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1.1 GENERAL

The first half of 1994 was highlighted at TASCC by the funding of the Canadian Penning Trap
(CPT) mass spectrometer. This $1.1 million project will be built by a Manitoba/McGill/TASCC
collaboration supported by a $600 thousand grant from NSERC and additional funds from the
three collaborating institutions. It will be connected on-line to TASCC via a helium-jet transport
system and is expected to yield mass measurements accurate to 10'8 for short-lived isotopes and
about 10'9 for stable and long-lived ones.

Ultimately less successful was the proposal for TRIGAM, a third-generation y-ray spectrometer
requested by a McMaster/Toronto/TASCC collaboration to replace the second-generation 87t
spectrometer. This proposal passed peer review with flying colours and was recommended for
first-stage funding by NSERC's Grant Selection Committee, only to be turned down by the
NSERC Council, which expressed concern for future funding uncertainties in sub-atomic physics.
Unfortunately, the failure to make a timely upgrade could be a serious blow to Canadian y-ray
spectroscopy, which for nearly a decade has been at the head of the international pack. We are
actively seeking alternative funding sources.

Facility operation has continued to be excellent, with beam-time dedicated to experiment —
including beam preparation — totalling 3135 hours for the last six months; that amounts to 71%
of the elapsed time. Many research developments are described in this report, including the 10C
decay measurement, which promises to be a seminal application of a y-ray array; and the first
determination by AMS of 36C1 in spent reactor fuel.

During this six-month period, the cyclotron provided beam for experiments for 414 hours. This
is somewhat less than for the previous six months but is evidently only a statistical fluctuation,
since the current beam-time schedule reflects heavy cyclotron usage. The cyclotron was used
twice for long reactions experiments, once for a channeling study of resonant transfer and once
in a study of radiolysis. Cyclotron development produced 10 new beams, including 238U at
3.3̂ 4 MeV. Including operator training, the cyclotron operated for 860 hours, or 24% of the total
facility beam time.

Tandem beams were used, either for experiments or development purposes for a total of 3727
hours: this means that it operated for 96% of its scheduled time and 84% of the total time
available — a fine record. The cyclotron was available for 85% of the time it was scheduled.
Overall, the facility operated for 93% of its scheduled time, or 82% of the total time — the
second-best six-month operating record we have ever 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 50% of the
total laboratory research effort and figure prominently in most of the scientific publications.
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1.2 RESEARCH

The measurement of precise P-branching ratios in the decay of I0C with the 871 spectrometer has
been repeated. This experiment is the most sensitive test of a possible Z-dependence in H values
for superallowed P-decays. Such a dependence would seriously affect tests of electro-weak
theory from H values. An attempt to remeasure the half-life for 19Ne decay was limited by
systematic errors in part of the data, which were possibly associated with imprecise source
positioning. An experiment to search for an electron-capture branch in the decay of 100Tc was
repeated with improvements to the detector system: no such branch was detected, but the
measured upper limit may be in conflict with the positive result claimed by a group at LBL
Berkeley. This measurement has relevance to the interpretation of the double P-decay studies
of I00Mo, which in turn tests electro-weak theory. In calculations of radiative corrections to P-
decay, the use of quenched nucleon magnetic moments, rather than their free values, does not
significantly improve the quality of tests of the conserved vector hypothesis.

Methods to extract pseudo-temperatures from experimental data on high-energy nucleus-nucleus
collisions, which minimize ambiguities due to uncertainties in the source velocity, are being
developed. Progress on such an analysis of a Michigan State University experiment is reported.
An experiment has been performed at TASCC with a 4n detector system to study near-symmetric
collisions. Also at TASCC, reactions induced with 70Ge beams on targets of aluminium and
titanium at 35 and 22.5A MeV have been investigated with a view to studying final-state
correlations of intermediate-mass fragments (IMF). Such measurements can in principle
determine a timescale for the appearance of IMF's in nuclear reactions. A preliminary analysis
has confirmed earlier work that the elapsed time before the appearance of IMF's rapidly decreases
with increasing excitation energy. Analysis of multifragmentation in the reaction of 129Xe at 30A
MeV on a copper target has been continued. Three different models of the multifragmentation
process have been confronted with this data.

A summary of results obtained in the A~50 high-spin program is presented. It has been possible
to identify many discrete y-ray transitions from states having spins beyond those permitted by
(f7/2)" configurations (i.e., beyond the band terminations). Continuation of these studies with the
upgraded mini-ball is expected to produce much improved sensitivity in the y-ray spectroscopy
due to improved efficiency, channel selection and kinematic reconstruction techniques to defeat
Doppler broadening. Studies of a new region of strong octupole correlations have been
continued, increasing the data set on n0Te and undertaking a new study of 114Xe.

A recurring theme in high-spin studies has been: to what extent is the nuclear shape determined
by (i) the existence of shell gaps in the system of normal-parity single-particle orbitals versus
(ii) the occupation of unique-parity intruder orbitals? New data reported here on highly deformed
bands in 129Pr and I29Ce, and on a new meiiSurement of the deformation of 131Ce and 132Ce,
increasingly point to the dominance of shell-gaps. In particular, it appears that no intruder
orbitals are occupied in the highly deformed bands in 129Pr and I29Ce. A new study of the
spectroscopy of 137Pm at high spins is reported.
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The discovery of superdeformed bands in 145Tb and 142Eu has made it possible to understand the
ordering of quasiproton orbitals for superdeformed nuclei near N=80 (led by McMaster
University). A search for evidence of superdeformation in 146Dy was frustrated by the occurrence
of too many competing reaction channels. A collaborative experiment with groups from LBL
Berkeley, LLL Livermore, UC Davis and McMaster University was performed with the
Gammasphere instrumentation at Berkeley. This study of I53Dy revealed two new superdeformod
rotational bands in addition to the three already discovered at the 8TC spectrometer.

Spectroscopy of 164Lu was investigated at TASCC in an experiment led by a Rochester University
group. This nucleus exhibits an anomalous pair-blocking effect which is not understood. In a
program initiated by a group from the University of Toronto, the search for hyperdeformed
nuclear shapes near A=180 continued with a study of I73W at an extremely high angular-
momentum input of approximately 82 h". A strong ridge-valley structure was recorded in the y-y
coincidence matrix, which indicates the existence of highly-deformed bands (P2~0.4) predicted
by theory, but the hyperdeformed structures remained elusive. A new study of high-spin states
in 187Pt and 188Pt is reported.

The AMS group report commissioning of a time-of-flight system for th<- analysis of I29I.
Vegetation and hydrological samples have been measured, including the first determination of
36C1 in spent reactor fuel.

Rutherford back-scattering techniques with 4He ions have been applied to search for possible
shifts in the location of oxygen atoms as the high-Tc superconductor YBajCujO^ is cooled
through the transition temperature. Small effects were observed, but with marginal statistical
accuracy limited by radiation damage to the sample. The in-situ depth profile of hydrogen in Zr-
2.5wt%Nb has been investigated over temperatures up to 500°C. The results confirm previous
ex-situ measurements, showing that above 300°C the annealing process reduces the stress
gradient, which allows hydrogen to redistribute into the bulk material.

Apparatus for radiation damage and gas release studies of UO2, Simfuel and other materials at
temperatures up to 1500°C is being developed.

1.3 INSTRUMENTATION AND FACILITY DEVELOPMENT

Significant upgrades are reported on the experimental computing facilities. A fault condition in
older versions of Auxilliary controllers has been diagnosed and will be corrected in a few critical
areas. The LSI-11/73 microcomputer, which has performed control and monitoring function at
the 8TC spectrometer, has been replaced by a completely new system built around a VAX station
3100/38.

The major technical effort of the ISOL group is now centred around the Canadian Penning Trap
mass spectrometer project.

A new avalanche counter for the pionic fusion experiment has been completed and bench-tested.
In other detector work, the large-solid-angle position-sensitive ionization chamber for materials-
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science studies has been completed and tested in-beam. The detector functioned well except for
some y-position-dependence on a AE signal. Measures to correct this are in progress.

An experiment to measure the temperature dependence of the signal output from CsI(Tl)
scintillator has been completed.

Lie-algebraic methods, deriving analytic formulae for parameters of the superconducting
cyclotron, are reported. Results will check the new orbit-dynamics code, DACYC, and allow
rapid estimation of cyclotron operating parameters. The magnetic field model for the new orbit-
dynamics code is being simplified as much as possible in order to speed up DACYC.

1.4 ACCELERATORS

Accelerator operation was smooth for both Tandem and cyclotron, similar to our experience in
the previous report period.

The Tandem operated well throughout its full operating range. The tank was opened three times
for maintenance. Towards the end of the operating period, we established a new performance
record by producing a beam (12C) for one hour at 16.0 MV terminal voltage. There were no
sparks and we consider that, after careful conditioning, the machine is now usable up to this
voltage. The cyclotron produced ten new beams, yielding a total of 82 available beams. The
most notable new beam is 238U at 3.3,4 MeV. At this time, the production of useful higher-energy
uranium beams is precluded by insufficient bending power of the injection steering magnets. The
cyclotron operated for four research experiments for a total of 22 days, in addition to 25 days for
beam development. As we see from our present schedule, the decline in experimental cyclotron
usage was temporary and uncharacteristic.

We continue to make good progress on all major development projects, in particular the
installation of automated control of the cryogenics plant, the conversion of computer control of
the accelerators to Vsystem, the reliable monitoring of the magnet-coil temperatures, and the
development of ion sources for intense negative beams. In addition, we are working intensely
on improving the stability of the cyclotron's main-magnet power supply and on locating the origin
of hydrocarbon contamination of the midplane.

Operating statistics for the facility are provided in Table 1.4.1. Note that overall facility
reliability over the report period was very good again, with only 256 h (5.8%) unplanned
downtime.
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TABLE 1.4.1

TANDEM AND CYCLOTRON OPERATING RECORD
1994 JANUARY 1 TO JULY 3

Use

Beam Available

Beam Preparation

Beam Development

Planned Shutdown

Unplanned Shutdown

TOTAL
ELAPSED
TIME

Time (hours)

Tandem

3063.5

540.0

123.0

534.0

154.5

4415.0

Cyclotron

288.0

126.0

446.0

3403.0

152.0

4415.0

Facility

2588.5

546.0

490.5

534.0

256.0

4415.0

1.5 PUBLICATIONS. REPORTS, LECTURES AND CONFERENCE CONTRIBUTIONS

Publications

STUDIES OF SUPERDEFORMATION IN THE GADOLINIUM NUCLEI
B. Haas, V.P. Janzen, D. Ward, H.R. Andrews, D.C. Radford, D. Prevost, J.A. Kuehner,
A. Omar.J.C. Waddington, T.E. Drake, A. Galindo-Uribarri, G. Zwartsz,S. Flibotte.P. Tarasand
I. Ragnarsson
Nucl. Phys. A561 (1993) 251

NEW FEATURES OF COLLECTIVE NUCLEAR ROTATION AT VERY HIGH FREQUENCY
IN I09Sb
V.P. Janzen, D.R. LaFosse, H. Schnare, D.B. Fossan, A. Galindo-Uribarri, J.R. Hughes, S.M.
Mullins, E.S. Paul, L. Persson, S. Pilotte, D.C. Radford, I. Ragnarsson, P. Vaska, J.C.
Waddington, R. Wadsworth, D. Ward, J. Wilson and R. Wyss
Phys. Rev. Lett. 72 (1994) 1160

R.F.-COUPLING AND COOLING TECHNIQUES OF STORED HEAVY IONS
G. Savard
Hyperfine Interactions 81 (1993) 135
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PENNING TRAP MASS MEASUREMENTS OF NEUTRON-DEFICIENT Rb AND Sr
ISOTOPES
T. Otto, G. Bollen, G. Savard, L. Schweikhard, H. Stolzenberg, G. Audi, R.B. Moore, G.
Rouleau, J. Szerypo, Z. Patyk and the ISOLDE Collaboration
Nucl. Phys. A567 (1994) 281

THE NEW DETAILED SPECTROSCOPY OF HIGH-SPIN STATES
D.C. Radford
Proceedings of the International Seminar on the Frontier of Nuclear Spectroscopy, Kyoto, Japan,
1992 Octr' jr 23-24, p. 229, Editors, Y. Yoshizawa, H. Kusakar and T. Otsuka, World Scientific,
1993

THE PROPOSED PENNING TRAP MASS SPECTROMETER FACILITY AT TASCC
K.S. Sharma, R.C. Barber, J.E. Crawford, J.K.P. Lee, R.B. Moore, F. Buchinger, E. Hagberg, J.C.
Hardy, V.T. Koslowsky and G. Savard
Hyperfine Interactions 8! (1993) 217

EXCITATION ENERGY IN QUASI-ELASTIC AND TRANSFER REACTION IN 16O+197Au
AT INTERMEDIATE ENERGIES
R. Laforest, D. Dore, J. Pouliot, R. Roy, C. St-Pierre, G. Auger, P. Bricault, S. Groult, E. Plagnol
and D. Horn
Nucl. Phys. A568 (1994) 350

QUANTITATIVE CALIBRATION OF INTENSE (a,a) ELASTIC SCATTERING
RESONANCES FOR 12C AT 5.50-5.80 MeV AND FOR 160 AT 7.30-7.65 MeV
J.A. Davies, F.J.D. Almeida, H. Haugen, R. Siegele, IS . Forster and T.E. Jackman
Proceedings of the 1 lth International Conference on Ion Beam Analysis, Balatonfiired, Hungary,
1993 July 5-9
Nucl. Instr. and Meth. B85 (1994) 28

THE DECAY OF PRIMARY PRODUCTS IN BINARY HIGHLY DAMPED 208Pb + 197Au
COLLISIONS AT 29 MeV/u
J.F. Lecolley, L. Suttge, M. Aboufirassi, A. Badala, B. Bilwes, R. Bougault, R. Brou, F. Cosmo,
J. Colin, D. Durand, J. Galin, A. Genoux-Lubain, D. Guerreau, D. Horn, D. Jacquet, J.L. Laville,
F. Lefebvres, C. LeBrun, J. Lemiere, O. Lopez, M. Louvel, M. Mahi, M. Morjean, C. Paulot, A.
Peghaire, N. Prot, G. Rudolf, F. Scheibling, J.C. Steckmeyer, B. Tamain and S. Tomasevic
Phys. Lett. B325 (1994) 317

THE ROLE OF STRESS IN DEUTERIUM INGRESS INTO THIN FOILS OF Zr AND
Zr-2.5wt%Nb
J.S. Forster, R.L. Tapping, T. Laursen and J.R. Leslie
3rd European Conference on Accelerators in Applied Research and Technology, Orleans, France,
1993 Aug. 31-Sept. 5
Nucl. Instr. and Meth. B89 (1994) 153
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ENERGY LOSS OF HEAVY IONS AT HIGH VELOCITY
J.U. Andersen, G.C. Ball, J.A. Davies, W.G. Davies, J.S. Forster, J.S. Geiger, H. Geissel and
V.A. Ryabov
Nucl. Instr. and Meth. B90 (1994) 104

