the "z-shimsn at the inner and outer
radius and (iii) the dishing of the pole. These vere modifications
introduced to correct the magnetic field as a result of the field
measurements.

Since the last report, the yoke model has been replaced by an even-order
polynomial (ibid.), vith 3 or 5 free parameters, depending upon whether ve
include azimuthal modulation terms; this polynomial approximation
satisfies Maxwell's equations exactly. The new yoke model has been found
to be very satisfactory.

The earlier equal-area polygonal geometry for the pole has been changed to
a model in which the sides of the polygon are always tangent to the
circular arcs. This increases the "over-hang" of the vertices, which is
compensated by monopole-dipole corrections. This new polygonal model
alleviates the errors introduced where the chords cut off some of the
iron. Ve hoped that theoretical estimates of these monopole and dipole
components at the vertices of the polygons would be sufficiently accurate
to attain the desired goal of reproducing the field to 0.1%. However,
this was not the case and better fits were obtained if the corrections
were allowed to be free parameters. The new polygonal approximation works
very well, except at two vertices. The reason why two out of 20 vertices
would behave badly is not understood at present.

The inner and outer "z-shimsw and the dishing of the pole have been taken
into account in the current-loop approximation. The z-shim parameters are
determined from the theory and none are free parameters. The fits to the
data are very satisfactory; the distinct outline of the outer z-shim seen
in earlier residual plots has completely disappeared. The situation
around the inner z-shim is more complicated. The residuals show that the
model now overpredicts the field in this region. Analysis of the
residuals has led to our discovery of a deep chamfer that was cut into the
poles at the inner-most radius. Furthermore, the hill overhangs the 150
mm diameter hole cut into the lower pole to make room for the r.f. tuning
stem. These two effects have not been included in the model. Even so,
with all parameters free, the RMS deviation was only 0.11*.

Further inspection of the parameters led us to the conclusion that many
had unphysical values. We have undertaken to reduce the number of free
parameters substantially. In the present model, all valley edge
parameters have been removed from the model, and the skirt edge parameters
have been fixed at the5.r theoretical values. In addition, all loop
currents have been set to zero. This reduces the total number of free
parameters by about a factor of 5. As a result, the RMS deviation has
gone up from 0.11* to 0.23* for the mid-field case (Bav = 3.6 T). The
residual plots now indicate .that the major errors occur in the vicinity of
the inner z-shims, the "bad" vertices and on the valley floor in the
vicinity of cryo-pump and r.f. tuner holes in the valleys. These holes
are not included in the model, and it is not yet clear whether they are
large enough to account for the errors.
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3.2.15 Lie-Algebraic Analysis of the Isochronous Cyclotron

V.G. Davies

The document discussed in PR-TASCC-1: 3.2.25, AECL-10377 and PR-TASCC-2:
3.2.11, AECL-10431 is being extensively revised. In the earlier version,
a uniform-field cyclotron, which is resonant, vas analyzed in detail;
effects such as chromaticity, non-resonant decentering and the
transformation to the fixed point when a first harmonic vas present had to
be introduced artificially. Hore recently, it has been realized that the
treatment of an isochronous cyclotron, vhich automatically exhibits the
desired non-resonant behaviour and chromaticity, could be handled vithout
too much added complexity. This leads to a much more satisfactory
treatment of the Lie-algebraic theory of the cyclotron, and exhibits many
interesting features vithout ad hoc additions.

At the present time, the revisions include:

a) Specification and derivation of the "isochronous magnetic field" and
its magnetic vector potential.

b) An expanded discussion of perturbation expansions and their relation
to the Lie-algebraic formulation.

c) A revised discussion of the solution of the Hamiltonian and the
factorization of the Lie-algebraic map.

d) Computation of the factored map up to second-order non-linearities.
This nov includes the effective quadrupole and sextupole fields
introduced by making the magnetic field isochronous.

e) Revised treatment of the factored map vhen an H1 term is present in
the Hamiltonian and/or vhen the Hamiltonian is explicitly "time"
dependent.

f) Evaluation of the map including the "time-independent11 H1 term arising
from isochronization of the magnetic field.

g) Revised treatment of the consequences of including an nth harmonic in
the magnetic field. A b1 cos(9) term drives decentering and is used
to excite the vr = 1 decentering resonance (i.e., "resonant
extraction") at outer radii. Explicit solutions are given for
b1cos(5), 03 cos(30) and b4cos (40) terms. The expression exhibiting
the divergence of the trajectories is derived for the b1cos(*9) term
vhen i/p = 1 and a comparison is made vith the non-resonant
expressions. In addition, expressions for the increased focusing
strength or tune-shift are calculated for the b3 cos(6) and b4 cos(40)
terms; these expressions demonstrate the vell-knovn fact that 3-sector
cyclotrons are more strongly focusing than 4-sector cyclotrons. That
these terms generate vertical focusing is discussed.
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Yet to be completed is a revision of the sections on normal forms,
computation of the "fixed points" and the transformation of the map to the
closed-orbit reference frame.

3.2.16 Target Laboratory

P. Dmytrenko, M. Moreau and H.R. Andrews

During the first half of 1993, the target laboratory prepared numerous
targets and thin film coatings for nuclear physics experiments. The
Tandem accelerator and superconducting cyclotron vere supplied vith carbon
stripper foils of various thicknesses. Chemical conversion and chemical
reductions vere carried out on stable isotopes destined for the TASCC ion
source. Thin beryllium foils vere prepared as calibration sources for the
Sudbury Neutrino Observatory (SNO).

Targets Prepared for Nuclear Physics Experiments

The following targets and foils vere produced: natural Al, Au, BaCl2 , C,
Ca, Cr, KF, Lid, Mg, Ni, Ni-Cr, PbS, Si, Ta, Ti, Sm, Zr and Zr-Nb; 12C,

, 28Si, 46Ti, 1"Sm, i*9Sm, i50Ndj l76Yb and
 183W.

Commercial Sales

Natural and isotopic carbon foils vere produced for a number of customers.
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4.1 CYCLOTRON

4.1.1 Operation

H. Schmeing

The current report period was both eventful and successful for the accelerators.
While the Tandem performed nearly flawlessly and reached new records of
reliability and high-voltage performance (up to 16 MV), the cyclotron had an
unusual number of mishaps as well as new record-high beam energies. The mishaps
included:

a) A water leak from the radial probe PI into the midplane. Only moments
after the probe was withdrawn the leaking water line burst open, which
might otherwise have caused real havoc.

b) A newly installed limit switch (on P3) melted under a high r.f. stray field
and caused difficult-to-analyze vacuum problems.

c) An air inrush occurred through the PI access port, caused by a logic flaw
in the probe-computer interlock-system. This event destroyed all foils on
the foil chain, which, in turn, caused dust throughout the midplane, and
notably in inaccessible areas. The consequence was poor deflector
performance for almost two months.

d) In a first try to develop 238U at 5.25A MeV, the injection steerer 2X
overheated because of cooling-water lines that had been incorrectly
installed two years ago. The midplane had to be opened to repair the
steerer.

e) The Tandem beam punctured a beam-line bellows in the cyclotron's injection
line.

f) Several independent cooling-water leaks in the deflector system required
midplane openings.

Only thirteen days were lost to overcome all these problems, during which time
staff made near-heroic efforts. Ve returned to normal operating conditions in
early May, and for the rest of the reporting period (and for at least the
subsequent two months) operation was extremely smooth, with no openings at all,
and very happy users.

In all, 11 runs were scheduled for a total of 61 days of operation. The
respective numbers for the last reporting period are 14 and 75. The breakdown
of days for production runs (including setup), development runs, training runs,
and forced midplane openings were 38:6:4:13. The operator-training schedule was
modified such that training in the future will occur during the first two days
of a production run, and not during specific, scheduled training runs.

The cyclotron midplane was open throughout all of 1993 January for installation
of the third radial probe and a new deflector with remotely moveable septum.
Both installations were largely completed, but did not fully meet our
commissioning requirements. The new septum was destroyed by unexpected spark
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erosion caused by the high vertical fields within the dee that houses the
deflector. Both systems have been upgraded and are ready for further testing.

Six new cyclotron beams were developed, bringing the total number of beams
available to experimenters to 66 (see Table 4.1.1.1). All were developed in
response to experimenters' requirements. Of these beams, two - 35C1 at 43A MeV
and 81Br at 25A MeV - were at the boundary of what we considered to be the
operating limit of the machine, and two - 35C1 at 46A MeV and 70Ge at 35A MeV -
were beyond this limit. The operating limit was originally established by
requiring a 10% stripping efficiency in the cyclotron. However, we have proven
that useful beams can be produced with a stripping efficiency as low as 0.62
(70Ge), naturally with correspondingly lower beam intensity.

The beam 70Ge at 35A MeV, constitutes a new record beam energy for TASCC:
2.45 GeV.

Good progress was made in many areas of development. More than 30 beams (not
yet produced) have been fully calculated. The semi-automatic beam centering
program has been developed to the point where it is easy to use for any
operator. This program, in conjunction with our nev long-life, high-resolution
radial probe heads for Pi and P2, has proven to be a powerful tool for fine-
tuning the beam.

Particularly noteworthy is the work in computer control and ion-source
development. In the conversion of the entire computer-control system to Vsystem
(VISTA Inc.), the half-way benchmark has been passed successfully. In ion-
source development, two new approaches have been pursued very successfully. A
conical-ionizer version of our Model 860 sputter ion source has been built and
is yielding very encouraging results. In addition, major effort went into
developing an ECR source for TASCC.

In 1992 December, work was begun on adapting the high-current, low-charge-state
(1+) ECR ion source ECRIS, developed by Accelerator Physics Branch, for the
generation of intense negative-ion beams. This work has been performed at the
ion-source test stand (ISTS) in Accelerator Physics Branch. Initial experiments
were devoted to surveying the range of positive-ion beams available from gaseous
feeds at typical TASCC extraction voltages (10-20 kV). The ECRIS was then
coupled to a charge-exchange canal. Negative oxygen and helium beams were
extracted, with 0~ of 250 /iA and He~ of 33 *tA« The emit tance of this source is
very close to the acceptance of the Tandem. The higher beam currents thus
available help compensate for the double-stripping process on which the TASCC
facility is based, and would benefit all negative-ion machines worldwide.

TABLE 4.1.1.1
CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1993 JUNE 30

NUMBER ION ENERGY fMeV/AI R.F. MODE INTENSITY TnAI

1
2
3*
4

6 Li
7 Li
7 Li
12C

50
30
25
50

71
Jl

Ti
71

14
17
20
140
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TABLE 4.1.1.1 (CONTINUED)

NUMBER

5
6
7
8
9
10
11
12
13
14
15
16
17
18*
19
20
21
22*
23*
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49*
50
51
52
53

ION

12C
12C
12C
12C
12C
14N
14N
16Q
18Q

18Q

24Hg

24Mg
28Si
28Si
28Si
28Si
28Si
35C1
35C1
35C1
35C1
35C1
35C1
35C1
3SC1
35C1
37C1
37C1
37C1
63Cu
63Cu
63Cu
70Ge
74Ge
76Ge
76Ge
76Ge
79Br
79Br
79Br
79Br
79Br
79Br
79Br
81Br
81Br
aiBr
8iBr
107Ag

ENERGY FHeV/Al

45
40
30
23
10
40
30
25
38
36.5
25
35
30
27
8
7
6
46
43
35
30
11
10.25
9.5
8.5
6
35
22.5
5.5
20
18
10
35
4.2
4.45
4.35
4.2
22.5
20
18
15
13
10
6.5
25
18
4.37
4.17
13

R.F. MODE

7T

7T

7t

7T

0

7t

7T

7[

7T

7t

7T
71
n
7t
0

0
0
7T

7t

7t

7t

0

0

0

0

0

7T

7t

0

0

0

0
7t

7t
71

7t

7T
0
0
0
0

0
0
0
71
0
71

7t

0

INTENSITY [nA]

260
325
23
150
0.5
45
20
90
52
500
22
150
60
400
45
10
70
0.3
13
130
260
32
24
45
39
5.5

150
100
33
33
50
33
1
80
60
95
60
7

< 1
120
60
35
55
6

130
125
80
50
8
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TABLE 4.1.1.1 (CONTINUED)

NUMBER ION ENERGY fMeV/A1 R.F. MODE INTENSITY TnAI

54
55
56
57
58
59
60
61
62
63
64
65
66

107Ag
107Ag
107Ag
107Ag
127!

127];

127!
127!
127Z
127!
197 Au
i"Au
238U

10
6.5
5.6
4.7
19
15
11
10
5.6
5.12
8
5.6
3

0
0
0
7t
0

0
0
0
0
7t

0
0
•K

8
20
< 1
1.3
42
63
< 1
70
10
6
13
10
0.026

* New beam

4.1.2 Electrostatic-Deflector Development

W.T. Diamond, R.R. Tremblay and J.S. Vills

The cyclotron midplane was open throughout all of 1993 January for installation
of the third radial probe and the moveable septum of the electrostatic
deflector. The hardware for the moveable septum was installed and mechanically
tested according to plan, and high-voltage testing began at the beginning of
February. Good high-voltage performance was attained without r.f., but could
not be maintained when the cyclotron r.f. voltage exceeded ~30 kV. An
examination of the septum showed that considerable spark erosion had occurred,
on both the top of the septum and the bottom of the upper rail. The damage was
sufficient to render the deflector useless.

The analysis of the problem yielded an unexpected explanation. Although the
upper rail of the deck was no longer required, it had been left in place to
provide a shield to reduce hydrocarbon contamination in the region of the high-
voltage electrode. This rail was facing but not connected to the moveable
septum below. The damage proved that the vertical r.f. fields in the cavity
were large enough to produce sparking between the rail and the (rounded) septum.
The standard deflector was re-installed until a new septum could be machined and
until time becomes available to test the moveable septum without interfering
with cyclotron operation. An appropriate opportunity has not occurred yet.

The deflector's performance was quite poor during March and April, with about
seven midplane openings during this period. At least three of these were to
clean the deflector because of hydrocarbon contamination caused by vacuum
accidents, and four were to locate and repair water leaks in the high-purity
deflector water system. Three of the openings occurred over a three-day period
because the water leak was pressure-dependent and could not be identified by
helium leak-checking during the opening. The leak was finally repaired by
replacing all the high-purity water-system components, except the copper tube
from the top of the cyclotron. Another opening was needed to repair damage to
the septum that occurred during a run with a high-current chlorine-ion beam.
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The last opening occurred in early May. The deflector was carefully conditioned
to high voltage, first without r.f. or magnetic field, and then with both.
After this, it operated reliably for the rest of the report period (the
following two months) with no openings. This included a 10-day run with
chlorine at 43A MeV. This beam exceeds the original design specifications of
the cyclotron, and requires deflector operation at about 150 kV/cm.

4.1.3 High-Voltage Test Stand

tf.T. Diamond, R.R. Tremblay and J.S. Wills

Investigations continued on high-voltage vacuum insulation on test stand #2.
Results are summarized in a paper presented at the Particle Accelerator
Conference. Table 4.1.3.1, from this paper, compares results obtained with
copper and stainless-steel 'electrodes. .The table gives the onset fields for
several characteristic processes, and the maximum field attained before
breakdown. Microdischarges, which extinguish without a full breakdown of the
gap, occur for some surface preparations, but not for all. Field electron
emission (often called dark current) is the emission of electrons from sharp
points of cold surfaces. The field electron emission intensity increases
exponentially with the electric field, until .it is sufficiently large to cause a
spark. Field-emitted electron currents of 50-200 jitA have generally been the
limiting factor for deflector operation.

The table of data shows that the vacuum-degassing of copper, followed by
electropolishing or vice versa, have increased the threshold for field emission
to very high levels. Surfaces polished with abrasive pzxds and as-machined
surfaces produce field emission and sparking at much lower fields. It is
interesting that• the copper electrodes that have been heat-treated and
electropolished have a higher threshold and perhaps hold higher maximum electric
fields than stainless-steel electrodes. Copper treated in this manner had
superior high-voltage performance compared to stainless steel with'.any surface
treatment tested to date. Based on this; a new copper high-voltage electrode is
being fabricated for the deflector. It will be heat-treated and electropolished
before installation in the .cyclotron.

4.1.4 Main-Magnet Diagnostics

D.L. Schroeder (TASCC Accelerators and Development Branch)
C.R. Hoffmann (Accelerator Physics Branch)

A review has been completed of a technique to monitor temperatures of the
pancake-windings in the magnet. A scheme to install and interlock this
diagnostic technique permanently has been devised, and. hardware procurement is
underway.

Previously used during magnet cooldown, this technique involves measurement of
the voltage across each pancake, as generated from a pre-set current of 1 A
flowing in the magnet. The temperature is then deduced from the known variation
of the resistivity of copper with temperature. The temperature range of
interest is 10 K and above.
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TABLE 4.1.3.1
THRESHOLDS FOR HIGH-VOLTAGE VACUUM INSULATION

Grade1> Process2 > Gap
nun

Electric Field
kV/mm or MV/m

Field Micro- Breakdown
Electron Discharge Field
Emission

ETP
OFHC
OFHC
OFHC
OFHC
OFHC

304
304
VRM
VRM

EP+HT
HT+EP
AP
AM
EP+HT
HT+EP

EP
HT+EP
EP
HT+EP

COPPER

1
1.5
1.5
1
2.2
3

66
>66
33
27
40
47

STAINLESS STEEL

1 55
1.5 30
1.5 43
1 30

50
37

30
33

36

26

78
>66
43
45
65
57

73
63
55
75

ETP Electrolytic tough pitch
OFHC Oxygen-free high conductivity
VRM Vacuum re-melted 304 SS

4.1.5 Foil Changer

2> HT Vacuum degas at about 800°C
AP Abrasive pad
AM As machined
EP Electropolished

J.S. Wills (TASCC Accelerators and Development Branch)
J.F. Weaver (Accelerator Physics Branch)

A mechanical jig was assembled to test a modified vacuum rotary feedthrough used
to drive the foil-transport chain. Previously it had been discovered that a
design flaw (see PR-PHY-5, AECL-10775) led to galling and generation of
mechanical debris, which impeded rotary motion. Continuous operation of the
feedthrough under load in the jig verified that the corrective measures were
adequate. This feedthrough is available for service on the cyclotron.