DIELECTRONIC RECOMBINATION FOR He-LIKE 79BR IONS CHANNELED ALONG THE
<110> DIRECTION IN Ni
J.S. Forster, G.C. Ball, W.G. Davies, J.S. Geiger, J.U. Andersen, J. Chevallier, J.A. Davies and
H. Geissel
15th International Conference on Atomic Collisions in Solids, London, Canada, 1993 July 26-30
Nucl. Instr. and Meth. B90 (1994) 172

EFFECTS ON CHANNELING OF RADIATION DAMAGE DUE TO 28 GeV PROTONS
S.I. Baker, R.A. Carrigan, Jr., V.R. Cupps II, J.S. Forster, W.M. Gibson and C.R. Sun
Nucl. Instr. and Meth. B90 (1994) 119

FORWARD ELASTIC RECOIL MEASUREMENTS USING HEAVY IONS
R. Siegele, J.A. Davies, J.S. Forster and H.R. Andrews
Nucl. Instr. and Meth. B90 (1994) 606

CONFIRMATION OF THE {-FORBIDDEN GAMOW-TELLER DECAY BRANCH OF 39Ca
E. Hagberg, T.K. Alexander, J. Nesson, V.T. Koslowsky, G.C. Ball, G.R. Dyck, J.S. Forster,
J.C. Hardy, J.R. Leslie, H-B. Mak, H. Schmeing and IS. Towner
Nucl. Physics A571 (1994) 555

P,T-VIOLATING NUCLEAR MATRIX ELEMENTS IN THE ONE-MESON EXCHANGE
APPROXIMATION
IS. Towner and A.C. Hayes
Phys. Rev. C49 (1994) 2391

FIRST-FORBIDDEN p-DECAY: MEDIUM ENHANCEMENT OF THE AXIAL CHARGE AT
A«16
E.K. Warburton, I.S. Towner and B.A. Brown
Phys. Rev. C49 (1994) 824

JANZEN, WYSS AND SCHMEING REPLY
V.P. Janzen, R. Wyss and N. Schmeing
Phys. Rev. Lett. 72 (1994) 3289
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Conference Submissions:

SEARCH FOR COLLECTIVITY IN 113Te
I. Thorslund, D.B. Fossan, D.R. LaFosse, H. Schnare, P. Vaska, M.P. Waring, V.P. Janzen,
D.C. Radford, E.S. Paul, C.W. Beausang, R. Wadsworth, I. Hibbert, K. Hauschild and
S.M. Mullins
Bull. Am. Phys. Soc. 39 (1994) 1251

EVIDENCE FOR OCTUPOLE CORRELATIONS AT fflGH SPINS IN NEUTRON-DEFICIENT

E.S. Paul, H.R. Andrews, T.E. Drake, I. DeGraaf, V.P. Janzen, S. Pilotte, D.C. Radford and
D. Ward
CAP Eastern Regional Nuclear Physics Conference, Toronto, Ontario, 1994 March 11-13

DECAY OF SUPERDEFORMED BANDS IN 149Gd
D.C. Radford
CAP Eastern Regional Nuclear Physics Conference, Toronto, Ontario, 1994 March 11-13

THE DECAY FROM DEFORMED TO SPHERICAL STATES IN A»I10 NUCLEI
V.P. Janzen
CAP Eastern Regional Nuclear Physics Conference, Toronto, Ontario, 1994 March 11-13

AN ANOMALOUS ENHANCED-DEFORMED BAND IN !31Pr
A. Galindo-Uribarri, D. Ward, G. Hackman, V.P. Janzen, S.M. Mullins, S. Pilotte, D.C. Radford,
I. Ragnarsson, N. Schmeing and J.C. Waddington
CAP Eastern Regional Nuclear Physics Conference, Toronto, Ontario, 1994 March 11-13

PROTON INTRUDER BAND IN I13In
S. Naguleswaran, U. Garg, K. Lamkin, G. Smith. J.C. Walpe, A. Galindo-Uribarri, V.P. Janzen,
D.C. Radford, S. Pilotte, C. Droste, D.B. Fossan, D. LaFosse, T. Morek, P. Vaska, J. DeGraaf,
T. Drake and R. Kaczarowski
Crystal City Meeting of the American Physical Society, April 18-22, 1994
Bull. Am. Phys. Soc. 39 (1994) 1251

NEW RESULTS ON SUPERDEFORMATTON IN 1S3Dy
B. Cederwall, M.A. Deleplanque, R.M. Diamond, P. Fallon, I.-Y. Lee, A.O. Macchiavelli,
F.S. Stephens, A. Galindo-Uribarri, S.M. Mullins, D.C. Radford, G. Hackman, J.C. Waddington,
J.A. Becker, M.J. Brinkman, L.P. Farris, E.A. Henry, J.R. Hughes, M.A. Stoyer, J.E. Draper,
C. Duyar and E. Rub el
Crystal City Meeting of the American Physical Society, April 18-22, 1994
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STATIS1TCAL DECAY OF HIGHLY EXCITED NUCLEAR SYSTEMS
D. Horn, G.C. Ball, D.R. Bowman, A. Galindo-Uribarri, E. Hagberg, R.B. Walker, R. Laforest
and J. Pouliot
Workshop of Heavy-Ion Fusion, Padua, Italy, 1994 May 25-27

LIGHT-ION ENERGY SPECTRA FROM HIGHLY EXCITED SYSTEMS
D. Horn, G.C. Ball, D.R. Bowman, D. Fox, A. Galindo-Uribarri, E. Hagberg, L. Beaulieu,
R. Laforest, Y. Larochelle, R. Roy, T. Li, A. Vander Molen, G.D. Westfall, J.S. Winfield, J. Yee
and S.J. Yenello
Nucleus-Nucleus V, Taormina, Italy, 1994 May 30-June 4

24Mg PROJECTILE BREAKUP IN PERIPHERAL REACTIONS AT 25A MeV
M. Samri, G.C. Ball, L. Beaulieu, B. Djerroud, D. Dore, A. Galindo-Uribarri, P. Gendron,
E. Hagberg, D. Horn, E. Jalbert, R. Laforest, Y. Larochelle, J. Pouliot, R. Roy and C. St-Pierre
Nucleus-Nucleus V, Taormina, Italy, 1994 May 30-June 4

THE DECAYS OF THE Tz=-1 NUCLEI 44V AND 52Co
E. Hagberg, V.T. Koslowsky, G. Savard, J.C. Hardy and IS. Towner
Nucl. Shapes & Nucl. Structure at Low Excitation Energies, Antibes, France, 1994 June 20-25

SYSTEMATIC STUDY OF HIGHLY EXCITED NUCLEAR MATTER SYSTEMS WITH AN
EXCLUSIVE IMPACT-PARAMETER TRIGGER
G.C. Ball, D. Horn, D.R. Bowman, D. Fox, A. Galindo-Uribarri, E. Hagberg, L. Beaulieu,
R. Laforest, Y. Larochelle, R. Roy, T. Li, A. Vander Molen, G.D. Westfall, J.S. Winfield, J. Yee
and S.J. Yenello
1994 CAP Congress, Regina, Saskatchewan, 1994 June 26-29

THE TRIGAM SPECTROMETER
T.E. Drake, J.C. Waddington, H.R. Andrews, D.C. Radford and D. Ward
1994 CAP Congress, Regina, Saskatchewan, 1994 June 26-29

THE BREAKUP OF 24Mg INTO SIX ALPHAS AT 25 AND 35.4 MeV
M. Samri, L. Beaulieu, B. Djerroud, D. Dore, P. Gendron, E. Jalbert, R. Laforest, Y. Larochelle,
J. Pouliot, R. Roy, C. St-Pierre, G.C. Ball, A. Galindo-Uribarri, E. Hagberg and D. Horn
1994 CAP Congress, Regina, Saskatchewan, 1994 June 26-29

THE PROPOSED CANADIAN PENNING TRAP MASS SPECTROMETER FACILITY
K.S. Sharma, R.C. Barber, F. Buchinger, J.E. Crawford, J.K.P. Lee, R.B. Moore, E. Hagberg,
J.C. Hardy, V.T. Koslowsky and G. Savard
1994 CAP Congress, Regina, Saskatchewan, 1994 June 26-29
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SUPERALLOWED 0+ -» 0+ BRANCHING RATIO IN THE DECAY OF 10C USING THE 8n
SPECTROMETER
G. Savard, A. Galindo-Uribarri, J.C. Hardy, E. Hagberg, V.T. Koslowsky and D.C. Radford
Nuclear Shapes and Nuclear Structure at Low Excitation Energies, Antibes, France, 1994 June
20-25

REACTION MECHANISMS IN THE 24Mg + I2C SYSTEM AT 35A MeV WITH TOTAL
CHARGE DETECTION
Y. Larochelle, L. Beaulieu, B. Djerroud, D. Dore, P. Gendron, E. Jalbert, R. Laforest, J. Pouliot,
R. Roy, M. Samri, C. St-Pierre, G.C. Ball, A. Galindo-Uribarri, E. Hegberg and D. Horn
Gordon Research Conferences, Nuclear Chemistry, New Hampshire, June 19-24

Invited Lectures

STUDIES OF SUPERDFFORMATION AND HYPERDEFORMATION WITH THE
PARTICLE-GAMMA FACILITY AT CHALK RIVER
A. Galindo-Uribarri
XVII Nuclear Physics Symposium at Oaxtepec, Morelos, Mexico, January 4-7, 1994.

WHAT'S SO INTERESTING ABOUT AXIAL CHARGE?
I.S. Towner
Colloquium at Brookhaven National Lab, 1994 February 14-16

ION TRAPS AT RNB FACILITIES: MASS MEASUREMENTS AND FUTURE
POSSIBILITIES
G. Savard
ISAC Workshop, Lake Louise, Alberta, 1994 February 17, 18 and 21

DECAYS OF NUCLEI FAR FROM STABILITY
E. Hagberg
ISAC Workshop, Lake Louise, Alberta, 1994 February 17, 18 and 21

SUPERDEFORMATION IN NUCLEI
D. Ward
Seminar at Wayne State University, 1994 March 13

SUPERALLOWED BRANCHING RATIO OF 10C USING THE 8TC SPECTROMETER
G. Savard
Colloquium at Argonne, Chicago, 1994 March 13-15

PRECISION MEASUREMENTS OF THE VECTOR COUPLING CONSTANT IN (3 DECAY
E. Hagberg
Spring Meeting of American Physical Society, 1994 April 18-22
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MESON ENHANCEMENT OF THE AXIAL CHARGE IN THE NUCLEAR MEDIUM
IS. Towner (on behalf of E.K. Warburton)
APS Meeting, Washington, 1994 April 18-22

IMPLICATIONS OF PRECISION SUPERALLOWED BETA DECAY MEASUREMENTS
IS. Towner
APS Meeting, Washington, 1994 April 18-22

STUDY OF SUPERDEFORMED BANDS IN Gd ISOTOPES
D.C. Radford
Seminar at Argonne National Laboratory, 1994 April 25

SUPERALLOWED BETA DECAY: PRECISION MEASUREMENTS AND IMPLICATIONS
FOR THE STANDARD MODEL
IS. Towner
Colloquium at University of North Carolina, 1994 April 26

ACCELERATOR MASS SPECTROMETRY: PRACTICE AND PROSPECTS
H.R. Andrews
Second Alfred 0. Nier Symposium on Inorganic Mass Spectrometry, Durango, Colorado, 1994
May 10-12

STATISTICAL DECAY OF HIGHLY EXCITED NUCLEAR SYSTEMS
D. Horn
Workshop on Heavy-ion Fusion, Padua, Italy, 1994 May 27-27

MODERN y-RAY SPECTROSCOPY WITH LARGE DETECTOR ARRAYS
D. Ward
Symposium at Queen's University, 1994 June 10

IMPLICATIONS OF PRECISION SUPERALLOWED BETA DECAY MEASUREMENTS
I.S. Towner
CAP Annual Congress, University of Regina, 1994 June 26-29

PROTOTYPICAL EXPERIMENTS: PROTON-RICH NUCLEI REACTION STUDIES WITH
INVERSE KINEMATICS
J.C. Hardy
Invited talk at the IS AC workshop at Lake Louise, Alberta, 1994 February 17-19

SUPERALLOWED 0+ -> 0+NUCLEAR BETA DECAY
J.C. Hardy
Invited talk at the Symposium to Honour George Ewan held in Kingston, 1994 June 9-11.
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Reports

ANNUAL SAFETY REVIEW FOR THE TANDEM ACCELERATOR SUPERCONDUCTING
CYCLOTRON (TASCC) FACILITY, 1993
J.W. McKay
MISC-231-93, 1994 January

360 DEGREE LINEAR PHASE MODULATOR
N.A. Towne, P.J. Bunge, P. Rosefield and G.R. Mitchel
TASCC-1-24-004 Report, 1994 May

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

RUN DIARY: PRODUCTION OF 35Cl-35, -30, -22.5 AND 0-36.5 (1994 FEBRUARY 7/14)
L.W. Thomson
SCC Note (Series II) #111.9

PRELIMINARY CALCULATIONS OF THE FEASIBILITY OF RUNNING BEAMS LIGHTER
THAN LI IN THE SCC
E.H. Lindqvist
SCC Note (Series II) #177, 1994 January

CYCLOTRON RF STRUCTURE THERMOMETERS
N.A. Towne
SCC Note (Series II) #181, 1994 January 18

RUN DIARY: DEVELOPMENT OF U-3.3 AND He-57.5 (1994 JANUARY 21/24)
L.W. Thomson
SCC Note (Series II) #182

ACCELERATION OF I2C AT 52.5 MEV/U, A BEAM BEYOND THE DESIGNED VERTICAL
FOCUSING LIMIT
E.H. Lindqvist
SCC Note (Series II) #183, 1994 February

CYCLOTRON BEAM ENERGIES
E.H. Lindqvist
SCC Note (Series II) #184, 1994 March

RUN DIARY: PRODUCTION OF Ge-22.5 AND 0-36.5 (1994 MARCH 10/14)
L.W. Thomson
SCC Note (Series II) #185
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RUN DIARY: PRODUCTION OF Ge-22.5, Cl-39 AND 0-36.5 (1994 MARCH 22/27)
L.W. Thomson
SCC Note (Series II) #185.1

RUN DIARY: PRODUCTION OF 7Li-25 (1994 MARCH 22/27)
L.W. Thomson
SCC Note (Series II) #187

DE-IONIZED WATER SYSTEM
G.D. Reynolds
SCC Note (Series II) #188, 1994 April

HIGH VOLTAGE SAFETY
P.J. Bunge
SCC Note (Series II) #189, 1994 April 28

RUN DIARY: PRODUCTION OF C-18,35Cl-39,79Br-27 (1994 MAY 2/7)
L.W. Thomson
SCC Note (Series II) #190

1994 TECHNICAL REVIEW COMMITTEE PROGRAM AND INDEX
L.W. Thomson
SCC Note (Series II) #191

RUN DIARY: PRODUCTION OF 1-27, Bi-6.35 AND Bi-8 (1994 MAY 30/JUNE 03)
L.W. Thomson
SCC Note (Series II) #192

RUN DIARY: PRODUCTION OF Bi-5.4 AND Si-18, PRODUCTION OF Ti-18
(1994 JUNE 21/25)
L.W. Thomson
SCC Note (Series II) #193

TASCC Instructions

SAFETY INTERLOCK SYSTEM TESTS
G.D. Reynolds and H.C. Lafreniere
TASCC Instruction 1.1.06, Revision 1, 1994 June

MEASURING THE MASS SPECTRUM OF A BEAM FROM AN ION SOURCE
Y. Imahori
TASCC Instruction 2.01, 1994 June
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MANUFACTURE OF URANIUM SOURCE CONES
J.W. McKay and B.R. Gaulke
TASCC Instruction 2.13, 1994 February

SOURCE AREA CLEANUP AFTER URANIUM RUNS
J.W. McKay and B.R. Gaulke
TASCC Instruction 2.14, 1994 February

TETRODE TEST STAND OPERATING AND MAINTENANCE INSTRUCTIONS
S.G. Whittle
TASCC Instruction 4.1.0.01, 1994 May

BUNCHING AND PHASE CONTROL SETUP
G.R. Mitchel and N.A. Towne
TASCC Instruction 4.1.1.1, Revision 6, 1994 May

Invited Lectures

THE USE OF ACCELERATOR MASS SPECTROMETRY IN SURVEYS OF AREAS
SURROUNDING NUCLEAR FACILITIES
J.W. McKay
IAEA Experts Meeting, "Accelerator Choice to Meet Specific Requirements", Trento, Italy
1994 March 22-24
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J.C. Hardy has assumed responsibilities forthe Nuclear Physics Branch in addition
to his role as TASCC Division Director.
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3.1 RESEARCH

3.1.1 Superallowed 0+ -» 0+ Branching Ratio in the Decay of 10C

G. Savard, A. Galindo-Uribarri, E. Hagberg, V.T. Koslowsky and D.C. Radford
(Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

A one-week experiment with the 87c spectrometer to measure the 0+ -» 0+ superallowed
branching ratio in 10C has been performed with the new technique developed and tested in
the previous reporting period (PR-TASCC-7: 3.1.1; AECL-11028). The goal for this
experiment of a total statistical accuracy of 0.2% has been achieved and our preliminary
analysis indicates that the sources of systematic errors are controlled and accounted for at
better than the 0.1% level. A letter is being written describing the experimental technique,
and making a first assessment of the influence of this measurement on the CVC test and on
the unitarity test of the Kobayashi-Maskawa (KM) matrix. From our preliminary analysis,
it seems that this new measuremen. does not support the current attempts to explain the
apparent non-unitarity of the KM matrix by adding an additional Z or Z2 term to the
theoretical corrections applied to the experimental data. Here Z is the charge number of the
daughter nucleus in superallowed beta decay.

Since the total uncertainty in our result is predominantly statistical, we believe that another
one-week experiment is warranted, because of the significant impact this result has on the
tests of the Standard Model mentioned above. This experiment will therefore be repeated
under essentially identical conditions, to double the number of counts and reduce the
statistical error on the result by a factor of 1.4.

3.1.2 The Halflife of 19Ne

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

The interpretation of recent and planned precise P asymmetry measurements of 19Ne at
Princeton, which set limits on right-handed currents or on the presence of heavy-neutrino
mixing, would benefit from an improved knowledge of the 19Ne halflife. The three most
precise measurements of the halflife (including two unpublished results), which have
uncertainties of ±0.05%, disagree significantly by 0.6% from three earlier and less precise
(±0.3%) measurements. Because of this unsatisfactory situation we have recently remeasured
this halflife with isotope-separated samples of 19Ne.

Counting samples were prepared by bombardment of the hot C catcher in the FEBIAD ion
source of the on-line separator with a 3 |iA beam of 65 MeV 12C5+ ions. The 19Ne atoms
produced by fusion-evaporation reactions diffused out of the catcher and were ionized,
extracted, mass-separated and directed as an ion beam to a low-background region, where
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they were implanted with 30 keV of energy into a 50 ug/cm2 aluminized layer on a mylar
tape.

After a 50 s collection period, the sample was automatically transferred by tape movement
to a 4TT P counter, from which signals were multiscaled (Nucl. Phys. A405 (1983) 29) over
a period of 20 halflives. The counting cycle was then repeated. A total of 21x106 events
were recorded in 146 cycles, distributed over 7 runs. Detection conditions, such as detector
bias, discriminator setting or dead-time were altered slightly from run to run. The halflives
from 6 runs agree well with one another - the average being 17.296 ± 0.005 s with a
normalized %2 of 0.93. The first run exhibits an anomalously high and unexplained average
halflife of 17.396 ± 0.013; however, there is an inconsistency within this run, the first third
of the cycles exhibiting a halflife of 17.30 s and the other two thirds, a halflife of 17.42 s.
It is likely that the samples were incorrectly positioned within the detector, but improper
positioning should only affect the counting intensity and not alter the decay time. A re-
analysis which omits the initial three halflives of data in each cycle does not alter these
observations. Another on-line experiment may be required to understand these results. The
average of the six runs lies mid way between the two sets of previous measurements.

3.13 The Decays of the Tz=-1 Nuclides 44V and 52Co

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

The coincidence data obtained in our 52Co experiment (PR-TASCC-7: 3.1.4; AECL-11028)
have now been analysed. This experiment was hampered by low yields and by the presence
of strong contaminants. Nevertheless, seven clear coincidences were visible in the y-ray-
gated spectra. All of them support the previous decay scheme constructed from energy-
differences between known levels in the daughter, 52Fe. An additional five coincidence
relationships would be expected from this decay scheme but they were below our detection
limit. This constitutes the first successful study of the (5-delayed y decay of 52Co.

The P-decay branching ratios and log ft values for ^V and 52Co are presently being deduced.
Our preliminary results for these two nuclides were presented at the Workshop on Nuclear
Shapes and Nuclear Structure at Low Excitation Energies, held in Juan-Les-Pins, France,
1994 June 20-25.
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3.1.4 Search for an Electron-Capture Decay Branch in 100Tc

B. Sur (Neutron and Condensed Matter Sciences Branch)
E. Bonvin (Queen's University)
E. Hagberg, V.T. Koslowsky and G. Savard (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
J.G. Hykawy (Laurentian University)

The magnitude of a possible EC branch in the decay of 100Tc is relevant to our theoretical
understanding of the double-0-decay of 100Mo (PR-TASCC-4: 3.1.4; AECL-10674). Only
two experiments have been performed with the aim of measuring this branch: (i) a group
at Berkeley has recently reported a branching ratio of (1.8 ± 0.9)-10*5 and (ii) our previous
measurement (PR-TASCC-4: 3.1.4; AECL-10674), which yielded an upper limit of 2-10"5.

We have repeated our measurement with a more sensitive detection apparatus. A new,
highly efficient scintillator arrangement, developed at Queen's University, was used to
surround the source spot on the tape. The signal from electrons detected in the scintillator
was used to veto the dominant source of background seen in the X-ray detector: i.e., the y
rays originating from the P"-decay branches of 100Tc. The proportion of non-detected
electrons emitted from the source in the new arrangement was about 10 times smaller than
in our first experiment. The background level at 17.4 keV (Mo, Ka X rays) in our spectra
was more than 20 times smaller than that seen in the Berkeley experiment.

Analysis of the data is in progress. Our preliminary findings are that we see no evidence
for the existence of an EC branch from the 15.8 s 100Tc. We do see very weak peaks
corresponding with Mo X rays but they exhibit no decay with either 30 s or 300 s time
windows. These long-lived sources of Mo X rays were also seen in the Berkeley experiment
and presumably originate from the decay of other Tc isotopes produced by the proton beam
incident on Mo isotopic contaminants in the enriched 100Mo target. The experiment should
yield a competitive limit on the EC capture branch of 100Tc.

3.1.5 Currents and their Couplings in the Weak Sector of the Standard Model

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

A chapter with the above title is being written for a book entitled "The Nucleus as a
Laboratory for Studying Symmetries and Fundamental Interactions", edited by W. Haxton
and E.M. Henley. To date, about 30% of the chapter has been written. Topics being
covered are: vector interactions (conserved vector current hypothesis, superallowed Fermi
transitions and experimental tests); axial-vector interactions in the nucleon (partial
conservation of the axial-vector current, neutron experiments and radiative muon capture on
hydrogen); axial-vector interactions in nuclei (experimental evidence for and theoretical
understanding of quenching of the Gamow-Teller strength, and first-forbidden beta decay);
and extensions to the Standard Model (limits on scalar interactions and right-hand currents).
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3.1.6 Quenching of Spin Operators in the Calculation of Radiative Corrections
for Nuclear Beta Decay

IS . Towner

Recent developments in the study of superallowed Fermi 0+-»0+ nuclear beta decays indicate
a deterioration in agreement with the conserved vector current (CVC) hypothesis, which
postulates that the electromagnetically corrected 3t values for these decays should all be
equal irrespective of the nucleus under study. The present data set suggests a Z-dependence
in the ft values, where Z is the charge number of the daughter nucleus. Much of this
deterioration is a consequence of a recent calculation of the nuclear-structure dependent part
of the radiative correction. This correction depends not only on the vector part of the weak
interaction, but also on the axial-vector part and on the electromagnetic interaction as
operative inside a nucleus. We have modified our previous calculation to use quenched
rather than free-nucleon coupling constants for the axial-vector and electromagnetic
interactions with nucleons. This change explains about 20% of the putative Z-dependence
in the current data base. The deterioration in the CVC test persists. This work has been
written up and accepted for publication in Phys. Lett. B.

3.1.7 Axial-Charge Matrix Elements in Heavy-Fermion Chiral Perturbation
Theory

I.S. Towner (Nuclear Physics Branch)
T.S. Park (Seoul National University)
K. Kubodera (University of South Carolina)

A calculation of axial-charge matrix elements in nuclei (PR-TASCC-7: 3.1.7: AECL-11028)
involving two-body operators derived from chiral perturbation theory has been completed for
a number of different closed-shell-plus-one configurations representing light-mass to heavy-
mass nuclei. The corrections from chiral perturbation theory to the leading pion-exchange
operators are found to be small, typically 10-15%, and essentially nucleus-independent. This
work has been written up and accepted for publication in Nucl. Phys. A.

3.1.8 Extension to 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. Whan (Nuclear Physics Branch)
L. Beaulieu, R. Laforest and R. Roy (Universite Laval)
T. Li, A. Vander Molen, G.D. Westfall, J.S. Winfield, J. Yee and S. Yennello
(NSCL and Michigan State University)

Analysis of the experiment carried out at Michigan State University in 1991 September has
continued (PR-TASCC-7: 3.1.14; AECL-11028). Corrections to the energy spectra for losses
from elastic and inelastic reactions in the detector materials have been incorporated into a
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fitting program that was used to determine the intermediate-velocity source parameters from
the observed light-ion energy spectra with a nonrelativistic Boltzman distribution. Average
pseudo-temperatures and relative cross sections were obtained as a function of impact
parameter from the data obtained at 40° and 52°. A two-source fit was required for the
spectra obtained at 26°: namely, the intermediate source component, as determined from the
fits to the 40° and 52° data, combined with a projectile-fragment source. The spectra
obtained for symmetric collisions at ASA MeV were fitted with a projectile-fragment source
having 90% of the beam velocity and a temperature of ~6 MeV. These results were then
used to estimate the possible contributions of a projectile source to the 40° and 52° data.
In most cases the effects were negligible. For proton and deuteron spectra, the projectile
source components had a small (<10%) effect on the cross sections but a negligible effect
on the pseudo-temperatures. For both the A«40 and A«*70 systems, the pseudo-temperatures
obtained for central collisions increase with excitation energy consistent with the Fermi gas
chemical potential at high density. Further analysis is in progress.

3.1.9 The CI + KCI Reaction at 22.5 and 35/1 MeV

G.C. Ball, D. Horn, D.R. Bowman, D. Fox, A. Galindo-Uribarri, E. Hagberg,
M.G. Steer and T.G. Whan (Nuclear Physics Branch)
L. Beaulieu and Y. Larochelle (Universite Laval)

As part of our program to measure the thermal properties of highly excited nuclear matter
(PR-TASCC-7: 3.1.14; AECL-11028), we are studying A=70 systems at excitation energies
up to 11 MeV per nucleon produced in symmetric-mass collisions at TASCC. The
experimental setup was reported previously (PR-TASCC-7: 3.1.11; AECL-11028) in a
measurement of the 3SC1 + KCI reaction at 43/4 MeV. Briefly, a nearly 4n array constructed
from the Laval/CRL Forward Array and the Csl photodiode miniball, developed by the high-
spin collaboration, was used to provide an exclusive impact-parameter trigger for each event.
High-resolution Si/Csl detector telescopes positioned at 40° and 58° were used to obtain
light-ion energy spectra. Measurements were made for beams of 22.5A MeV 37C1 and 35A
MeV 35C1 bombarding a 10-mg/cm2 KCI target. The detector telescopes were calibrated with
secondary beams of light ions produced by a 36.5/4 MeV 18O beam degraded in a carbon
production target located in the beam line ahead of BEL Analysis of these data is in
progress.

3.1.10 Intermediate-Mass-Fragment Emission Time Scales For 70Ge-Induced
Reactions

D. Fox, D. R. Bowman, G. C. Ball, A. Galindo-Uribarri, E. Hagberg and
D. Horn (Nuclear Physics Branch)
L. Beaulieu, B. Djerroud, D. Dore, P. Gendron, E. Jalbert, R. Laforest, R. Roy,
and C. St-Pierre (Universite Laval)

Correlations between pairs of intermediate-mass fragments (IMFs: 3<Z<20) have been used
to measure the time scale for IMF emission. Knowledge of this time scale can be useful in
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determining whether the multifragmentation process is a nearly simultaneous disintegration
of the system or the end result of a series of binary decays. Fragment pairs emitted from
rapidly disintegrating systems will experience a very strong final-state interaction, resulting
in a suppression of pairs at small relative momenta when compared to IMF pairs emitted
from more slowly decaying systems. Two recently published excitation functions have found
a significant decrease in the mean emission times with increasing beam energy. These
results are consistent with a transition from decay via a chain of binary decays to a faster,
nearly simultaneous break up of the decaying system.

To investigate the transition region further we have conducted a pair of experiments using
the Chalk River TASCC facility. In the first experiment (PR-TASCC-7: 3.1.12; AECL-
11028) IMF pairs were measured for ^Ge+^Al and MtTi reactions at E/A=35 MeV. Charged
particles were detected in the 80 element CRL/Laval forward array, which consists of 48
phoswich detectors covering the angular range 6.7°< 0lab < 24° and 32 Csl detectors covering
24° < 9lab < 46°. The second experiment measured IMF pairs for 70Ge+27Al reactions at
E/A=22.5 MeV. In the second experiment the angular coverage of the forward array was
enhanced by the addition of a reconfigured CRL miniball consisting of 24 Csl detectors
covering 40° < 9lab < 160°.