4.1.6 Radial Probes

R.R. Tremblay and G.L. Caldwell

The lifetime of the newly designed probe heads was noticeably reduced when the
0.020" diameter diagnostic tungsten wire was replaced with a 0.010" thick wire.
Although beam-resolution was improved, the thinner sensing wire produced more
metal deposits on the beryllia insulator, which led to electrical shorting. The
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wire size has since been increased to 0.020". The overall performance of the
new probe heads has proven to be far superior to any previous design. New flow-
switches and isolation solenoids have been installed to protect the equipment
better.

The problem with r.f. arcing between the liner of the cavity and probe #2 barrel
has been reduced by removing a total of 0.060" of material from the top and
bottom of the barrel. Arcing continues to be a problem when the probe is near
the innermost radius.

The newly designed probe #3, which is located in dee 3-4, was installed along
with its vacuum-feedthrough drive and diagnostic system during a one-month
shutdown in 1993 January. The probe is not yet fully commissioned, because of a
problem with the drive system. In addition, the probe barrel will also have to
be removed from the dee in order to place an inner-limit switch that melted
during a run with high r.f. power.

The left element of the stub probe shorted to ground during this period. It has
not been repaired yet, because of limited midplane access.

4.1.7 Cyclotron Vacuum Systems

R.R. Tremblay and G.L. Caldwell

Work has continued on the installation of a backup electrical generator and a
new vacuum controller for the cryostat vacuum. New Penning and Pirani gauges
were installed to monitor the cryostat vacuum. New cold-cathode vacuum gauges
were also installed on the probe #1 and #2 vacuum systems. The previously used
hot-filament vacuum gauges were found to have extremely short lifetimes in high
magnetic fields.

Work also continued on testing, shielding, and modifying sensors and interlocks
to achieve safe operation of the cyclotron at a magnetic field of 5 T.

The lower-pole rough-vacuum o-ring housing is being redesigned. The new housing
will capture the large o-ring, preventing it from sticking to the cryostat when
the pole is being lowered, and from slipping off the outer sealing edge when the
pole is raised into place.

It is suspected that a small water-leak exists between the upper-tuner cooling-
lines and the midplane. Because of restricted access, this remains unconfirmed.

4.1.8 Cyclotron Openings

R.R. Tremblay and G.L. Caldwell

The lower pole of the cyclotron was lowered and raised a total of 10 times over
the six-month period. Table 4.1.8.1 lists the dates and reasons for the
openings.
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TABLE 4.1.8.1
REASONS FOR LOWERING THE BOTTOM POLE

DATE REASON

1993 January 6

1993 February 3

1993 March 1

1993 March 8

1993 March 12

1993 March 19

1993 March 19-21

1993 April 12

1993 April 27

1993 May 6

Planned shutdown to install probe #3 drive and diagnostic
feedthrough, and to install the deflector with moveable
septum.

Moveable septum removed to repair spark damage and to
replace the melted position-potentiometer. The old (non-
moveable) rail vas reinstalled.

Water leak at probe #1. Water leaked into the midplane
vacuum, contaminating the high-voltage deflector
insulators. Both insulators vere replaced and the leak was
repaired.

Deflector failure. Contaminants introduced in February and
March vere suspected as being the cause of continued high
leakage currents. Both high-voltage insulators vere
replaced and all copper surfaces vere thoroughly cleaned
vith Freon and ethanol.

The deflector high-voltage feed insulator vas replaced.

Water blockage in the injection steering magnet STI2x-j.
This required the injection beam-line to be dismantled for
access. Also, the deflector septum had been melted at the
entrance edge by the beam. A nev stainless-steel/copper-
composite septum vas installed.

Deflector failure. High-purity vater leaking into the
midplane high-vacuiam system resulted in the pole being
lovered and raised three times.

Deflector modification. The stainless-steel/copper septum
vas replaced vith a stainless-steel septum. Also, a
reference line vas transferred from the upper pole to the
lover pole. A nevly-designed 5-finger array and nev
diagnostic-signal lines vere installed.

Mid-plane vacuum problem, because of a vaporized svitch on
probe #3. The deflector components also required cleaning.

Deflector failure. A deflector vater leak vas repaired by
replacing the deflector high-voltage feed-insulator.
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4.1.9 Trim Rods

R.R. Tremblay and G.L. Caldwell

With the exception of lower-quadrant #1 and all eight #1 trim-rods, all of the
40 mm diameter trim-rod-driver shafts have been replaced. Previously, mild
steel vas used for these shafts, which led to corrosion problems. The new
shafts are made from stainless steel.

New, faster trim-rod #13 motors have been installed in seven of eight quadrants.
The eighth motor will be installed after parts arrive to repair its faulty power
supply.

4.2 RADIO-FREQUENCY SYSTEM

4.2.1 Power-Amplifier System

P.J. Bunge and S.G. Whittle

A newly-ins tailed, regulated, 250 A, 20 V power-supply, for the 100 kW tetrode
filament, failed after only one day of operation, and was subsequently repaired
under warranty. A recently received second unit was later installed and
continues to work satisfactorily.

A 100 kW Eimac tetrode suffered two shorts between the cathode and grid. On
both occasions, the shorts were burned off. As the tube had about 9000 hours of
operation, it was removed to be kept as an emergency spare. A new Eimac tetrode
was installed, which has since failed, with an open filament, after only about
860 hours of operation. Arrangements are being made to have it rebuilt by
Eimac. A rebuilt tube is now in operation and two other tubes are being rebuilt
to replenish our inventory of spares.

A solid-state power controller was installed on the screen power supply of the
100 kW tetrode, to ramp the screen voltage over a 30-second period when turning
on the power supply. Without the controller, the screen voltage overshoots its
nominal voltage, which results in an undesirable plate-current transient.

Two more tuners of the power-amplifier were converted to control by stepping-
motor controllers of a type standard to the facility. The other four tuners
will be converted in the same fashion.

4.2.2 Cyclotron R.F. System

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

New interlock and temperature-monitoring electronics have been commissioned.
The previous system of r.f. interlocks for the cyclotron provided insufficient
information to the control console. In particular, trips were not all
individually latched. Also, the signals from the thermometers, monitoring
cavity temperatures, had excessive ground-loop noise amounting to many degrees
centigrade. The new system will remedy this problem and provide room for
expansion, both for thermometers and interlocks.
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The cyclotron automatic-frequency-control (AFC) system vas upgraded to permit
operation in pulse mode. The transition to continuous operation nov occurs
smoothly. This improvement simplifies operation of the cyclotron r.f. system,
especially when the radial probes detune the cavity strongly in n mode. Sparks
from the probes occasionally cause the system to drop to pulse mode.

A numerical study of the radial variation of the dee voltage vas completed. The
study employs a two-dimensional potential model with distinct planes for the
upper and lower surfaces of the dee. A computer code was developed to solve the
model, using the boundary-element method and a boundaryless Green's function
appropriate to the geometry. SUPERFISH calculations and half-scale model
measurements taken in 1991 were incorporated. SCC Note (Series II) #161 vas
written to document this study.

A supplement to SCC Note (Series II) #132, SCC Note (Series II) #132.1, was
vritten to document better the methods of measuring cavity-gap voltage ratios.

The signal generator (HP Model #8656A), used as a master oscillator for the r.f.
system, failed during the report period and was repaired by the manufacturer.

4.2.3 Bunchers and Inlection Beam-line Control Systems

G.R. Mitchel, N.A. Towne, P.J. Bunge, S.G. Whittle, S. Kingsley-Jones
and P.L. Rosefield

The bunching and control systems have performed reliably over the period, with
the exception of a High-Energy-Buncher (HEB) amplifier failure in 1993 June,
during the Cl-43 run, and the failure of the ribbon-type Low-Energy-Buncher
(LEB) grid in 1993 February.

When the HEB amplifier failed, a backup amplifier of lower bandwidth (̂ 150 MHz)
was substituted. The HEB was retuned to second-harmonic mode (from fourth), and
the run continued. This was the second failure of the main transformer in this
amplifier in IVz years. It has been repaired and returned to service.

Automatic voltage control (AVC) is being developed for the HEB. It is similar
to the system used for the cyclotron dees. The main goal is to reduce the HEB
multipactoring threshold to well below the normal operating voltage by
application of pulsed-r.f. power in a controlled ramp-down. The circuit has
been built and preliminary testing is complete.