The final-state fragment-fragment interaction is studied by constructing a two-body
correlation function R(vred), which is defined in terms of the ratio of the coincidence yield,
Y12, to the product of the single-particle yields, Yj and Y2:

Y12(plP2) = C[l+R(Vied)]

where pj and p2 are the laboratory momenta of IMFs 1 and 2, vred is a reduced velocity
defined as vred=vrel/V(Z]+Z2)=(p1/mj-p2/m2)/V(Zi+Z2), and C is a normalization constant
determined by requiring that <R(vred)>=0 at large relative momenta where the final-state
interaction is small. The atomic-mass numbers of the IMFs are assumed to be twice their
charge.

Preliminary IMF-IMF correlation functions for 4 < Z1}Z2 £ 9 are shown in Figure 3.1.10.1
for 70Ge+27Al at E/A=22.5 (solid points) and 35 MeV (open points). The 70Ge+natTi data
are similar to the r 'Al data at E/A=35 MeV. The significantly smaller Coulomb hole (i.e.,
the suppression of intensity near vred=0) in the E/A=22.5 MeV data suggests that the system
has a longer mean IMF emission time than the E/A=35 MeV data. To quantify the difference
in the mean IMF emission time, T, for the two beam energies, 2-body Koonin-Pratt
calculations (Kim et al., Phys. Rev. C45 (1992) 387) have been done for the two beam
energies. For all cases the calculations assume a source radius of 6.0 fm and a source
velocity equal to the center-of-mass velocity of the entire system. The results of the
Koonin-Pratt calculations for the E/A=35 MeV data are shown in Figure 3.1.10.1 as dashed
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lines for T=50 (right), 100 (middle), and 150 fm/c (left). The Koonin-Pratt calculations for
E/A=22.5 MeV are shown as solid lines in Figure 3.1.10.1. The calculations are for T=250

(right), 325 (middle), and 400 fm/c (left). Comparing the data to the calculations we find
t«100 fm/c at E/A=35 MeV and t«325 fm/c at E/A=22.5 MeV. The extracted mean
emission times increase if the source velocity is increased. Analysis of the data is continuing
with a goal of using the large solid-angle coverage of the detectors to measure the source
velocity.

3.1.11 Multifragment Emission in the 30,4 MeV 129Xe + natCu Reaction

D.R. Bowman and D. Horn (Nuclear Physics Branch)
N. Colonna and L. Celano (INFN, Bari, Italy)
W.A. Friedman (University of Wisconsin)
M. D'Agostino and P.M. Milazzo (INFN, Bologna, Italy)
ID. Dinius, C.K. Gelbke, T. Glasmacher, D.O. Handzy, W.C. Hsi, M. Huang,
M.A. Lisa, W.G. Lynch, C. Montoya, G.F. Peaslee, L. Phair, C. Schwarz,
M.B. Tsang and C. Williams (Michigan State University)
A. Ferrero, I. Iori, A. Moroni, F. Petruzzelli and R. Scardaoni (INFN, Milano,
Italy)
G.V. Margagliotti (INFN, Trieste, Italy)

The process of multifragment emission (Z > 2) during heavy-ion collisions has generated a
great deal of experimental and theoretical interest. An understanding of this mechanism can
provide important, general information about the behavior of excited nuclear matter, such as
its compressibility at low density and the possibility of an in-medium liquid-gas phase
transition. In this report we compare properties of multifragment decay in the 30̂ 4 MeV
129Xe + MtCu reaction with three-body trajectory calculations and predictions of three
statistical-decay models with varying assumptions about the time scale of fragment emission.

The experimental details have been reported previously in PR-TASCC-6: 3.1.11;
AECL-10908 and PR-TASCC-7: 3.1.13; AECL-11028. The measured charged-particle
multiplicity (Nc) distribution shows a broad, flat region extending to multiplicities of
approximately 13 and a sharply falling tail at larger multiplicities. In this report, we
shall concentrate on the most violent events with Nc> 13, which corresponds to the upper
14% of the distribution of all detected events (Nc > 2). For these events the average number
of detected intermediate-mass fragments (IMF: 3 < Z < 20) is 1.7, and is nearly independent
o?Nc.

We have compared the experimental data with calculations of three statistical-decay models
with different assumptions about the fragment emission time scale. The first model employed
is GEMINI, which calculates sequential binary decay of the complete range of decay
products from neutron and proton emission to binary fission. Each emitted species is
assumed to be fully accelerated by the Coulomb field of its decay partner before the
succeeding particle or fragment is emitted. The second model is the expanding-emitting
source model (EES) of Friedman. This model treats surface emission of light particle
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and fragments (Z < 9) assuming binary phase space. Dynamics are built into the model to
allow both fragment emission and expansion or contraction of the source as a function of
time. The third model is the Berlin multifragmentation model (BMM), which calculates the
simultaneous disassembly of an excited nuclear system within an expanded volume.

In order to estimate the properties of an equilibrated source, we have used the microscopic
BNV model to simulate the early dynamical stage of the collision. Calculations at an impact
parameter of b=0 were followed to times of 140 fm/c. The source parameters for GEMINI
and the EES model were determined at times following compression when the nuclear matter
returns to normal density. The charge, mass, thermal excitation energy, and energy of radial
expansion were used as input into the EES calculations. Because GEMINI does not allow
expansion, the excitation energy was taken to be the sum of the thermal and radial expansion
energies. The BMM assumes nuclear disintegration at low density. Therefore, the coupling
with the dynamical calculation was chosen to be at the point of maximum expansion (t=115
fm/c).

The average IMF multiplicities calculated with the EES model bracket the measured value
of 1.7, the BMM calculation slightly overpredicts the data, and the GEMINI calculation
strongly underpredicts the data. Results of filtered EES calculations with the same input
parameters, which do not allow expansion, are significantly smaller than the data. These
comparisons suggest that expansion may occur even at the rather low bombarding energy of
30A MeV.

Determination of the fragment-emission time scale may provide further information about
the disassembly mechanism. In order to obtain a quantitative measure of this time scale, we
have compared the experimental two-fragment (4 < Z < 9) reduced-velocity correlation
functions with schematic, three-body trajectory calculations. The experimental energy and
angular distributions measured with the high-resolution MULTICS array were used in the
trajectory calculations, and the uncorrelated distribution was constructed with an
event-mixing technique. In Figure 3.1.11.1, the data are compared with calculations that
assume a source radius of Rs=12 fm, and various mean emission times ranging from 0 to
500 fm/c. Best agreement is obtained with an emission time of T=200 fm/c (solid curve).
To quantify the level of agreement, a contour plot of the reduced chi-squared values in
x-Rs space is shown as an inset in the figure. For all assumed source radii between 8 and
14 fm, a time scale of 200 fm/c gives the best agreement with the data. This emission time
scale is very fast, but is consistent with that of sequential decay. For orientation, a I2C
fragment emitted with a thermal energy of 13 MeV (approximately twice the temperature of
this system) will travel a distance corresponding to «1.75 times its diameter in a time of 200
fm/c.

The measured mean fragment-emission time can be directly compared with the EES
calculations. Mean emission times of 189 fm/c and 114 fm/c were calculated for the two
limiting sets of source parameters. The mean emission time for the low excitation-energy
case, determined solely from input provided by the BNV calculations, agrees quantitatively
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with the experimental emission time determined from the trajectory calculations. As
suggested from theoretical considerations a sequential-decay model with emission times
based upon realistic decay widths is able to reproduce the fast fragment-emission times
prevailing at high excitation energy.

3.1.12 High-spin Spectroscopy in the A=50 Region

J.A. Cameron, J. Rodriguez and 1 Jonkman (McMaster University)
H.R. Andrews, G.C. Ball, A. Galindo-Uribarri, V.P. Janzen, D.C. Radford,
D. Ward and the 8rc Collaboration (Nuclear Physics Branch)

The structures of f-shell nuclei, from ^Ca to 56Ni, are well described by the shell model,
with the exception of the five nuclides at mid-shell, namely 48Cr and its four neighbours,
47V, 47Cr, 49Mn and 49Cr, which appear to be rotational. This is true up to the highest spins
known, near those determined by the termination of the (f7/2)

n configuration.

Experiments at the 87c spectrometer over the last two years have allowed investigation of
yrast states well beyond the f7/2 band termination in many cases from 42Ca to 52Mn. The
extended spectroscopy has revealed a number of structural effects:

SD hole bands

Some d3/2 hole bands have been known for a long time in the lighter f-shell nuclei. The
present study has extended these bands to higher spin in 42Ca, 45Sc, 45Ti, ^ i , 47V, and 48V.
Of particular note is the 47V positive-parity band, which is characterized by a moment of
inertia and backbending behaviour identical to that found earlier in 48Cr.

Continuation of yrast states beyond ill2 band termination

The f7/2 band-terminating state has spin Jmax=[Z(8-Z)+N(8-N)]/2, where Z and N are the
number of protons and neutrons beyond ^Ca. States of spin Jmax and Jmax-1 have only one
component to their wave function and therefore there is only one such state with each spin
within the f7/2 model. Other states of these spins and all states of higher spin require
particle-hole excitations to the f5/2-p shell. Such states have now been identified in ^Sc,
45Sc, «Ti, 45Ti, ^ i , 47Ti, 47V, 49V, 49Cr, 50Cr, 51Cr, 52Cr, 51Mn, and 52Mn. In many cases
the spins have been determined from DCO ratios. Lifetimes of some of these states and
many others below Jmax-1 are being found from DSAM measurements. What is already
apparent is that, although most of the decays into the f7/2 band from higher levels are rapid,
some are quite slow (1 ps or more), implying very small overlap of the parent-state wave
functions with the daughter f7/2 configuration.

Continuation of this study will be helped by the further development of the Array for Light
Fragments (ALF). A program for kinematic reconstruction, using ALF data to reduce
Doppler-broadening caused by ejectile momenta, has been completed and tested successfully.
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3.1.13 Octupole Correlations in 110Te and n4Xe

V.P. Janzen, H.R. Andrews, A. Galindo-Uribarri, D.C. Radford and D. Ward
(Nuclear Physics Branch)
E.S. Paul (University of Liverpool)
M. Cromaz, J. DeGraaf and T.E. Drake (University of Toronto)
S. Pilotte (University of Ottawa)
S. Flibotte and J. Rodriguez (McMaster University)

In a previous report (PR-TASCC-7: 3.1.20; AECL-11028), we described the experimental
evidence for octupole correlations at high spins in the neutron-deficient nucleus 110Te. The
reaction was 58Ni + 58Ni; and the bombarding energy, 250 MeV, was chosen to optimize
fusion-evaporation cross-sections for the evaporation of 3 or 4 charged particles.

The interesting results of that experiment (E.S. Paul et ah, Phys. Rev. C50 (1994) Rl) led
us to propose a second experiment aimed at enlarging the n0Te data set and, at the same
time, obtaining information on 114Xe, in which octupole effects have also been reported (S.L.
Rugari et ah, Phys. Rev. C48 (1993) 2078). The same 58Ni + 58Ni reaction was used, but at
the lower bombarding energy of 235 MeV. The 8TC spectrometer was used to acquire 153xlO6

and 90x106 HPGe-coincidence events with Au-backed and unbacked targets, respectively.
The BGO-ball sum-energy, H, was used to distinguish between channels having different
numbers of evaporated charged particles: H = 6-to-14 MeV (3p and a2p) and H > 17 MeV
(2p - 114Xe). This second, high-H condition greatly enhanced the peak-to-background signal
for transitions in 114Xe; previous studies had relied on selective triggers such as recoil mass
separators and neutron-detector arrays. Figure 3.1.13.1 illustrates the channel selection
afforded by the BGO inner ball.

Our earlier results concerning the high-spin dipole transitions feeding negative-parity states
in 110Te have been confirmed, and a number of new transitions have been identified. At the
present stage of analysis, there is no evidence for dipole transitions feeding the
positive-parity states.

Some differences with the published level scheme of 114Xe (loc cit) have been found. For
example, Figure 3.1.13.2 shows the gamma-ray spectrum gated on the 557-keV 7" to 5'
transition, which shows the 211-keV dipole gamma ray connecting the 5' and 6+ states, but
does not show the 931-keV 5" to 4+ dipole transition reported previously. Analysis is in
progress.
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Figure 3.1.13.1 BGO-ball sum-energy spectra for residues corresponding to various exit channels, following the 58Ni + 58Ni
reaction at 235 MeV bombarding energy.
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3.1.14 Study of the Enhanced-deformation Band in 129Pr

A. Galindo-Uribarri, D. Ward, V.P. Janzen and D.C. Radford (Nuclear Physics
Branch)
S.M. Mullins and S. Flibotte (McMaster University)

We have performed an experiment with the 87c spectrometer to investigate the properties of
the proposed enhanced-deformation (ED) band in 129Pr (A.N. James and D.C.B. Watson in
Proceedings of the Int. Conf. on Nuclei far from Stability, Rosseau Lake, 1988, ed. I.S.
Towner). This band has similar characteristics to the enhanced-deformation band discovered
in I31Pr (PR-TASCC-7: 3.1.28; AECL-11028). Both bands consist of strong Ml and E2
transitions and have large dynamical moments of inertia, 3 ( 2 ) , which are nearly constant and
are similar to other ED bands in this mass region (3 (2 ) ~50-to-60 Ti2 MeV'1). In the case of
the ED band in 131Pr we have measured lifetimes, confirming the large deformation, and
have established its 'decay out1. Based on the low excitation-energy and spin of the
band-head we claimed that the ED band in 131Pr is unlike all other bands in the mass A ~
130 region in that the i13/2 neutron orbital is unoccupied.

The proposed enhanced-deformation band in 129Pr was studied with the reaction
104Pd(28Si,p2n). Data were replayed into a y-y coincidence matrix with the condition that
H > 18 MeV on the BGO sum-energy. Figure 3.1.14.1 shows the y-ray spectrum for the
yrast band in 129Pr. The proposed ED band in 129Pr is shown in Figure 3.1.14.2. The
existence of an ED band in 129Pr (Z=59, N=70) — as with the proposed ED band in 129Ce
(c.f. following report) — contradicts the general interpretation of R. Wyss et al. (Phys. Lett.
B215 (1988) 211) that only nuclei with N > 73 can have enhanced deformation at low
rotational frequencies. The main goal of these studies is to confirm the deformation by
measurement of the lifetimes of the transitions and to search for links between this band and
normal-deformation states. It will be of interest to investigate if — as in the analogous I31Pr
case — there is a decay from a normal-deformation structure into the ED band. An
experiment is being planned in the near future to measure lifetimes in this nucleus by the
Doppler-shift attenuation method (DSAM). A short test run with a 1.03 mg/cm2 thick target
on a 15 mg/cm2 Pb layer evaporated as a backing proved impractical. Analysis of the data
is at very preliminary stage.

3.1.15 Discovery of a New Enhanced-deformation Band in 129Ce

A. Galindo-Uribarri, D. Ward, V.P. Janzen and D.C. Radford (Nuclear Physics
Branch)
S.M. Mullins and S. Flibotte (McMaster University)

As part of our program to understand the origins of enhanced-deformation (ED) bands in the
mass-130 region, we have initiated a new series of experiments on 129Pr (see 3.1.14) and
129Ce with the 87: spectrometer. This study is a continuation of our work on 131Pr, in which
previously we had observed an ED band with unusual characteristics (PR- TASCC-7: 3.1.28;
AECL-11028).
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A beam of MSi at 125 MeV was incident on a 104Pd target (two foils of 650 ng/cm2 each).
The reaction produced a 132Nd compound nucleus with an excitation energy of 58 MeV. The
recoil velocity determined experimentally was v/c=1.79% and the calculated grazing angular
momentum of the reaction was L&az = 40 J\).

Approximately 325 x 106 Compton-suppressed y-y coincidence events were recorded. The
dominant exit channels were p2n, 2pn, and 2p2n, populating 129Pr, 129Ce and 128Ce,
respectively. The data were replayed into 4k x 4k matrices with windows set on regions of
total energy, H, and multiplicity, K, chosen to emphasize the 3-particle channels. The
4-particle channels were almost completely suppressed by a gate set on events in the BGO
ball with H > 18 MeV. A total of 195 x 106 events remained in the gated matrix.

A new discrete-line enhanced-deformation band was discovered in 129Ce, comprising 13 (E2)
transitions ranging from Ey = 546 keV to Ey = 1375 keV. An example of the gamma-ray
spectrum is shown in Figure 3.1.15.1. The spacing between transitions is nearly constant at
about 74 keV (for the last 10 transitions). The dynamical moments of inertia 3 ( 2 ) are shown
in Figure 3.1.15.2, where they are compared with the 131Ce ED band (Y.-X. Luo et al., Z.
Phys. A329. (1988) 125). The dynamical moments of inertia 3 ( 2 ) in SD and ED nuclei are
strong indicators of nuclear structure related to the different configurations of single-particle
orbitals. For the mass-130 region, the 3(2)-values in general increase with frequency © (as
in the A ~ 190 region), but then decrease as a increases further. Sharp up-bends at low
frequencies are present in 133.135.137Nd, 132Ce and 136Pm. The 129Ce ED band shows a nearly
constant moment of inertia above TTa -0.35 MeV.

These results are of interest for several reasons. This is the lightest nucleus in this mass
region in which enhanced deformation has been observed. It was populated at a rather low
angular momentum. It has been argued (R. Wyss et al, Phys. Lett. B215 (1988) 211) that
N=72 is a transitional neutron number, above which i13/2 quasi-particles can align at low
frequencies and, without such an alignment, the shell gaps at Z=58 and N=72 are not in
themselves strong enough to create a separate minimum in the total Routhian surface (TRS)
calculations. The same authors attribute the appearance of a second minimum at medium
spins to the interplay between the polarizing force of the i13/2 intruder orbital and the
shell-gap structure. This interpretation has generally been accepted and, indeed, until this
work, only nuclei with N > 73 showed ED bands. DSAM measurements will be performed
in the near future.

Calculations in 129Ce have also been initiated.
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3.1.16 Comparison of the Intrinsic Quadrupole Moments of the Yrast
Superdeformed Bands in 131Ce and 132Ce

D. Ward, H.R. Andrews, A. Galindo-Uribarri, V.P. Janzen and D.C. Radford
(Nuclear Physics Branch)
S.M. Mullins, S. Flibotte, G. Hackman and J.C. Waddington (McMaster
University)
T.E. Drake, M. Cromaz and J. DeGraaf (University of Toronto)

An interesting question concerning the nature of deformation in nuclei is the relative
importance of shell gaps in the system of normal-parity states, versus the occupation of
special unique-parity deformation-driving orbitals in determining the nuclear shape.
Although these deep waters (e.g. M. Guidry and C.-L. Wu, Int. Journal of Modem Physics
2 (1993) 17; and W. Nazarewicz, Int. Journal of Modern Physics 2 (1993) 51) are unlikely
to be fathomed by a single definitive experiment, it could be instructive to measure as
precisely as possible any shifts of deformation that might be attributed to the occupation of
special orbitals. To this end, we have remeasured the deformations (derived from intrinsic
quadrupole moments) of the yrast superdeformed bands in 131Ce and 132Ce in a single
experiment. The band in 132Ce differs from that in 131Ce only by the occupation of an N=6
neutron intruder orbital, which is strongly down-sloping with respect to deformation in a
Nilsson diagram.

The reaction was 110Pd + 26Mg at 130 MeV incident energy, by which 131Ce and 132Ce were
populated in 5n and 4n evaporations. Excited residues recoiled in a gold backing, and y-ray
lineshapes and centroid shifts (F values) to extract lifetimes were determined with the 87t
spectrometer. In this experiment, systematic uncertainties, such as the treatment of the
slowing down process, were expected largely to cancel.

Previous experiments performed by different groups gave 32 = 0.34 ± 0.06 (Y. He et al,
J. Phys. Gi6 (1990) 657) and 0.44 ± 0.04 (R.M. Diamond et al., Phys. Rev. C4_! (1990)
R1327), for 131Ce and 132Ce, respectively and suggest a large change in deformation. Our
results based on the F values (c.f. Figure 3.1.16.1) give deformations P2 = 0.36 ± 0.02 and
0.39 ± 0.02, in which we include only statistical uncertainties. We conclude that the
occupation of an extra N=6 orbital in 132Ce has only a small effect on the deformation.
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3.1.17 High-Spin Spectroscopy of 137Pm

S.M. Mullins, G. Hackman, 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)
J. DeGraaf and T.E. Drake (University of Toronto)
S. Pilotte (University of Ottawa)
E.S. Paul (University of Liverpool)

The nucleus 137Pm lies in a mass region that is transitional between "stiff rotational
behaviour and "softness" to triaxial distortion of the nuclear shape. It has been studied
previously (S.M. Mullins et al, I Phys. G. Nucl. Part. Phys 14 (1988) 1373 and
C.W. Beausang et al, Phys. Rev. C36 (1987) 602) at relatively low spins with backed targets
and with arrays that consisted of only four or six HPGe detectors. In the present
investigation, a self-supporting target was used in conjunction with the 8TI spectrometer in
order to study the structure of this nucleus to higher spins.

States in 137Pm were populated with the noPd(31P,4n)137Pm reaction at a bombarding energy
of 155 MeV. A minimum of ten detectors in the %% BGO ball had to fire in prompt
coincidence with two detectors from the array of twenty Compton-suppressed HPGe
spectrometers. The data were written onto magnetic cassettes for subsequent analysis. A
standard Ey-Ey coincidence matrix was constructed under the condition that the BGO-ball
registered a sum-energy of at least 18 MeV. This helped reduce the relative strength of
136Nd, which was populated via the p4n channel and which was the major competitor to
137Pm.

The yrast band in 137Pm is based on K = 3/2 h11/2 proton in which the first hM/2 ("AB")
proton crossing is blocked. The second pair of h11/2 protons ("BC") are able to align, and
give rise to the back-bend evident in the yrast band shown in Figure 3.1.17.1. This feature
is well-understood within the framework of the cranked shell model. It was not clear from
the two previous studies of 137Pm what the next transition in the yrast sequence would be
after the 880 keV y ray. In S.M. Mullins et al (ibid.), it was tentatively identified as a 947
keV transition, which implied the onset of a second band crossing. In C.W. Beausang et al.
(ibid.) it was identified as a 963 keV transition, which did not indicate the onset of a
band-crossing. It is clear from the present data that neither of these transitions were correct.
The inset in Figure 3.1.17.1 shows a summed spectrum generated from gates set on the 760
and 880 keV transitions at the top of the known yrast band. There is no evidence for either
a 947 or a 963 keV transition. Rather it seems that the next transition in the sequence is at
1020 keV. A 947 keV transition does appear when gates are set on the lower members of
the yrast band, but it does not reside above the 880 keV y ray.

Almost all the other unlabelled transitions in Figure 3.1.17.1 arise from two positive-parity
signature-partner bands. These bands have a three-quasiparticle structure that includes the
first aligned pair (AB) of h11/2 protons. The decay out occurs at the point where the AB h11/2
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protons de-align, and it was not possible in the previous data to follow the bands into their
one-quasiparticle components at low spin. It is hoped that it may be possible to identify the
one-quasiparticle bands in the present data set in a more detailed analysis.

3.1.18 Proton Configurations and Pairing Correlations at the N = 80
Superdeformed Shell Closure

S.M. Mullins, N.C. Schmeing, S. Flibotte, G. Hackman, 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)
J. DeGraaf and T.E. Drake (University of Toronto)
S. Pilotte (University of Ottawa)
E.S. Paul (University of Liverpool)

The observation of superdeformed (SD) bands in nuclei seems to be correlated with
"favoured" particle numbers (R.V.F. Janssens and T.L. Khoo, Ann. Rev. Nucl. Part. Sci. 41
(1991) 321). This favourability is believed to be due to quantal shell corrections that arise
from energy gaps at these particle numbers for superdeformed shapes. In general, these gaps
remain even when the nucleus is rotated, save for a few high-j "intruder" orbitals, which
cross these regions of low level density. The appearance of the intruder orbitals in
superdeformed nuclei arises because of the combined influence of large distortion and i.ipid
rotation. Thus, there are two basic ingredients that underpin our understanding of
superdeformed bands: shell gaps to stabilize the shape, and intruder orbitals which
characterize the level spacing in the bands through their contribution to the 3 ( 2 ) dynamic
moment of inertia.

The discovery of a SD band in 145Tb (see 3.1.20) has allowed us to make a detailed analysis
of the proton quasiparticle structure in the N=80 isotones and shed some new light on the
question of pairing strength in both the proton and neutron spaces.

The 3 ( 2 ) moments of inertia for N=80 isotones have been extracted from the differences in
transition energies and are displayed in Figure 3.1.18.1. The rise in the 3 ( 2 ) for 144Gd is
clearly lacking in 145Tb, 143Eu and I42Sm. This is a strong indication that the N = 6 (N is the
major oscillator shell quantum number) quasiproton crossing that causes the 3^ to rise in
144Gd is blocked in 145Tb, 143Eu and 142Sm. This suggests that the proton intruder
configuration for the band in 14STb is either 7I61 like 142Sm and 143Eu, or 7i63 as in the
heavier Tb isotopes. The former configuration would be expected to occur at a deformation
similar to that of the other N = 80 isotones, while the latter would be favoured at a larger
deformation, similar to the SD bands near A = 150. Both configurations have (7i,a) =
(+,+1/2), and so will be encompassed in total-routhian-surface (TRS) calculations (W.
Nazarewicz, R. Wyss and A. Johnson, Nucl. Phys. A503 (1989) 285) for this parity-signature
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Figure 3.1.18.1 3 ^ dynamic moments of inertia for the four N = 80 superdeformed
bands, (a) 14STb, (b) U4Gd (S. Lunardi et al Phys. Rev. Lett 72 (1994) 1427), (c) mEu
(S.M. Mullins et al, Phys. Rev. Lett 66 (1991) 1677 and A. Atac et al, Phys. Rev. Lett 70
(19931069) and (d) U2Sm (G. Hackman et al, Phys. Rev. C47 (1993) R433). In each case,
the experimental 3 f 2 ; (data points) and two theoretical predictions (solid and dashed lines)
are shown. The solid lines come from the results of calculations that employed pairing for
both protons and neutrons. Calculations in which the neutrons were treated as unpaired,
but the protons paired, are delineated by the dashed lines. See the text for further details
concerning the calculations.
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specification. The TRS calculations show that a superdeformed (SD) minimum with
deformation parameters of (P2.P4>Y) = (0.48,0.05,1.8°), becomes yrast at I ~ 47 "h", as shown
in Figure 3.1.18.2(a). These deformation parameters were used to determine the
Woods-Saxon potential from which quasiparticle levels in 145Tb were generated by the
deformation-average-pairing self-consistent method (W. Nazarewicz, ibid.). The monopole
pairing gap was determined separately at each frequency by variation after particle-number
projection. The 3 ( 2 ) moment of inertia was extracted from these quasiparticle levels for the
yrast (7t,a) = (+,+1/2) proton configuration in 14STb. Similar calculations were performed for
the three other N = 80 isotones. In each case, the deformation parameters were taken from
a TRS calculation for the correct configuration. A Strutinksy renormalisation radius (W.
Nazarewicz, ibid.) of 1.27 fm was employed, which is about half the correction taken for the
A = 150 SD bands. The theoretical predictions are displayed as full lines in Figure 3.1.18.1,
along with the experimental data.

The most important feature to note is that the quasiproton crossing does not occur in the
calculation for 145Tb. In fact, the only band-crossing that is predicted to occur is that which
arises from the alignment of N = 6 quasineutrons. This crossing gives the large hump centred
near IT© « 0.35 MeV in the calculations presented in Figure 3.1.18.2. There is no
experimental evidence for this crossing either here in 145Tb or in 142Sm and 143Eu. The
quasiproton crossing obscures any evidence for this effect in 144Gd. Previously, the absence
of the hump has been attributed to a strong residual neutron-proton interaction between the
proton intruder and the aligning N = 6 quasineutrons. This is inferred from the observation
of similar perturbed band crossings in high-j intruder bands in the A «* 110 (V.P. Janzen et
al., Phys. Rev. Lett. 70 (1993) 1065) and A « 130 regions (P.H. Regan et al, Phys. Rev.
C42 (1990) 1805). Though this may also be the case in the N = 80 superdeformed bands,
it is conceivable that the neutron pairing correlations are too weak to excite a pair of
quasiparticles. In other words, there is no quasineutron crossing, and hence no hump in the
3 ^ moments of inertia. The large (»1.2 MeV) gap at N = 80 (W. Nazarewicz et al, ibid.)
does suggest that static neutron-pairing correlations should be very weak. An improved
agreement with the data is achieved when calculations are performed with unpaired neutrons
(but with protons still paired) since the hump is not present, as demonstrated by the dashed
lines in Figure 3.1.18.1. It should be noted that the presence of a weak static pair gap would
still give rise to the quasineutron crossing, albeit at a reduced frequency and with a smaller
effect on the 3 (2 ) .

It is now possible to assign valence proton configurations to the N = 80 superdeformed
bands in a systematic manner. The suggested configurations are shown in Table 3.1.18.1. A
proton routhian diagram is shown in Figure 3.1.18.2(b). The deformation parameteis were
taken from the TRS calculations for 145Tb mentioned above. Small changes in deformation
are calculated to occur amongst the N = 80 superdeformed bands, but they do not affect
Figure 3.1.18.2(b) very much. Orbitals that are relevant to the present discussion have been
labelled, as have the proton numbers that correspond to the large energy gaps. It is simplest
to start with 143Eu, which has the 6j intruder orbital occupied relative to the Z = 62 gap at
Tfco = 0 MeV. This orbital is also occupied in 142Sm, but now as part of a particle-hole
excitation from the [541]1/2" orbital. In the case of 144Gd, both N = 6 proton-intruder orbitals
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are occupied. It is this pair that de-align at the band crossing in the paired system and give
the rapid increase in the 3 ( 2 ) for 144Gd at IHD «*0.5 MeV. In 14STb, it is clear that the 63

intruder is too high in energy for it to form part of the yrast configuration. Thus, only the
first proton-intruder orbital is occupied in 145Tb, which blocks the N = 6 quasiproton
crossing. This forces the placement of the sixty-fourth and sixty-fifth protons into the
signature-partner routhians that originate from the [404]9/2- upsloping "extruder" orbital. The
proton configuration may therefore be designated 61®[404]2

)/2+.