The LEB grid failed after over two years of service, representing an accumulated
beam exposure of several-hundred microampere-days at 200 keV. It was found to
have been sputtered away in the central region and was replaced with a spare
grid with minimal downtime.

New circuitry has been implemented for the LEB's automatic frequency control
(AFC). It uses vector voltmeters as phase discriminators on both the
fundamental (If) and second-harmonic (2f) channels, and has provided more stable
operation over the full range of operating parameters.

The broadband levelled phase-shifters described in the previous report (see also
SCC Note (Series II) #164) have been fully implemented in the CPP-phase and HEB-
energy control loops. This eliminates the need to change phase-shifters when
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system retuning exceeds 10% in frequency. This was completed by Waterloo
University co-op student, S. Kingsley-Jones.

The position-stabilization system on the injection beam-line has been completed
(see SCC note (Series II) #162). Three other electronic modules, intended for
use in a completely rebuilt phase-control system, are under development by
Waterloo University co-op student, P.L. Rosefield.

A special "injection beam-line run" was devoted, in 1993 January, to beam-line
and bunching development of new beams, notably 7Li-25, 28Si-27 and 70Ge-35.

4.2.4 Bunched-Beam Diagnostics

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

The time-of-flight energy-measurement system has now been used during eight
runs. An SCC note was written (SCC Note (Series II) #163) to compare the
results of absolute beam energy with, the design values (see also section 4.3.4).
The system has been documented in a publication and the results presented at an
international conference. . A new 486-PC has been ordered for full automation of
the system.

Capacitive Phase Probes (CPP's) are used in the injection beam-line as beam
probes for the phase-control system. They have good sensitivity at the
fundamental r.f. frequency. Some preliminary and promising measurements have
been done on the injection beam-line with CPP2, which compare the intensity of
high harmonics (e.g., 20th vs. 10th) of the r.f. signal, as an indicator of
bunch length. A non-intercepting current and bunch-length monitor for the
extraction beam-line has been designed and built, but not tested. It uses
capacitive probes as beam-phase pickups, but with the inner conductor segmented
(for higher bandwidth) and the insulators placed to prevent beam interception
and outgassing.

4.3 BEAM DYNAMICS

4.3.1 New Beams Calculated

E.H. Lindqvist

Beam-line and cyclotron parameters have been calculated for the beams listed in
Table 4.3.1.1. Most of these beams have been chosen based on requirements for
physics experiments, with the remainder being part of a continuing program to
test the practical operating limits of the cyclotron.

Note that three beams, 35C1 at 43A MeV and 46A MeV and 70Ge at 35A MeV, are
above the "design" limit of the cyclotron and have already been successfully
extracted. Another new beam, 37C1 at 4.75A MeV, requires a mean magnetic field
of 2.23 T, which is below the design limit of the main magnetic field.

There are now approximately 30 calculated beams ready for development.
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TABLE 4.3.1.1
BEAMS FOR ¥HICH CYCLOTRON PARAMETERS HÂVE BEEN CALCULATED

BEAM

i
2

3
4
5

7 Li
14N

16Q
28Si
28Si
35C1

"Cl
37C1
70Ge
7°Ge
79Br
81Br
209Bi

238U

ENERGY
(MeV/A)

251-2

251

44
251

272

432 . 4

462'.4

4.755

31
352,3,4

26
252

10
5.25

qi/q0

1/3
2/6
3/8
4/12
5/12
5/16 •
5/16
3/8
7/23
8/26
7/23
7/23
9/30
7/24

Equivalent beams
Beam has been developed
Equivalent to 35C1 at 35A HeV
Above "design" limit
Below design limit of main magnetic

FIELD
(T)

2.60
2.60
2.97
2.60
2.70
3.21
3.33
2.23
3.78
3.56
3.90
3.92
4.89
5.04

field

R.F.
MODE

7t

7t

7C

n
Ti

•K

n
jt
7t

7t

JT

Jt

0

' 0

HARMONIC
NUMBER

2
2
2
2
2
2
2
6
2
2
2
2
4
4

4.3.2 An Extended Mass-Energy Diagram

E.H. Lindqvist

The previously used mass-energy diagram (see PR-TASCC-1: 4.3.4; AECL-10337)
assumes a stripping efficiency in the cyclotron of at least 10%. However, if an
isotope is abundant, if it can be easily produced in the ion source, and if high
intensity on target is not required, a lower stripping efficiency can be
accepted. A new mass-energy diagram has been calculated that includes beams
with stripping efficiencies down to 1%.

This new acceptance criterion affects only beams between mass 35 and -120.
Below mass 35, there is no increase in maximum energy, because vertical focusing
determines the limit. Above and including mass 127, there is also no increase
in maximum energy, because the low gas-stripping efficiency in the Tandem
determines the limit. In the intermediate-mass region, an increase of up to 8A
MeV can be expected, until limitations of vertical-focusing and available Tandem
voltage are reached.
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The extended mass-energy diagram has been calculated for injection, with a 15 MV
Tandem and a 16 MV Tandem, in anticipation of higher terminal voltages in the
future.

As mentioned in section 4.3.1, three beams have already been extracted above the
"design" limit: 35C1 at 43A MeV and 46A MeV, and 70Ge at 35A MeV, vith
calculated stripping efficiencies in the cyclotron of 3.5%, 5.8% and 1.0%,
respectively. The development of the 70Ge beam was simplified by its more
intense equivalent, 35C1 at. 35A MeV, being developed first.

4.3.3 A Mass-Energy Diagram for a Lower Field Limit of 2.4 T

E.H. Lindqvist

Over the years, beams have been extracted from the cyclotron at decreasingly
lower main magnetic fields. In general, for beams requiring a magnetic field
lower than 3 T, the optimum currents in one or two of the superconducting
extraction channels cannot be set to their optimum values, because of
limitations in their respective critical currents. However, a beam requiring a
magnetic field as low as 2.4 T has been extracted with compensating adjustments
of the remaining extraction channel elements, the deflector voltage, and the
entrance angle to the deflector; the deflector gap was increased as well.

The new mass-energy diagram has been expanded; it now recognizes a lower field
limit of 2.4 T and a minimum stripping efficiency in the cyclotron of 10%. The
diagram is substantially extended from the one that assumes a lower field limit
of 3 T. Calculated lower limits are: 29A MeV for 6Li, 21A MeV for 7Li, 20A MeV
for 12C, 11.25A MeV for 19F, 5.5A MeV for 37C1, and 3.25A MeV for 48Ti. Below
these limits, there are "islands" of conceivably useful beams, for which the
field is above the 2.4 T limit, but the stripping efficiency in the cyclotron is
between 1 and 10%.

The effort to extract beams at even lower fields is continuing, with interest
concentrated on beams of masses below 40, as the extraction energies of the
cyclotron and Tandem overlap for heavier beams.

4.3.4 A Comparison Between Measured and Calculated Extraction
Energies from the SCC

E.H. Lindqvist and G.R. Mitchel

Cyclotron extraction energies have been measured and compared with calculated
values for five different beams, ranging from 4.2A MeV to 25A MeV in seven runs.

The bunch time-of-flight energy-measuring system consists of three beam-pulse
detectors along the extraction beam-line. Narrow bunches are time-resolved by
each detector, and from the time-of-flight over the 29 m path length, the
velocity and energy are calculated (see PR-TASCC-5: 4.2;3; AECL-10787).

When the magnet currents for a new beam are calculated, the magnetic field in
the cyclotron is chosen to be the isochronous field for that particular ion and
that nominal extraction energy. Yet the entrance of the deflector is in a
region where the magnetic field is already drastically decreasing. The fact
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that the actual magnetic field is lower than the isochronous field at extraction
inevitably reduces the actual extraction energy. As there has been no interest
in beams having a specific, very precise extraction energy, no effort has been
put into calculating the parameters to produce such beams. Instead, the
slightly lower energy has been measured whenever requested.

The calculated nominal energy has been compared with the measured energy for
nine beams. The differences range from 0% to 1.5%, with an average of 0.5%.
Because the extraction energy depends on exactly which turn is extracted, the
differences are surprisingly small.

4.3.5 Progress on the Centering Program Using Two Probes

E.H. Lindqvist

At this time, the cyclotron is still equipped with only two fully commissioned
radial probes, 90° apart. To investigate the degree of beam-deeentering, the
difference between the radial interception of the beam by the two probes (noted
P2-P1) has been studied. To center the beam at a specific radius, a first-
harmonic is introduced in the trim-rod positioned at that radius. The program
CENTP2 calculates the optimum first harmonic to apply.

There are two effects influencing the value and variation of P2-P1: the
precession and the first harmonic. The version described in PR-TASCC-5: 4.3.3;
AECL-10787, assumed precession as the dominant effect. The current version
gives additional options that assume a combination of the two effects.

The program has been used extensively. Most options have been tested and, in
most cases, the program has worked very well, eliminating a lot of the trial-
and-error and making centering easier for non-experts.