An interesting point to note is that 61 bands are populated with between two and five times
the intensity of the 7r62 band. There is no indication from theory as to why this should be
so. This bears a remarkable similarity to the highly deformed bands in the Nd isotopes in the
A = 130 region. The three odd-N, u62 cases, 133-135'137Nd (R. Wadsworth et ah, J. Phys. G.:
Nucl. Phys. U (1987) L207 and E.B. Beck et al, Phys. Rev. Lett. 58 (1987) 2182), are
populated with relative intensities of approximately 10%, whereas the two even-N, u62 cases,
i34,i36Nd ( £ M fieck et al< ibid a n d E M B e c k et al^ p h y s L e t t B 1 9 S ( 1 9 8 7 ) 5 3 ! ^ ^ e

populated at the 1-2% level. Now the intensity is believed to depend strongly on the spin at
which the superdeformed yrast line crosses the "normal" yrast line (the "crossing spin"). The
lower the crossing spin, the greater the y-ray flux that can be collected at the yrast line,
which results in a more intense band. For example, total routhian surface calculations predict
similar crossing spins (I «* 35-40 TT) in 144Gd and 143Eu, but the band in 143Eu is populated
with an intensity of ~1.1%, as compared to -0.2% in 144Gd. Clearly, it would be of interest
to locate another 7t62 N = 80 superdeformed band. It would also be of interest to find
non-yrast superdeformed bands in these nuclei, since the "missing" intensity in 144Gd may,
at least in part, be accounted for by excited superdeformed structures.

TABLE 3.1.18.1

PROPOSED VALENCE-PROTON CONFIGURATIONS FOR THE N=80
SUPERDEFORMED BANDS

z
62

63

64

65

Nucleus

142Sm

143Eu

144Gd

145Tb

Configuration*

61®[541]j}2.

61

62

61®[404]2
/2+

* Configuration given relative to the Z=62 gap that exists at zero rotational frequency.
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3.1.19 A Superdeformed Band in 142Eu: Hole in the N = 80 Closed Shell

S.M. Mullins, S. Flibotte, G. Hackman and J.C. Waddington (McMaster
University)
A. Galindo-Uribarri, D.C. Radford and D. Ward (Nuclear Physics)
M. Cromaz and J. DeGraaf (University of Toronto)
S. Pilotte (University of Ottawa)

The observation of superdeformed bands in the four N = 80 isotones, 142Sm (G. Hackman
et al, Phys. Rev. C 47 (1993) 433), 143Eu (S.M. Mullins et al, Phys. Rev. Lett. 66 (1991)
1677 and A. Atac et al, Phys. Rev. Lett. 70 (1993) 1069), 144Gd (S. Lunardi et al, Phys.
Rev. Lett. 72 (1994) 1427) and 145Tb (see 3.1.20), is strong evidence for the favourability
of superdeformation at this neutron number. Nuclear models based on "realistic" potentials
(W. Nazarewicz, R. Wyss and A. Johnson, Nucl. Phys. A5O3 (1989) 285 and Tord Bengtsson
and Ingemar Ragnarsson, Nucl. Phys. A436 (1985) 14) predict a large gap at N = 80 for a
superdeformed shape with P2 - 0.5. Assignments of proton configurations to these bands
suggest that 142Sm may be viewed as a proton hole with respect to 143Eu. Here we report on
the observation of a superdeformed band that is based on a neutron hole with respect to
143Eu.

A beam of 27A1 ions at an energy of 152 MeV was used to bombard a target consisting of
a stack of two «500 ug/cm2 foils enriched to ~98% in 120Sn. States in 142Eu were populated
via the 5n channel. The y rays were detected by the 87t spectrometer, for which the
event-trigger was satisfied when at least ten BGO-elements fired in coincidence with a
minimum of two HPGe detectors.

An Ey-Ey coincidence matrix was produced with the requirement that the minimum
sum-energy recorded in the BGO-ball was H > 13.4 MeV. The computer codes BAND AID
(J.A. Kuehner, unpublished, and B. Haas et al, Nucl. Phys. A561 (1993) 251) and SDSLICE
(B. Haas, ibid) were used to search the matrix for superdeformed bands. A band of fourteen
transitions separated by ~60 keV was found, and a summed coincidence spectrum is shown
in Figure 3.1.19.1. There is no evidence of a signature partner to the band, so it seems likely
that the hole is made in the 64 orbital. This means that the high-N configuration of the band
may be assigned as %6l\)&.

The band is estimated to be populated with (1.2±0.2)% of the intensity of the y282-y419
coincidence in 142Eu (A. Bizzetti-Sona et al, Z. Phys. A337 (1990) 235), which carries
almost 100% of the intensity in this nucleus. This figure may be compared with (l.l±0.1)%
in 143Eu and (0.5±0.1)% in 142Sm. Thus, it seems that a neutron hole in the N = 80 closed
shell has little or no effect on the favourability of the superdeformed states, whereas a proton
hole has a dramatic effect. For the neutron hole this is unexpected, since total-routhian-
surface (TRS) calculations predict that the superdeformed band in 143Eu becomes yrast about
10 IT lower in spin when compared to 142Eu. The TRS calculations seem to address the
proton hole better, since in this case the SD minimum (142Sm) becomes yrast about 15 TT
higher when compared to the "doubly magic" 143Eu SD core.
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Figure 3.1.19.1 Summed coincidence spectrum that shows the superdeformed band assigned to U2Eu. Each band member
is indicated by its energy in keV.
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The data analysis of the band is at a preliminary stage and is continuing. A more complete
theoretical interpretation will be presented in a forthcoming publication.

3.1.20 A Superdeformed Band in 14STb

S.M. Mullins, N.C. Schmeing, S. Flibotte, G. Hackman, 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)
J. DeGraaf and T.E. Drake (University of Toronto)
S. Pilorte (University of Ottawa)
E.S. Paul (University of Liverpool)

In the familiar spherical closed-shell nuclei, pairing correlations are not important, since there
is insufficient energy in the two-body interaction to scatter time-reversed pairs from the
vicinity of the Fermi Surface up to the next major shell (R.V.F. Janssens and T.L. Khoo,
An.. Rev. Nucl. Part. Sci. 41 (1991) 321 and A. Bohr and B. Mottelson, Nuclear Structure,
Vol. 2, (Benjamin, New York, 1975)). Shell gaps at superdeformed shapes may be expected
to quench pairing correlations in a similar way. For instance, a large gap is predicted to
occur at N=80 in calculations based on either a Woods-Saxon (W. Nazarewicz, R. Wyss and
A. Johnson, Nucl. Phys. A5O3 (1989) 285) or a Nilsson (T. Bengtsson and I. Ragnarsson,
Nucl. Phys. A436 (1985) 14) potential. The gap is centred on a quadrupole deformation of
P2 •* 0.5. Conjugate gaps exist at Z=62 and 64, and indeed superdeformed bands have been
found in the three N = 80 isotones, 142Sm (G. Hackman et al, Phys. Rev. C47 (1993) R433),
143Eu (S.M. Mullins et al, Phys. Rev. Lett. 66 (1991) 1677 and A. Atac et al, Phys. Rev.
Lett. 70 (1993) 1069) and 144Gd (S. Lunardi et al., Phys. Rev. Lett. 72 (1994) 1427), which
have proton number Z = 62, 63 and 64, respectively. The band in 144Gd shows clear
evidence for the effect of proton-pairing correlations, since a quasiproton band crossing is
observed. Cranked-Woods-Saxon-Strutinsky calculations predict such a crossing to take
place (W. Nazarewicz, ibid). This crossing is blocked in 143Eu and 142Sm, but there is no
evidence for a predicted quasineutron crossing. In order to investigate further the
favourability of the N = 80 gap and the importance of pairing correlations thereof, it was
decided to search for superdeformation in the next N = 80 isotone, 145Tb.

Some transitions that connect "normal-deformed" states in 145Tb have been reported from a
previous study (L. Goettig, W. Gelletly, C.J. Lister, R. Moscrop and B.J. Varley, Nucl. Phys.
A475 (1987) 569). Two different fusion-evaporation reactions were employed in the present
investigation of 145Tb. In the first experiment, a beam of 37C1 ions was used at an energy
of 187 MeV to bombard a target consisting of a stack of two -500 ug/cm2 foils enriched to
-98% in 112Sn. States in 145Tb were populated via the 2p2n exit channel. The major
competition came from the 3pn channel, 145Tb (D. Bazzaco et al, Z. Phys. A310 (1983) 65),
and 142Gd (L. Goettig et al, ibid). Charged-particle-y-y coincidences were collected. The
y rvs were detected by the 87c spectrometer gated by a requirement that a minimum of ten
Evi'C- 3lements had to fire for the event to be accepted. Charged particles were detected by
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the ALF-miniball (A. Galindo-Uribarri, in Prog. Part. Nucl. Phys., Vol. 28, 463, edited by
A. Faessler, Pergamon Press, New York, 1992) located inside the 8TE spectrometer.

The second 8TC experiment used the reaction n8Sn(31P,4n)145Tb at 160 MeV, this time
without the ALF-miniball. A target of two -500 ug/cm2 foils enriched to -98% in 118Sn
was used. At least ten elements of the BGO-ball plus two HPGe detectors had to fire in
prompt coincidence for the event to be accepted. Furthermore, a TDC signal was recorded
if a second burst of y rays followed within -30 nanoseconds of the prompt trigger, such that
the number of BGO-ball elements that responded was 8 > Kdelay > 2. This arrangement was
sensitive to isomeric decays with half-lives in the range of -40-700 nanoseconds, provided
that the delayed burst had sufficient multiplicity to satisfy the delayed-trigger requirement.

Approximately 75 million events were selected off-line from the first data-set under the
conditions of H > 10 MeV from the BGO ball, and proton multiplicity 1 < Mp < 2 and a-
particle multiplicity Ma = 0 from the ALF-miniball. The energies of the coincident pair
recorded in the HPGe array were stored in an Ey-Ey correlation matrix in which the ratio
of counts in 145Tb to those in 142Gd was roughly 2-to-l. Other nuclei, 145Gd (D. Bazzaco,
ibid), 145Dy (L. Goettig, ibid), 144Tb (L. Goettig, ibid) and 144Tb (L. Goettig, ibid) were
present at levels of 10-to-20% of 145Tb. A candidate for a superdeformed band of ten
transitions separated by -59 keV was found with the computer codes BANDAID
(IA. Kuehner, unpublished, and B. Haas et al., Nucl. Phys. A561 (1993) 251) and SDSLICE
(B. Haas, ibid). This was tentatively assigned to 14STb. There was no evidence for the
candidate in a matrix gated by an a-particle, which suggests that the candidate did not
belong to 142Gd.

No evidence was found in the second data-set for isomeric decays in 14STb that had lifetimes
that would initiate the delayed trigger. Hence, channel selection was obtained from the
prompt condition of H > 18 MeV in the BGO-ball. The resultant matrix contained 160xl06

events, which were split amongst the 4n channel 14STb, the p3n channel, 145Gd and the a3n
channel, 142Eu (A. Bizzetti-Sona et al., Z. Phys. A337 (1990) 235). The candidate was
confirmed and extended to fourteen transitions. A summed coincidence spectrum is shown
in Figure 3.1.20.1. Despite the reduction in background because of the high-H condition,
the lower portion of the spectrum from roughly 550 to 950 keV is heavily contaminated, but
the higher portion of the spectrum is relatively free of this problem. The total projection of
the y-y matrix over this region (inset in Figure 3.1.20.1 shows that no large peaks obscure
the higher-energy SD transitions.

In general, the assignment of a superdeformed band to a nucleus through y-y coincidences
is not straightforward (B. Haas, ibid). This difficulty is compounded in the present case by
the fact that there are strong contaminants to l45Tb in both data sets, even after off-line
software filters have been employed. In particular, 145Gd was populated in both reactions,
but previous studies with the 871 spectrometer (B. Haas, ibid) did not find any evidence for
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Figure 3.1.20.1 Summed coincidence y-ray spectrum that shows the superdeformed band assigned to 145Tb. Each band
member is indicated by an asterisk; all of these transitions were gated on to produce the spectrum. The transition energies
are, in keV, 627.1(4), 687.8(4), 747.0(3), 806(5), 864.5(6), 920(1), 980.3(1.1), 1039.3(6), 1097.3(5), 1155.0(9), 1211.9(9),
1271.3(9), 1324(2), 1387(1).
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superdeformed bands in this nucleus. Since these earlier experiments populated 145Gd via
(HI, xn) reactions, 14STb was, of course, not present. There was no evidence for the new
band in these data sets, and hence the possibility that the band belongs to I45Gd was
discounted. A check on new 87c data in which 142Eu was populated via 5n-evaporation ruled
out this possibility in a similar fashion. Hence, the band is assigned to 145Tb, and is
estimated to be populated with a maximum intensity of ~ 1 % relative to the channel.

In a companion paper (see 3.1.18), we discuss the extensive data now available on
superdeformed nuclei with N=80.

3.1.21 Search for Superdeformation in the N = 80 Nucleus 14<5Dy

S.M. Mullins, S. Flibotte, G. Hackman and J.C. Waddington (McMaster
University)
A. Galindo-Uribarri, V.P. Janzen, D.C. Radford and D. Ward (Nuclear Physics
Branch)
M. Cromaz, T.E. Drake and J. DeGraaf (University of Toronto)
S. Pilotte (University of Ottawa)

Superdeformed bands have been observed in the four N = 80 isotones, 142Sm (G. Hackman
et al, Phys. Rev. C47 (1993) 433), 143Eu (S.M. Mullins et ah, Phys. Rev. Lett. 66 (1991)
1677 and A. Atac et al., Phys. Rev. Lett. 70 (1993) 1069), 144Gd (S. Lunardi et al., Phys.
Rev. Lett. 72 (1994) 1427) and 145Tb (see 3.1.20). Nuclear models based on either a
Woods-Saxon or Nilsson potential (W. Nazarewicz, R. Wyss and A. Johnson, Nucl. Phys.
A503 (1989) 285 and Tord Bengtsson and Ingemar Ragnarsson, Nucl. Phys. A436 (1985)
14) are in good agreement with these findings, since they both predict the existence of a
large gap at N = 80 for a superdeformed shape with P2 " 0.5. It has proved possible to
assign valence proton configurations to these bands in a systematic way from comparison
with total routhian surface (TRS) and cranked shell model (CSM) calculations. As a next
step in this investigation of valence-proton configurations in the N = 80 superdeformed
bands, a search for superdeformation was undertaken in 146Dy.