In general, it is impossible to calculate the decentering properly with only two
probes (at one dee voltage), as one cannot know to which extent the variation in
P2-P1 results from the precession or from a first-harmonic. Thus, any such
calculation requires some assumptions. Consequently, the program will not be
improved further, allowing effort to be concentrated on a new program (CENTP3)
that requires input from three probes.

4.3.6 Computation

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

Development of code in SUPERGOBLIN, to model the effects on the beam of vertical
electric fields in a dee, continued. Calculations for vertical-field effects,
in the vicinity of the foil-changer's r.f. shield, showed a vertical deflection
of a few millimetres, which was r.f.-phase dependent. Furthermore, the
calculations supported the idea, proposed by E.H. Lindqvist, that an identical
structure placed in the following dee will provide substantial reduction of this
vertical deflection. The code is being extended to include the vertical
electric fields measured at the dee-gaps.

The code TRIUMF2 has been modified to generate field-maps for magnet currents
that are outside the measured map grid, but well within the region of the
magnetic field that the beam experiences.



4-15

Transfer of code and data files from the Cyber 990 computer to fast personal
computers, operating under DOS and using the Watcom-Fortran 77/386 compiler, has
started in response to the announcement that the Cyber 990 will be shut down on
1994 May 31. Two codes for cyclotron setup, TRIUMF2 and TRIUMF3, have been
transferred, along with relevant data files, which include the field-map data
extracted from measurement field maps. The data files have been rewritten in
the required binary form and the source code has been recompiled, modified as
required, and run in the new environment with satisfactory results. Several
more source codes and data files must be moved before setup of the cyclotron
beam can be calculated on a personal computer.

4.4 CRYOGENIC SYSTEM

4.4.1 Scheduled Maintenance

R.R. Tremblay and G.L. Caldwell

Regular, bi-weekly, 7 500 h and 10 000 h maintenance was completed on engines #5
and #7. Engine #7 had the jackshaft and bearings, and the main-flywheel shaft
and bearings, replaced. While shut down for its bi-weekly maintenance, engine
#5 froze up. It was purged with warm gas to remove the ice build-up. Ice
blockages formed many times over several months in the cold-gas helium-return
transfer tube from the cyclotron to the refrigerator. This warranted the
pulling and warming of this transfer tube to remove the contaminants. Once the
purged transfer tube was reinstalled, the cyclotron helium-can pressure returned
to normal.

The cryopump #1 and #2 helium-gas return flowmeters were replaced because they
developed leaks. Work continues on automation of the process-control of the
cryogenic system. The installation of a reliable monitoring and alarm system is
not yet complete, but some of the newly purchased signal transmitters have been
interfaced to the process. The signal conditioners required to interface
existing sensors to the control processor have been ordered. It is expected
that the monitoring, alarm and automatic-control systems will be developed and
implemented as much as possible in parallel.

Most of the purchased hardware for automated control of cryogenic valves has
arrived, while other parts are still being manufactured at our in-house shop and
at CRL's main shop.

The first process controller has been purchased and has recently arrived on-
site. Testing will begin late this summer.

During a cyclotron run, with beam being used for an experiment, a significant
helium leak developed in lead #1 seal, tower #4. The leak could not be stopped
without the magnet being shut down and the lead warmed. Fortunately, the leak
sealed itself without any interruption to the experiment.
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4.4.2 Helium Compressors

R.R. Tremblay and G.L. Caldwell

Only minor problems occurred in the helium compressors during this period. When
an array of 0.012" orifices plugged up, the screw compressor RS #1 oil-mist
separator filled with oil. This did not cause a problem, since the second screw
compressor was available for use. After two days of cleaning, RS #1 was back in
use.

Compressor #4 developed a cooling-water leak. This was easily repaired.

Compressor #2, which failed beyond repair in the period previous to this, has
since been returned to the manufacturer, for installation of a new compressor
pump assembly on the existing skid. This is being done at no cost in exchange
for the Model 1400 helium liquéfier, which was only used for the development of
the cyclotron on the premises of Accelerator Physics, and is no longer required.

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)

4.5.1 Overview

The development of Vsystem on VAX computers, as a replacement for the present
PDP-11-based control system, was the main activity of the computer-control
group. Continuing tests of channels converted from the PDP-11 database and the
first tests of new operator interfaces were very successful.

The PDP-11 control system continued to provide excellent service to the
laboratory, and upgrades to various subsystems continue to be accommodated
quickly and efficiently by changes in the PDP-11 databases.

For the first time, a presentation for the Nuclear Physics Technical Review
Committee was prepared and delivered by the computer-control group. Key
features and limitations of the PDP-11 control system were reviewed and the
benefits of VAX computers and Vsystem were presented in support of our decision
to upgrade the control system.

4.5.2 Control-System Upgrade

4.5.2.1 Operator-Interface Diagrams

Near the beginning of the reporting period, the creation of a Vsystem picture of
the most complex section of the TASCC beam-line was completed, and feedback from
the operations staff was incorporated. This phase of the project included the
refinement and use of a system of prototype symbols and diagrams, which will
facilitate the representation of further sections of the beam-line. It is
clear, however, that most of the time required to create a new diagram is used
for collection, organization and typing of the channel names, diagram labels and



4-17

"user-links", the sum of which can easily number in the hundreds for one beam-
line section.

At the end of the reporting period, diagrams for the injection beam-line are 80%
complete. In addition, an overview diagram, which represents some 300 status-
channels that directly affect the beam, is 75£ complete. Development of this
diagram was halted because a Vsystem limit of 255 channels was reached. The
limit has since been removed in a new version of Vsystem, and the diagram has
been extended far enough to prove that the revised software is sound.

4.5.2.2 Software Conversion

Fifteen special-purpose programs, which are essential for the operation of the
facility, have been transferred from the PDP-11 control computer to the Vsystem
computer cluster. Three of these programs, NMRTSK, MUXTSK and EMIT, have been
edited for use with Vsystem.

Although the conversion of NMRTSK, the dipole-stabilization program, to Vsystem
was facilitated by the fact that it is written in C, creative programming was
required to produce an operator-interface for the interactive parts of the
program. Interactive features of NMRTSK, which are activated through touch-
panel pages on the PDP-11 system, had to be rewritten with the use of special
features of Vsystem to reproduce the functionality that the operators are
familiar with. In addition, the capability of stopping the program in the
middle of its list of magnets has been added to the Vsystem version of NMRTSK.
Initial testing of NMRTSK was conducted on the actual hardware, and minor
modifications to accommodate unanticipated differences between the two control
systems have been initiated.

MUXTSK is the program that operates the multiplexer hardware through which the
operators connect Faraday cup, beam-profile monitor or slit signals to beam-
diagnostic display devices on the control desk. The program has been completely
rewritten for Vsystem, because the original PDP-11 assembly language, and, in
particular, the operating-system access, is not transferable to the VAX. EMIT,
the C-language emittance program, required only minor editing to be compatible
with Vsystem. Both of these programs are ready for testing, which will be
scheduled within a maintenance period so as not to conflict with the normal
round-the-clock beam production of the TASCC accelerators.

4.5.2.3 Verification of the Database and Operating Diagrams

For a few hours borrowed from a four-day accelerator outage, 90£ of the beam-
line magnets were successfully operated through Vsystem software in the second
session of verification of the transferred database. In addition, operation of
vacuum and beam-diagnostic devices in section 'le' were verified. Some small
problems were corrected during the testing and a possible software-overload
situation has been identified for further study.

A second attempt to utilize a few hours in the middle of a maintenance day for
Vsystem testing was not fruitful. An additional CAMAC crate had to be added to
the system during the test, in order to provide access to the controls for the
dipole-stabilization program, NMRTSK. Problems with the hardware and software
for the new crate, in conjunction with requests from maintenance personnel for
access to device controls, used up all of the available time.
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4.5.2.4 Hardware and Software Upgrades

The alarm-message utility, 'Valarm', provided as part of Vsystem, has evolved in
the two years since Vsystem was first used in TASCC, partly in response to input
from the TASCC control group. Valarm still does not allow for the common
situation where operators initiate a change in a device and some time is
required for the change to take place. This shortcoming would result in a large
number of nuisance alarms if Valarm were used to the desired extent for TASCC.
À specification of the desired functionality for Valarm was developed based on a
study of available options in Vsystem, and VISTA Control Systems Inc., the
supplier of Vsystem, has responded positively to discussions on how best to
implement an upgrade. In addition, we have requested an additional feature for
Vsystem whereby programs can issue messages that indicate progress or fault
conditions, for the information of the operators, and initial specifications
have been developed in cooperation with VISTA.

Midway through the report period, TASCC tested the 'beta' version of a new
release of Vsystem. Several new features and corrections were included in the
new software, and we found that our previously developed applications, which are
rather extensive by now, operated correctly. One or two small problems were
found and fixed by VISTA, and the test software was in service for development
of the new control system until the production version was received and
installed.

Minimal indications of problems in the CAMAC hardware, which connects the
control-system to the devices in the laboratory, has also been a shortcoming of
Vsystem. VISTA is presently addressing this situation during an upgrade to the
CAMAC-driver software, in close consultation with members of the TASCC computer-
control group. Considerable development work was carried out on the 'reader'
program, which is at the heart of Vsystem operation and is also the initial
receiver of CAMAC-error indications with the concurrent loss of data integrity.
A second, more powerful VAXstation was added to the local cluster that is being
used for the development of Vsystem. This workstation had been purchased at the
end of 1992, but was not accessible because the paperwork for its software
licence had not been handled properly by the supplier.

4.5.2.5 Additional Applications of Vsystem

The moveable probes in the superconducting-cyclotron, with the associated vacuum
systems and interlock services, are presently operated by a stand-alone
VAXstation through CAMAC crates and 'Ethernet' crate-controllers. The hardware
operates through a single FORTRAN program, which was transferred from an 'LSI-
11' computer. Poor reliability, minimal human engineering and extensive use of
obsolete 'windows' software makes upgrading of this system very attractive;
thus, a decision has been made to use Vsystem for this project. The cryogenic
plant of the superconducting cyclotron is also being automated (PR-TASCC-5:
4.4.1; AECL-10787), and VAX workstations equipped with Vsystem software have
been selected as the most effective platform for this project.

Following protracted debugging of the firmware in the Ethernet controllers used
in the probe system, we continue to suspect that Ethernet software in the
controllers or the VAXstation itself is responsible for hangups in the operation
of the probe system and, in particular, the vacuum-interlock software. As a
result, we have procured 'SCSI' CAMAC controllers from two manufacturers and
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have tested their performance in realistic operation with Vsystem. The test
utilized a Vsystem reader to take data from a small number of CAMAC modules
while status and voltage changes were made on channels connected to an active
diagram and to the alarm manager. The Ethernet controller was also tested in
the same way for comparison.

In summary, one SCSI controller is expensive, supports "list-mode" transfers
(which allow microsecond transfer times) and interrupts, but is somewhat slow
(four microseconds) for single transfers, which must be used for control
functions; the second SCSI controller is cheaper (one-third the price), has no
list-mode or interrupt servicing, but does single transfers twice as fast (two
microseconds) as the expensive controller; the Ethernet controller provides
both list-mode transfers and interrupt capability, but these services and single
transfers are much slower than those of the SCSI controllers. A decision on the
most effective choice for this hardware has yet to be made.

'PATTURN', a second program on the probe system, allows operators to analyse
turn-pattern data from the cyclotron probes. While this program is reliable and
has a better human interface than the probe program, it is also tied to the
obsolete 'windows' software. A commercial data-analysis package, known as IDL,
has come to light, which may provide a cost-effective solution to the
replacement of PATTURN. Features of the 'IDL' data-analysis package have been
tested and found to be very effective. In addition, another Vsystem customer
has been able to link IDL with Vsystem in useful ways. Information on other
analysis packages is being analyzed for comparison with IDL.

4.5.3 Main Control System

4.5.3.1 Operation

The control system and its PDP-11 computer continued to provide extremely
reliable service to the operations group for accelerator control, beam
development and beam delivery. Delays in beam development, related to control-
system problems, were one or two minutes at a time at a maximum rate of three
times per day, during peak usage, and an average of fifteen minutes per week.
The 35-crate CAMAC communication system also performed very well, although
periods of low-frequency transmission errors appeared and disappeared on two
occasions with no satisfactory diagnosis or resolution.

Minor upgrades to the control system included database adjustments for injector
channels, a new program and instruction for setting software limits for the
extraction-channel magnets in the cyclotron, refinements to the NMR
stabilization program, provision of a terminal for calibration of sensors in the
cryogenic system and redesign of the program that scales the extraction beam-
line for stripped beams to the particle facility. In addition, long-standing
faults in the MIMIC-diagram software and the startup file for the control system
were corrected. A complex prototype application for coupled channels, which
combines local and remote controls with equipment protection for the tuners in
the low-energy buncher, was developed and a conceptual specification for
hardware and software for a new voltage-tap monitor was prepared.
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4.5.3.2 System Upgrades

Approximately 100 channels were added to the PDP-11 database in support of r.f.-
system changes and the new velocity filter for AMS experiments. The main reason
for these additions was the installation of a new r.f.-system temperature and
interlock chassis, which provides signal conditioning, hardware interlocks and
control-desk readouts for some 36 temperature sensors and 50 interlock
conditions. Several sessions of debugging and verification were required before
the new chassis was operational, and the database had to be set up for the new
conditions and then restored to the former values each time.

As the final chapter in a major upgrade of the TASCC facility, eight new
stepping motors were installed on the outermost trim-rods of the cyclotron and
connected to the new translator modules, which had been installed and tested
with new CAMAC crates, control modules and electrical services over the previous
several months. Seven of the new motors operated perfectly from the start, with
minimal database changes, and have provided the expected factor-of-ten increase
in trim-rod speed over the full range of cyclotron main-field values. The
eighth motor had to be removed while its translator module was repaired after a
short circuit developed in a connector, but it has since been restored and the
installation is now complete.

Pin-compatible E2PROM integrated circuits (chips) were procured and installed in
place of RAM memory in the CAMAC modules used for communication with the magnet
controllers in both injectors and the Y-magnet. This change had the desired
effect of completely stopping loss of data in the memories, during transients
from sparks in the Tandem and the injectors. Unfortunately, the time required
to write data into the new chips was long: namely, several milliseconds. This
fact was uncovered after a long enquiry process following the observation that
readbacks from the memories were frequently erroneous, and it is clear, in
retrospect, that the long write cycle interferes with the CAMAC-dataway cycle,
which must be complete in one microsecond. While we do not actually lose data
during spark activity now, we cannot read the memory module reliably, which is
still unsatisfactory. In addition, it has been revealed that the E2PROM chips
have a very limited lifetime of 105 overwrites, which would be used up in a few
days in the worst case. Alternative proposals for resolving this long-standing
problem are being evaluated.

4.5.3.3 Injector Wiring

At the beginning of the report period, all high-voltage conductors, signal wires
and cables^ as well as all A.C. wiring, except the three-phase feed circuit from
the isolation transformer, were removed from the A injector and reinstalled in a
rationalized and organized manner. The computer-control group was heavily
involved in this project, because the control circuits suffer first from spark
transients, which are propagated through poorly-installed services and
grounding. Dozens of unused wires and cables from long-removed power supplies
were removed from the injector. The A.C. service to the main deck as well as
the extraction deck, which had evolved through several source changes over a few
years, was totally reorganized, with single-point grounding, and documented.
The job was completed approximately two days behind schedule, Lut with no
significant impact on beam production, and the injector has run very reliably
since it was started up again.



4-21

4.6 NEGATIVE-ION INJECTORS

4.6.1 Ion Source Operation

J.tf. McKay

During the reporting period, a vide variety of beams vas produced (see Table
4.7.1.1). Chlorine, magnesium and silicon beams accounted for more than 50% of
the scheduled beam time. Chlorine (including beams for accelerator mass
spectrometry - AMS) at various energies vas the most-demanded element and vas
scheduled for 63 days in the period.

The regular use of rare-isotope beams continued, in this period, vith beams of
6Li, 180, 26Mg, and 70Ge all being produced in the last six months, taking up
over 20% of the scheduled time.

Source failures resulted in only one instance of significant lost beam time.
The failure of an extraction insulator, just after the start of a 26Mg run in
April, resulted in a loss of about 24 hours. A jammed cone in January, and an
ionizer failure in June, caused only minor delays in svitching to the other
cage. A second source is kept on standby, on the off-line cage, unless the
schedule requires the preparation of a special source (i.e., the AMS source or
duoplasmatron).

Sputter sources, incorporating an N.E.C. conical ionizer (PR-TASCC-5: 4.6.2;
AECL-10787), have been used for about a third of our operating time in the
reporting period. This variation of the 860 source has produced high beam
intensities of carbon, silicon, chlorine and bromine, vith greater ease than the
previous version of the source, although record intensities have been seen
during Tandem operation only in the case of uranium. First attempts to produce
certain beams (e.g., MgH" and Li~) have not been successful, possibly due to the
higher operating temperature of the cone. Test-bench results, reported in
section 4.6.2, indicate substantial gains in the production of hydrogen, lead,
and bismuth beams.

The duoplasmatron source injected beam into the Tandem for four days during the
period vith 1.5 to 2.5 A at cup l.Ad.

The dedicated, multi-sample AMS sputter source ran veil on the accelerator-mass-
spectrometry runs, operating for a total of 14 days injecting into the Tandem.

4.6.2 Ion Source Development

Y. Imahori

A General lonex 860 sputter ion source vas modified to accommodate the NEC
conical-ionizer, and vas tested initially for the production of a negative
hydrogen beam; the test vas vith a titanium hydride target cone combined vith
hydrogen gas. It produced an average of 90 pA for over ten hours and, at one
point, 130 M vas recorded.