Dysprosium-146 is too far from stability to be reached in a conventional (HI,xn) reaction,
so it was decided to study it in a 2p2n exit channel following the bombardment of a double
110Cd target with a beam of ^Ca ions at an energy of 195 MeV. The y-y-coincidence data
were obtained with the 871 spectrometer. A valid event required that at least ten
BGO-elements fired in coincidence with a minimum of two HPGe detectors.

Inspection of the data indicated that there was considerable charged-particle evaporation from
the compound nucleus. This resulted in a relatively small yield into 146Dy, and a poor
peak-to-background ratio. Hence, even with an offline condition of H > 13.4 MeV on the
sum-energy measured in the BGO-ball, the resultant Ey-Ey coincidence matrix contained
events from many nuclei besides 146Dy. Despite these handicaps, the matrix was searched
for evidence of superdeformed bands with the computer codes BAND AID (J.A. Kuehner,
unpublished, and B. Haas et al., Nucl. Phys. A561 (1993) 251) and SDSLICE (B. Haas,
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ibid). A reasonably strong correlation, with an energy spacing of 56 keV, was found with
BANDAID. When gates were set on the corresponding transition energies, there was no
evidence for a superdeformed band. In order to investigate this correlation further, it would
be necessary to obtain a better data set, preferably selected by tagging on evaporated charged
particles to improve the peak-to-background ratio. It may be worthwhile repeating the
experiment with the upgraded ALF-miniball used in conjunction with the 87t spectrometer.

3.1.22 Properties of Superdeformed Bands in 153Dy

A. Galindo-Uribarri and D.C. Radford (Nuclear Physics Branch)
B. Cederwall, M.A. Deleplanque, R.M. Diamond, P. Fallon, I.Y. Lee,
A.O. Macchiavelli and F.S. Stephens (Lawrence Berkeley Laboratory)
G. Hackman, S.M. Mullins and J.C. Waddington (McMaster University)
J.A. Becker, M.J. Brinkman, L.P. Farris, E.A. Henry, J.R. Hughes and
M.A. Stoyer (Lawrence Livermore National Laboratory)
J.E. Draper, C. Duyar and E. Rubel (University of California, Davis)

Excited states in 153Dy were populated with the reaction lloPd(48Ca,5n)1S3Dy, for which a
target stack of two isotopically enriched, self-supporting Pd foils (of thickness «0.5 mg/cm2)
were bombarded with 220 MeV 48Ca from the 88" cyclotron at the Lawrence Berkeley
Laboratory. The y rays emitted in the compound-nucleus reactions were detected by the
Gammasphere detector array, which employs 32 large Compton-suppressed germanium
detectors. The detectors were situated symmetrically at small backward and forward angles
(17 < 0 < 37°) relative to the beam axis. This arrangement minimizes Doppler broadening
and enhances the efficiency for stretched E2 transitions. Approximately 109 three- and
higher-fold events were recorded.

Spectra for the SD bands in 153Dy observed in the present experiment are shown in Figure
3.1.22.1. The transition energies are given in Table 3.1.22.1. Bands 1-3 were first observed
in earlier work (J. Johansson et al., Phys. Rev. Lett. 63. (1989) 2200) but we have extended
these bands by several transitions, both to higher and to lower spins, and in addition have
observed two new and considerably weaker excited bands, 4 and 5. SD bands belonging to
1S2Dy were also seen in the present experiment; in particular the yrast SD band in 1S2Dy was
populated with a strength comparable to the yrast SD band in 153Dy.

Because of the high regularity of SD rotational bands, the "incremental alignment", Ai,
defined as Ai = 2(Ey-Eyef)/AEy

ef is a convenient characterization of their properties relative
to a given reference "band". In Figure 3.1.22.2 we plot the incremental alignments for bands
1 to 5 in 153Dy relative to the yrast SD band in 152Dy. In such a plot, a deviation from a
horizontal line, (i.e., a slope of Ai with y-ray energy) indicates a difference in the 3 ( 2 )

moment of inertia relative to the reference. Similarly, an offset indicates a constant amount
of aligned angular momentum. Figure 3.1.22.2 suggests that band 1 has extra alignment as
well as a larger moment of inertia relative to the 1S2Dy SD core. Band 1 was assigned to
the intruder configuration containing four N=6 protons and three N=7 neutrons (TI64U73)

(J. Johansson et al., ibid). The excited SD bands 2 and 3 reveal Ai plots indicative of a
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Figure 3.1.22.1 Coincidence y-ray spectra for SD bands 1 to 5 in I53Dy. The spectrum
for band 1 was obtained from the sum of all possible combinations of three-fold
coincidence gates on all transitions with Ey < 1500 keV. The inset shows the top part of
the band as derived from clean combinations of double-gated spectra. The spectra for
bands 2-5 are obtained from sums of all possible combinations of two-fold gates, excluding
a few which bring in contaminating lines. Assigned SD transitions are marked with a
"*". In all cases, background contributions have been subtracted.
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Table 3.1.22.1

TRANSITION ENERGIES (in keV) FOR THE SD
BANDS ASSIGNED TO 153Dy IN THE PRESENT WORK

Quoted errors are statistical.

Band 1

721.4(5)

765.9(1)

810.6(1)

855.4(1)

900.2(1)

945.4(1)

991.1(1)

1O36..9(1)

1082.6(1)

1129.1(1)

1175.0(1)

1221.8(1)

1268.3(1)

1315.5(1)

1362.0(2)

1408.6(2)

1455.3(2)

1499.9(5)

Band 2

678.6(5)

724.5(3)

770.6(1)

816.5(1)

863.1(1)

910.4(1)

957.6(2)

1004.0(4)

1052.5(4)

1100.0(3)

1148.2(3)

1196.6(4)

1244.5(4)

1292.6(4)

1340.8(5)

1388.8(6)

1437.8(7)

1485.3(8)

Band 3

702.0(5)

747.7(3)

793.9(3)

839.9(2)

886.8(2)

934.0(3)

981.0(4)

1028.5(4)

1076.3(3)

1123.9(4)

1172.6(4)

1220.2(4)

1268.1(5)

1316.2(5)

1363.7(6)

1412.6(7)

1460.4(9)

Band 4

723.4(15)

767.1(5)

813.2(8)

858.4(6)

904.8(7)

953.2(7)

999.0(7)

1045.7(6)

1092.8(8)

1140.3(13)

1188.3(12)

1234.9(12)

1284.8(13)

1331.4(14)

1380.8(13)

1428.3(19)

Band 5

743.2(15)

789.8(6)

835.6(7)

881.4(7)

927.7(8)

974.2(6)

1023.0(9)

1068.8(5)

1116.5(6)

1164.4(7)

1212.6(8)

1260.9(7)

1307.6(7)

1355.3(10)

1403.6(13)

1452.2(14)
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strongly-coupled signature pair. This pair of bands was, in the earlier work, assigned to a
negative-parity orbit coupled to the (TI64V7^) intruder configuration. Bands 4 and 5 have the
properties of a signature-partner pair with a small signature splitting.

In order to compare the experimental and theoretical spectrum of states in the SD minimum,
we show the experimental routhians for bands 1-5 in Figure 3.1.22.3 (see page 3-39), and
the theoretical single-neutron routhians for a 'Universal' Woods-Saxon potential are shown
in Figure 3.1.22.4. The orbits closest to the Fermi Surface are the [752J5/2 (73), [521]3/2,
[514]9/2 and [402J5/2 Nilsson levels. In the calculation, the three latter configurations
produce signature-pair bands with zero or small signature splitting. However, out of these
three configurations, only the [521]3/2 configuration is predicted to have any significant
alignment. The [521J3/2 level has a small alignment of approximately 0.3 IT in the observed
frequency range as well as some signature splitting, which increases with rotational
frequency. The assignment of band 1 to the 73 intruder configuration seems theoretically
unambiguous. Based on considerations of alignment and signature splitting we may also
assign the excited SD bands from the lowest neutron excitations around the Fermi surface.
For bands 2 and 3 the almost perfect match to the quarter-points and three-quarter-points of
the 152Dy SD core suggests either the [402J5/2 or the [514]9/2 orbits, which are well
described by the strong coupling scheme. These same assignments for bands 1-3 were given
by Johansson et al. In the calculation, these levels are almost perfectly parallel as a function
of rotational frequency and only separated by around 150 keV (which is well inside the
uncertainty of the calculation). It is, in principle, possible that both these configurations are
present, giving rise to two pairs of identical bands. However, a different possibility is that
either one of the [402]5/2 or [514]9/2 bandhead energies is given incorrectly by the
calculation, in which case only one of them might be populated. Bands 4 and 5 show
alignment and signature splitting which are close to the values calculated for the [521]3/2
Nilsson configuration, making it a natural assignment. Moreover, the lack of other orbitals
with such properties near the Fermi surface further strengthens this assignment.

Evidence for a AI=4 energy staggering that could be interpreted as a C4-symmetry effect was
reported for the yrast SD band in 149Gd (S. Flibotte et al., Phys. Rev. Lett. 21 (1993) 4299).
Similar claims have also been made for three SD bands in 194Hg (B. Cederwall et al., Phys.
Rev. Lett. 72 (1994) 3150). In this experiment, bands 1,4 and 5 show some evidence of the
effect; however, the triples coincidence data are sensitive to background subtraction and there
were not enough quadrupole coincidences to confirm the effect.
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(7i,cc): solid=(+,+ l/2), dotted=(+,-l/2), dot-dash=(~,+ l/2), dashed=(-,-l/2)
-7.0.
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Figure 3.1.22.4 Single-particle Routhiansfor: (a) N&87 calculated at a deformation P2

= 0.59, p , = 0.12, y = 0, relevant for the excited SD bands in 153Dy; (b) Z*66 calculated
at a deformation P2 = 0.62, P¥ = 0.12, y = 0, relevant for band 1 in 153Dy.
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3.1.23 Study of Odd-Odd 164Lu at High Angular Momentum

X.-H. Wang, C.-H. Yu, D.M. Cullen, M.J. Fitch, R.W. Gray, M. Devlin, R.W.
Ibbotson, M.R. Satteson, M. Simon, C.Y. Wu, D.C. Brian, D.M. Herrick and
K. Kurtz (University of Rochester)
A. Gaiindo-Uribarri, V. Janzen, D.C. Radford and D. Ward (Nuclear Physics
Branch)
S. Mullins, L.H. Yao (McMaster University)
S. Pilotte (University of Ottawa)

High-spin states of 164Lu were populated with the 149Srn(19F,4n)164Lu reaction at a beam
energy of 85 MeV (at the University of Rochester), and the 146Nd(23Na,5n)164Lu reaction at
a beam energy of 110 MeV (TASCC). About 15xlO6 and 500x106 gamma-gamma
coincidence events were accumulated from the two experiments, respectively. Preliminary
data analysis established four rotational bands in 164Lu. Configuration assignments for these
bands are based on comparison to the neighboring odd-A and odd-odd nuclei, as well as their
characteristic B(M1)/B(E2) ratios extracted from the data.

One of the interesting phenomena observed in 164Lu is the disappearance of the "blocking"
effect when comparing the AB neutron band crossing in the 7i9/2'[514] ® o3/2"[521] band
of 164Lu to that in the yrast bands of the neighboring even-even and odd-A nuclei. Figure
3.1.23.1. summarizes the AB neutron crossing frequencies observed in the yrast bands of
even-even Yb isotopes (open circles), those in the o h9/2 bands of odd-A Yb isotopes (closed
circles) and those in odd-odd 164Lu and 160Tm (stars). The TfODc in the odd-A Yb isotopes
are systematically reduced relative to those in the yrast bands of even-even isotopes because
of the blocking effect of the odd neutron. However, this blocking effect is not observed in
either 164Lu or 160Tm. The anomalously large TTcoc in odd-odd nuclei cannot be explained
by shape differences, but may be an indication of n-p interactions that are more pronounced
in odd-odd nuclei.

3.1.24 Evidence for Enhanced Deformation in 173W

M. Cromaz, J. DeGraaf and T.E. Drake (University of Toronto)
D. Ward, A. Gaiindo-Uribarri, V.P. Janzen and D.C. Radford (Nuclear Physics
Branch)
S. Flibotte, S. Mullins, J. Rodriguez and N.C. Schmeing (McMaster
University)
S. Pilotte (University of Ottawa)

Results from recent calculations by R.R. Chasman (Phys. Lett. B302 (1993) 134) have raised
the possibility of populating nuclear states at high spin with very extended shapes in the
mass A=180 region. Such states with axis ratios ranging from 2.2:1 to 2.8:1 are predicted
to become yrast at spins as low as 68TT in the tungsten isotopes. In addition, total-routhian-
surface (TRS) calculations that we have performed predict a third enhanced deformation
minimum at lower spins in the potential energy surface with P2=0.30.
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Figure 3.1.23.1 AB neutron-band crossing frequencies observed in the yrast bands of
even-even Yb isotopes (open circles), the negative-parity bands ofodd-A Yb isotopes (closed
circles), and the %9/T[514J ® \)3/Z[521/ band in odd-odd 164Lu and mTm (stars). Data
for Yb isotopes are taken from J. Kownacki, et aL, (Nucl Phys. A394 (1983) 269) and for
mTmfrom S. Andre, et aL, (Z. Phys. A333 (1989) 247).

The population of extremely deformed states requires a reaction with unusually high spin
and excitation energy. Two 500 ugcm"2 150Nd foils were bombarded by a 178 MeV 30Si
beam. This yielded I80W compound nuclei with an lmax of 82 If and an excitation energy
of 98 MeV before particle evaporation. During the four-day run, 4.0x108 y-y coincidence
events with a BGO fold of K > 9 were collected with the 87c spectrometer.

In order to isolate the reaction channel better, an off-line sort requiring events with a BGO
fold of K > 16 was performed. The singles spectrum exhibits a large E2-bump, indicating
the strong population of unresolved states. The 7n channel was dominant, populating 173W
and accounting for approximately 35% of the residue cross-section. A striking ridge with
a spacing of 53 keV can be seen in the background-subtracted y-y coincidence matrix
(Figure 3.1.24.1). It extends from approximately 700 keV to 1150 keV. The ridge spacing
corresponds to a dynamic moment of inertia of 751f2 MeV'1.