This source vas also used to develop intense heavy-ion beams for cyclotron
operation. Gold, PbF3, BiF3 and UF4 vere pressed into a 3 mm-diameter by 3 mm-
deep veil in a copper cone. Outputs of these cones vere 60 M of 196Au, 3 /zA of
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208PbFx, 8 M of 209BiFx and 2 M of 238UFX, and the cone lifetime was about
3.5 h.

A helium-3 beam was generated for the first time since 1986. A GIC
duoplasmatron, with a lithium charge-exchange source, was mounted at the
injector in Cage B. Up to 5 ̂ A of 3He~ was produced, but its gas-consumption
rate was -800 mL/h.

To improve gas efficiency, the helium-3 recovery system was rejuvenated. Since
the cold trap requires the addition of liquid nitrogen every three hours, the
trap was removed from the system, and mounted below the ion-source cages outside
of the TASCC safety interlock perimeter. Introduction of this system reduces
helium-3 gas consumption drastically and keeps the injector operating with
minimum interruption. The initial operating record shows that the gas-
consumption rate is down to 30 mL/h.

4.6.3 ECR Ion Source Development

J.S. Wills, W.T. Diamond, B.L. Halko, C. Monaghan and J. Oickle (TASCC
Accelerators and Development Branch)
T. Taylor (Accelerator Physics Branch)
N.J. Diserens (Mathematics and Computation Branch)

ECR ion sources are now widely used at many nuclear physics laboratories, in
particular for the generation of low-current beams of moderately to highly
stripped positive heavy ions for injection into an accelerator. Since 1992
December, work has progressed on the adaption of a high-current, low-charge-
state (1+) ECR positive ion source (ECRIS; originally developed by Accelerator
Physics Branch) for the generation of intense negative-ion beams, with a charge-
exchange canal for the production of negative ions. This work has been
performed on the Ion Source Test Stand (ISTS), an Accelerator Physics Branch
facility.

Initial experiments were devoted to a survey of the range of positive-ion beams
available from gaseous feeds at typical TASCC extraction voltages (10-20 kV).
Some of the results are listed in Table 4.6.3.1. The ECRIS was then coupled to
a charge-exchange canal containing potassium. Oxygen and helium beams were
extracted, with the results listed in Table 4.6.3.2.

Work is now concentrated on extending the range of positive-ion beams to include
species available from non-volatile (solid) feeds. The ECR plasma generator was
equipped with a simple oven that can evaporate relatively nigh-vapour-pressure
feeds such as Bi, Ca or Pb. A mixed Bi/Ar beam was generated on the first
attempt. Approximately 2 mA of Bi+ was observed, about 25% of the total beam
current.

In parallel with this activity, a plasma generator has been designed with
permanent magnets to generate the solenoidal ECR field. Permanent magnets are
used, in place of the cumbersome solenoid coils and power supplies that are
presently used, at the possible cost of maximum r.f. efficiency and flexibility
of operation. The permanent-magnet arrangement is based on modelling performed
by N.J. Diserens of Mathematics and Computation Branch, using the Opera-3D code.
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TABLE 4.6.3.1
POSITIVE-ION BEAMS EXTRACTED FROM THE CHALK RIVER ECRIS

Feed Species Beam Current1 Efficiency2 Geometric3

(mA) (Z) Emittance
(ji-nni-mrad)

H2 H+ 8.6 5.9 56.5
He He-1- 10 2 38.2
02 0+ 3.7 5.1 55.4
Ar Ar+ 3.4 3.2 41.1
Kr Kr+ 1.9 3.6 35.9
Xe Xe+ 1.8 19 33.6

1 Measured on Faraday cup 1 m downstream of source.
2 Not optimi2ed for best efficiency.
3 10% threshold.

TABLE 4.6.3.2
NEGATIVE-ION BEAMS EXTRACTED FROM CHALK RIVER ECRIS WITH CHARGE-EXCHANGE CANAL

Feed

He
0,

Species

He~
0~

Beam Current1

(MA)

33
250

Geometric2

Emittance
(jt-mm-mrad)

28.3

1 Measured on Faraday cup 1 m downstream of source.
2 10% threshold.

The permanent-magnet plasma generator is now being fabricated by the Accelerator
Physics Branch mechanical laboratory and will be ready for testing during the
next reporting period.

4.7 TANDEM ACCELERATOR

4.7.1 Operation

J.W. McKay

The Tandem has performed in a most satisfactory manner over the past six months
(see Table 4.7.1.1). Record levels of operating voltage have been achieved,
beam availability to research or to the cyclotron has increased and total
shutdown time has been reduced. Unscheduled shutdown time was only 2% of total
time. Operating statistics since 1989, listed in Table 4.7.1.2, show the steady
improvement in Tandem operation since the 1988 upgrade.
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TABLE 4.7.1.1
BEAMS ACCELERATED BY THE HP TANDEM, 1993 JANUARY 1 TO JUNE 30

Isotope

protons
deuterons
helium-4
lithium- 6
lithium-7
carbon- 12
nitrogen- 14
oxygen- 16
oxygen- 18
fluorine- 19
magnesium- 24
magnesium- 26
silicon-28
chlorine- 35
chlorine- 37
titanium-48
chromium-52
gallium-69
germanium-70
bromine- 7 9
bromine-81
iodine-127
uraniuE-238

Maximum
Injected
(nA)

4 200
200

2 100
1 000
650

9 000
1 400
3 500
2 400
500
920
440

2 000
3 800
1 000
1 200
200
600

2 000
1 200
2 000
3 000
490

Current
Analyzed

(nA)

2 000
50

1 100
800
250

3 000
860

1 800
1 000
110
80
66
900

1 500
45
120
150
120
800

1 000
540

1 200
260

Beam
Energy
(MeV)

17
* 28

18
* 35
* 56

98
75

* 112
* 120
* 145
* 150
n 153
160
200
187

n 260
n 150
n 120
n 133
130
111

* 330
* 68

Charge
State

1+
1
2+
3+
3+
6+
5+
7+
6+/8+
9+
10+
7+/10+
8+/11+

. 10+/14+
9+/14+
11+/18+
10+
9+
8+
8+
7+
14+/24+
7+

* new maximum energy
n new beam
Note: Small quantities of 36C1 were also accelerated for the Accelerator Mass

Spectrometry program.

4.7.2 Generator

J.W. McKay

New hoop saddles were designed and built, as mentioned in the previous report
(PR-TASCC-5: 4.7.2; AECL-10787), to correct the problem of hoop distortion.
These were installed during a scheduled shutdown beginning 1993 January 1. The
mounting of the first twelve hoops, on each side of the terminal, was modified
and the spacing reduced from a three-inch pitch to a two-inch pitch. Spark
pictures and observation of spark marks had confirmed that this was the weakest
electrostatic area in an otherwise properly operating machine. After the
modifications were complete, the machine was conditioned to 15 MV and
subsequently ran for nine days in February at 14.4 MV with no column or tube
sparks. This was the best high-voltage performance of the Tandem up to that
date.
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TABLE 4.7.1.2
TANDEM OPERATIHG STATISTICS - 1989 to 1993 JUNE

Beam Availability (Z)

Beam Development (%)

Scheduled Shutdown (£)

Unscheduled Shutdown (%)

Total Shutdown Time (%)

Days 14 to 14.5 MV

Days 14.5 to 15 MV

Days above 15 MV

1989

61.7

15.8

16.9

5.6

22.5

49

5

1

1990

71.8

10.8

15.1

2.4

17.5

37

0

0

1991

62.4

13.2

16.3

8.1

24.4

40

8

0

1992

70.8

13.4

9.7

6.1

15.8

25

2

0

1993
(6 months)

78.4

8.8

10.8

2.0

12.8

31

13

8

Maximum Volts with Beam
(in MV) 15.0 14.3 14.8 14.7 15.27

Published data from the CRL Tandem and similar machines (T. Joy, Proc* of the
Fifth Int. Conf. on Electrostatic Accelerators and Associated Boosters (1989))
indicated that we were ' operating at voltages near the upper limit for the
available pressure of SF6 insulating gas. The pressure was raised to 100 psig
and the Tandem was conditioned up to 16 MV on April 4. Subsequently, we ran for
five days at just under 15.2 MV and suffered only one spark.

The highest voltage run with beam, during the reporting period, was 15.27 MV.
Scheduled beams have required 52 days of operation above 14 MV in the last six
months. This included 13 days between 14.5 and 15 MV, and 8 days above 15 MV.

The only major maintenance was scheduled for early in January. The Tandem,
opened over the Christmas holiday, was restarted on January 11 after the
modifications to the electrostatic structure near the terminal. A 36-hour
unscheduled opening was required in February to repair a shorted inductor lead,
and a brief three-day opening was scheduled in May to renew Ti-Ball sublimation-
pump elements in the terminal. The increased scheduling of cyclotron and AMS
runs, both requiring use of stripper gas, has increased the demand on these
terminal sublimation pumps.
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4.7.3 Sulphur Hexafluoride (SF6) Gàs System

J.W. McKay

Sixty cylinders of SF6 were added to the gas system to bring the operating
pressure to above 100 psig. Losses are estimated to be less than 1 000 pounds
in the last six months, a rate of about 30% of that tolerated in the past.
Total inventory is about 35 000 pounds.

4.8 BEAM TRANSPORT SYSTEM

4.8.1 Magnets

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

The beam-transport magnets and power supplies continue to perform very reliably,
a benefit of regular, thorough maintenance. Beam-time lost because of magnet
unavailability was only a few hours out of approximately 3000 operating hours
during the period.

The corrosion/erosion problem, first encountered several months ago (PR-TASCC-5:
4.8.1; AECL-10787), caused another beam outage of five hours. A pin-hole leak
developed in a copper tube that is part of a transistor-bank heat-sink, and
water accumulated in a ten-year-old quadrupole supply until a safety interlock
shut down the supply, along with the experiment that was running at the time. A
spare heat-sink, which was ordered after a previous similar incident, was
installed on the spot and the experiment resumed. The substitution required a
few hours because the particular heat-sink, used in the oldest power supplies,
serves some 33 transistors, six diodes and auxiliary fuse wiring, all of which
had to be moved from the old heat-sink to the new one. Steps have been taken to
reduce the oxygen content of the water, which cools all of the magnets and power
supplies, to below 100 ppb, and it is hoped that the corrosion rate can be
reduced enough to limit the failure rate to a manageable level.

We have significantly saved in materials by using a simple tool for salvaging
pitted carbon wheels, which are used in considerable quantities in all of the
beam-transport power supplies. Approximately once per year, all of the carbon-
wheel contact assemblies in our 75 large power supplies are cleaned and
lubricated, but wheels in the highest-current supplies suffer from pitting the
most, which eventually destroys them. While the wheels are removed from the
supply during maintenance, the pitted surface of the wheel is machined down by a
fraction of a millimetre, until the surface is smooth. Machining of one wheel
now takes a maximum of one minute, including mounting in the special tool and
removal after the operation is complete. This procedure promises to extend the
service life of wheels and wheel assemblies by many years. This is significant
because the carbon wheels and assemblies are no longer available as spare parts,
except by custom manufacturing. Using this simple procedure, we expect to
extend the service life of the existing contact assemblies, with previously
purchased spare parts, to approximately 25 years.
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4.8.2 Vacuum Systems

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

Four beam-line vacuum-section programs were upgraded to meet system changes and
improvements. Two of the Phase II Starcell ion pumps have deteriorated
significantly below acceptable pumping capacity. We are continuing an upgrading
program to harden the electronics against noise, and to remove the requirement
that CAMAC power be on for normal operation of the vacuum controllers.

4.8.3 Beam Diagnostic Devices

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

Two improved cup bellows, designed for a longer operating life, were installed.
Preamps to measure the beam current from slits__lAd and slits_lc were installed.
However, the suppression required on slit_lc affects beam steering.

4.9 BUILDING SERVICES

4.9.1 De-ionized Water System

L.W. Thomson and G.D. Reynolds

A 2 m section of the main de-ionized-water-system piping and four joints were
replaced following unsuccessful repairs in 1993 January for leaks. Inspections
of the two large sandfilters were conducted by the suppliers and local
inspectors; minor touch-ups to the inner coating and replacement of the sand
media will be required later this year. Sandfilter backwashing controllers were
identified as requiring adjustment to provide proper operation. A certified
relief valve was installed on the system surge tank. Two main water pumps
required rebuilds, due to operational failures. A power supply in the water-
control computer failed and was replaced with an external supply.

The program to upgrade the system commenced, with improvements to date
including: installation of units to remove air automatically from water piping;
repair of previously unserviceable temperature control valves; improvement of
heat-exchanger performance following evaluation of operation; adjustments to
main water pumps to increase flow efficiency by approximately 50% (this allows
the full facility to operate on only three of four pumps); adjustment of the
cooling-water circuit to avoid having to run the chiller during summer months;
installation of manual isolation valves on both sandfilters to allow safe
servicing inside the vessels; adjustments of return-water pressure to alleviate
trips of marginal pressure-alarm devices; installation of monitors to provide
readouts of pH and dissolved-oxygen content; installation of three resin columns
to remove dissolved oxygen continuously from system water.
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4.9.2 Computerized Maintenance-Management System

G.D. Reynolds

The implementation of the Computerized Maintenance-Management System (CMHS) has
evolved into three issues.

The first issue, hardware, has been resolved by the internal procurement of a
286-AT computer system with a hard drive and a simple dot-matrix printer, which
will be dedicated to the CMMS-function. This is an excellent computer system
for the job, as it is reasonably fast, has 80 Mbytes of hard-drive storage
(CMMS's are memory intensive), and is compatible with nearly all commercially
available CMMS software packages.

The second issue, software selection, will soon be resolved, and, at this time,
Macola's 1993 February revision of Operator-10 is preferred over Kakari's IGOR,
because it is simpler to use.

The third issue, involving site-wide division of maintenance responsibility, was
resolved late in 1993 May, when an agreement was struck with the Operations
Division and TASCC, after lengthy negotiations and much discussion.

In the meantime, the collection of raw data has continued, item-by-item, in
anticipation of data entry and maintenance definition. Once implemented, the
CMMS will very likely encompass spare-parts inventory and maintenance-procedure
administration, as well as the entire change-control system.

4.9.3 Other Services

J.W. McKay

There were two power outages in the reporting period. On March 15, the power
was off for approximately one hour, and on March 22, the power was off for five
minutes.

On January 30, there was a failure of the Joy compressor, that supplies
compressed air to the whole plant. The supply pressure fell to 70 psig, causing
some problems with air-operated devices.

As well, there were three scheduled service outages. The steam was off from
June 10 to 12, the emergency power was off on June 16, and the compressed-air
was off on June 24. It was possible to operate without steam or emergency
power, but the air-outage, planned on a scheduled maintenance day, required a
full shutdown of the vacuum systems and many other air-controlled systems.



4-29

4.10 SAFETY AND LICENSING

4.10.1 Revision of Report AECL-MISC-263

V.T. Diamond and L.V. Thomson

The Tandem Superconducting Cyclotron (TASCC) Facility Safety Report (AECL-MISC-
263, Revision 2) has been revised to reflect the experience gained during
commissioning of the cyclotron. The document was reviewed by members of the
Accelerator Safety Committee (ASC) prior to the spring meeting of the ASC. A
number of changes were suggested by the members of the ASC during this meeting.
These are being addressed by TASCC personnel at the present time. The document
will be re-submitted by mid-September.

4.10.2 Change-Control System

G.D. Reynolds

Equipment change history has been successfully collected and filed since early
in the review period. To date, nearly 100 completed Equipment Change Control
Forms have been retained in the log.

In addition to the Equipment Change Forms, a new system of forms has been
implemented that apply specifically to temporary jumpering of interlocks when
circumstances require. Among ether uses, this form accommodates periodic
calibration of oxygen monitors, radiation monitors, fire alarms, etc., without
interruption to the facility, and with proper approvals. To date, nearly ten
TASCC Temporary Interlock Jumper Forms have been used and retained in the log
for history.

A review of the Fault Report System continues. Here, a fault report is
completed in duplicate by a TASCC operator, and one copy is submitted to a
technician. Once the repair work is completed, the two copies are matched up
and retained in a log for history. An expediter follows up outstanding fault-
reports from time to time, to ensure their timely resolution.

It is planned that the new CMMS (Computerized Maintenance-Management System),
when implemented, will encompass all three of the above forms and systems, as
well as TASCC Instructions.

4.11 TRAINING

4.11.1 Training for Operators

E.H. Lindqvist, G.R. Mitchel and J.W. McKay (TASCC Accelerators and
Development Branch)
J.J. Hill and B.V. Luloff (Nuclear Physics Branch)
R. Roiha (Mathematics and Computation Branch)

Hands-on training sessions have been offered to all operations shifts in phase-
control-system setup with the new MIMIC diagrams and bucket-control software.
The relevant TASCC Instruction has been extensively rewritten to reflect both
technical changes in the system and many customer comments. Detailed training
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sessions have begun for operators and 'specialists-in-training' on buncher-
tuning, with the local CAMAC-controller programs to tune the low and high-energy
bunchers. (The many technical improvements have rendered the old TASCC
Instructions obsolete.) The new systems are simpler to tune, however, with
increased reliance on the operators for routine beam development.

4.11.2 Participation in AECL Research's Education Partnerships Program

G.R. Mitchel

After G.R. Mitchel attended an AECL Speakers' Bureau training course in late
1992, he made two appearances as guest-speaker to high-school students in 1993
March. More such work is planned for the fall of 1993.

4.12 REPORTS

L.V. Thomson

Twenty-four SCC Notes (Series II) have been written and distributed. Eight new
TASCC Instructions were written or revised. Monthly issues of the TASCC
Newsletter continue to be written, with a current mailing list of about 150
recipients, 100 of whom are off-site.
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