A previous study of 173W was carried out by P.M. Walker et al, (J. Phys. G4 (1978)) where
the maximal spin of the yrast band was established to 41/2 If. In this study we have
significantly extended all the previously known bands in this nucleus to spins as high as 69/2
Tf. Of particular interest is the decoupled 1/2"[521] band after the i13/2 neutron alignment
(Figure 3.1.24.2). At rotational frequencies greater than 0.35 MeV, the dynamic moment of
inertia increases to a near-constant 80 TT2 MeV"1 (Figure 3.1.24.3). This is consistent with
deformation considerably enhanced over the normally deformed prolate minima.
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Figure 3.1.24.1 The background-subtracted y-y coincidence matrix for the reaction
1S0Ndf°Sijcn) at 178 MeV. A strong ridge-valley structure is apparent The ridge
separation is approximately 53 keV corresponding to a moment of inertia 3® = 75
H2/MeV.
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Figure 3.1.24.2 The 1/2~[521/ band in 173Wselected by summing coincidence gates on y rays at 682 and 806 keV. The highest
transitions (inset) correspond to 3 ^ ~80 Ti2/MeV and therefore lie close to the ridge shown in Figure 3.1.24.1.
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Figure 3.1.24.3 Variation of the dynamical moment of inertia 3(2) with rotational
frequency for the 1/Z[521J band in mW. After the i13/2 neutron crossing at Tto ~
0.25 MeV, 3 W reaches a nearly constant value of "SO Ti/MeV.

A similar intermediate-deformation band has been observed in this region in 180Os. We
believe these bands correspond to the first extended minima in their respective potential-
energy surfaces. We do not see evidence for superdeformation or hyperdeformation in either
the discrete lines or the continuum. Competition due to fission may be the limiting factor.

Our analysis of this band as well as other features of the dataset is ongoing. .

3.1.25 High-Spin States in 187188Pt

S. Pilotte (University of Ottawa)
V. Janzen and D. Radford (Nuclear Physics Branch)
M. Cromaz and J. DeGraaf (University of Toronto)
S. Flibotte and S.M. Mullins (McMaster University)

The neutron-deficient Pt isotopes have been the focus of numerous in-beam gamma-ray
spectroscopy experiments. The shapes of these nuclei in their ground states changes along
the isotopic chain, from prolate (A<186) to oblate (A>188). The 187-188Pt isotopes are located
between these two regions. These isotopes are gamma-soft and are therefore considered good
candidates in which to observe shape-coexistence. In a recent 87t-spectrometer experiment,
high-spin states in these nuclei were populated via the 174Yb(18O,xn)187>188Pt reactions at a
bombarding energy of 97 MeV. Approximately 260x106 coincidence events were obtained
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with a stack of self supporting targets, and 50x106 events with a gold-backed target. The
analysis is in its initial stages; however, a large number of new transitions have already been
identified in both nuclei.

3.1.26 Progress in Accelerator Mass Spectrometry (AMS)

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

During this reporting period there were 5 runs totalling 20 days of beam time, 12 days for
36C1 AMS measurements and 8 days for 129l AMS development and measurements. Samples
included tree rings and seeds, precipitation, surface and sub-surface water samples
and leachates from spent fuel. More details will be given in the last part of this section.
Some proprietary commercial work has also begun.

Reproducibility for 36C1 and 129I measurements is now substantially better than 5% and is
quite satisfactory for the problems being studied. The major technical development was the
commissioning of the time-of-flight measurement system for the detection and identification
of 129I.

Ion Source and Injector

The AMS samples are installed in the ion source in a 20-sample wheel, the axis of rotation
of which is parallel to, and displaced horizontally from, the optical axis of the system. As
mentioned in the previous progress report (PR-TASCC-7: 3.1.34; AECL-11028) a dramatic
improvement in our ability to establish the proper vertical position of the sample in the
source was achieved through the use of vertical slits installed ahead of the extraction
electrode. A sample is now vertically positioned by rotation of the sample wheel until the
ion current striking each slit is equal; this is a very sensitive indication, defining the
appropriate wheel position to a fraction of a degree. At present, there is no control of the
horizontal sample position. To determine whether such a need exists, an additional set of
horizontal slits has been constructed and will be soon installed. This assembly has been
equipped also with a mechanical paddle, so that the total ion-source current, before magnetic
mass analysis, can be measured. Current readings from the two vertical slits are presently
read out with battery-powered electrometers, which are viewed from outside the high-voltage
cage with a TV camera. A new system is being developed to read out the four slits and
paddle. A multi-channel fibre-optic link to supply real-time analogue signals to the control
room has been built and is being bench tested. Control of current ranges will be through the
existing accelerator-control CAMAC system.
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Work continues on the design and procurement of parts for the construction of a small 30 kV
high-voltage deck on the main 200 kV platform of cage A. This will permit the control and
monitoring of components at sample (cathode) potential through an optically coupled
CAMAC crate.

The beam optics of the ion source is being studied with the ray-tracing program SIMION.
Of particular interest is the positional sensitivity of the Cs focus to mechanical mis-
alignments or movements caused by thermal expansion of hot components in the source.
The possibility of independent control of the Cs and negative-ion beam foci through the
addition of two electrodes is also being evaluated.

Velocity Filter

An old magnet power supply for the AMS velocity filter, which had been exhibiting
intermittent instability, has been replaced by a Power Ten 80 V, 45 A supply. Its stability,
of ±0.03% over several days of AMS measurements, is good enough that no remedial
adjustments are required. In addition, a degaussing power supply has been incorporated,
which automatically degausses the iron yoke and poles when the main magnet supply is
turned off. This requires about 10 minutes and restores this portion of the bypass beam line
for conventional use.

Detector

The time-of-flight measurement system for the detection of 129I presently uses a micro-
channel-plate start detector (PR-TASCC-7: 3.1.34; AECL-11028) and a Si surface-barrier
stop detector. Both time-of-flight and total energy as measured by the stop detector are
recorded for each event. An inherent time resolution of about 250 ps for the start detector
was determined by timing against an attenuated r.f.-bunched beam produced by the TASCC
beam-pulsing system (see section 4.2.5). The bunched beam is normally used for cyclotron
injection but, in this case, it was directed down the bypass line to the AMS start detector.
Scanning of the beam across the C foil of the start detector by ±1 cm resulted in centroid
shifts of approximately ±200 ps, as expected from the design calculations, but the resolution
remained unchanged. Visual inspection of the C foil indicates the beam spot to be about
4 mm in height and 2 mm wide. During these tests, accelerating, focusing and deflection
voltages were varied to determine optimum values. These results were used to define the
resistive divider chain to be used with a single power supply for routine operation.

The electronics for the start detector were also improved with a high band-pass preamplifier
(Ortec 9306) and a pico-second timing discriminator (Ortec 9307).

The time-of-flight resolution, of about 1 ns (FWHM), is presently limited by the stop-
detector timing and/or energy straggling caused by the C foil in the start detector. Work is
presently directed at inserting a C foil and micro-channel plate assembly in front of the Si
surface-barrier detector to improve the timing resolution. The thickness of the C foil in the
start detector will be reduced from 30 to 10 or 20 ug/cm2 to decrease the amount of energy
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straggling. A foil ladder is also under design so that the start-detector foil can be removed
or replaced under vacuum.

System Performance

129I measurements of Cigar Lake ore samples and other environmental samples show trace
amounts of elements with masses around 37, 92, 54 and 75. The mass-37 and -92 events
have a time-of-flight signature within a few ns of the I29I events, but they are easily
distinguished from the former by their energy. These ions are likely injected as mass-129
negatively-charged molecules, and after acceleration in the Tandem accelerator have the
correct rigidity and velocity, to within ±1%, to pass through the beam line and velocity filter
to our time-of-flight measurement system. It is likely that the mass-37 events are Cl2+ ions
originating from C\ source background, or from AgCl that may have been co-precipitated
with the Agl during the sample preparation process. Calibration and background samples,
which have greater chemical purity, appear to produce an order of magnitude fewer of these
events.

Summary of Applications

As a continuation of measurements to identify 36C1 uptake in Chalk River Laboratories site
vegetation, a few tree-ring samples that had been separated for 14C determinations were
analyzed for long-term storage of 36C1. Although these results were positive, it was realized
that correlation between atmospheric and vegetative 36C1/C1 ratios, as well as lack of
movement between annual rings, must be demonstrated before such measurements could be
used as a monitoring tool. A number of seed samples representative of growth in Canada
over the period from 1905 to 1991 were obtained from Plant Gene Resources, Agriculture
Canada. It was hoped that a record of the heightened atmospheric values resulting from
weapons testing in the 1950's and 60's would be preserved in these seeds, but unfortunately
it appears that the influence of irrigation, varying depth of roots, and low stable chloride
content in the seeds all combine to mask such a signal, especially in the predominately
vegetable crops sampled. Analysis of a sequence of jack pine seeds obtained from Petawawa
National Forestry Institute indicated that the atmospheric peak may have been delayed in the
subsurface prior to tree uptake by at least 5 years. In the next run there will be an analysis
of a more detailed sequence of white-spruce seeds from the Petawawa area, and the tree-ring
sequence studied earlier will be extended back to the onset of reactor operations at CRL.

In collaboration with D. Cecil of the US Geological Survey and P. Cooke, University of
Waterloo, a 36C1 depth profile of groundwater from an area of near-vertical recharge in
Sturgeon Falls, Ontario was measured. While the general shape and height of the weapons
testing peak correlates well with tritium and 3He profiles measured at the same site, the near-
surface values are somewhat higher than expected. Another set of water samples and one
soil sample have been collected and are being prepared for measurement.

The first set of measurements on spent reactor fuel has been completed. The 36C1 activity
is roughly comparable to that of 129I in the same samples, indicating that 36C1 cannot be
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ignored in the Canadian nuclear fuel waste management program's Environmental Impact
Statement.

In collaboration with M. Sheppard, Whiteshell Laboratories, 36C1 was measured in snow,
rain, surface and subsurface waters taken from a bog in southern Manitoba in an attempt to
identify the sources of salinity in this discharge area (deer lick). This work is continuing.

The chemical techniques in use and developed during the course of this work are currently
being written up in accordance with QA protocols. A copy of this document will be filed
with the AMS group at TASCC.

3.1.27 Double Excitation in Single-Electron Capture

J.S. Forster, G.C. Ball, W.G. Davies and J.S. Geiger

In an earlier experiment, we measured single-electron excitation in electron capture (PR-
TASCC-3: 3.1.2; AECL-10545) for He-like Br ions channeled in a thin crystal of Si. This
excitation — the inverse Auger process — is a resonant one that occurs when the K- to L-
shell transition energy equals the energy of the shell into which the electron is captured, in
the frame of the moving ion. This process is called dielectronic recombination (DR) or, when
the captured electron is loosely bound to a target atom: resonant transfer and excitation
(RTE).

For He-like ions the second-order process, in which the captured electron excites both of the
projectile electrons, should also occur (the inverse of the double Auger process), but will
occur at an energy approximately two and one-half times the energy at which single
excitation occurs. Not surprisingly, the cross-section for this second-order process is
considerably reduced compared to single RTE. Calculations predict the cross-section to be
about six orders of magnitude lower (N.R. Badnell, private communication).

We have made preliminary measurements for RT2E to assess background from non-radiative
capture. The case chosen was He-like Ti ions channeled in a thin crystal of Si. The
calculated resonance energy for RT2E of He-like Ti occurs at a laboratory energy of 15.0A
MeV.

A beam of \%A MeV Ti ions from the TASCC cyclotron was stripped and degraded by a
5.3 mg/cm2 Al foil and the resultant 20+ fraction of the beam was used to bombard a 10 urn
thick Si crystal with a <111> axis normal to its surface. The crystal was mounted on a three-
axis goniometer in the target chamber of the Q3D magnetic spectrometer. Two resistive-wire
counters were positioned in the focal plane to detect 20+ and 19+ ions transmitted through
the Si crystal. We aligned the crystal with the beam using the usual energy-loss technique.
Measurements were made of the 19+ and 20+ fractions when the crystal was aligned with the
beam and when the beam was incident in a non-channeling (random) direction. When the
beam was aligned with the <111> axis, a ratio of 197(19++20+) of 0.27% was measured.
Since this measurement was made at \1A MeV, which is well above the KLL RT2E
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resonance, it represents background; for a measurement of RT2E, this background is
unacceptable. We shall make further feasibility measurements with a thinner crystal and
along the much stronger <110> axis.

3.1.28 Ion-Beam Studies of High-Tc Superconductors

R.P. Sharma (Tata Institute, Bombay)
J.A. Davies (McMaster University)
G.C. Ball, IS . Forster and J.S. Geiger (Nuclear Physics Branch)
N.E. Hecker and R. Haakenaasen (Harvard University)
J.U. Andersen (Aarhus University)
A. Uguzzoni (University of Bologna)

We reported earlier (PR-TASCC-5: 3.1.27; AECL-10787) an attempt to measure the change
in lattice position of oxygen atoms in an YBa2Cu307.x crystal as it was cooled through the
critical temperature for superconductivity. The 16O(ct,a)16O resonance at 7.63 MeV
bombarding energy was utilized. With this technique, the oxygen signal in the backscattered
alpha spectrum was approximately four times higher than the underlying signals of
backscattering from Ba, Y and Cu. Backscattered alpha particles were observed in a
300 mm2 annular, surface-barrier detector, covering the angular range 173° to 178° relative
to the beam direction, where the cross-section for the resonance is at its maximum. We were
unable to make measurements in thai experiment because ihe vacuum in the immediate
vicinity of the crystal target was not adequate to prevent an oxygen layer from forming on
the surface of the crystal when it was cooled below 100 K.

The vacuum has been improved by additional pumping on the chamber, and a new
experiment has been performed. A thick (~50 um) YBa2Cu3O7.x crystal was aligned with a
<001> axis normal to the crystal surface and along the beam direction. The crystal was then
rotated so that the (100) plane, forming the axis, was at 10° to the horizontal. We measured
channeling dips by tilting the crystal in the horizontal plane, 0X, by ~3° away from the
crystal axis and then measuring the backscattered alpha spectrum for small steps in 0X

through the axis and to 3° on the other side. Each spectrum was accumulated for a fixed
integrated beam dose (typically 5 nC) and stored for later analysis.

Channeling dips were measured for temperatures above and below the critical temperature
for this material (Tc «*92 K); the majority of the measurements were made at either 70 K
or 100 K with additional measurements at 40 K, 80 K, 110 K and 140 K. We also made
measurements at 70 K and 100 K with the crystal rotated so that the (100) plane was 20°
and 30° to the horizontal.

Channeling dips were generated with windows set on a particular region of the backscattered
spectra and the number of counts within the window plotted versus the angle relative to the
axis. Windows chosen were those corresponding to backscattering from Ba/Y, Ba/Y/Cu and
Ba/Y/Cu/O; we corrected the Ba/Y/Cu/O window by subtracting a window of equal width
on the Ba/Y/Cu section of the spectrum just above the O edge. The FWHM of the dips were
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determined and those for a particular window above and below Tc compared. For the
Ba/Y/Cu window an average difference for several measurements of ~3% change in the
FWHM was obtained, which is larger than expected from Debye theory for a temperature
change from 70 K to 100 K.

This result is consistent with earlier measurements (R.P. Sharma, F. J. Rotella, J.D. Jorgensen
and L.E. Rehn, Physics C174 (1991) 409) for backscattering of 1.5 MeV a particles. It is
difficult to see how the present set-up could be improved. The statistical uncertainty of each
individual measurement was high («1.5% on FWHM) but could not be improved because
of the radiation damage observed for integrated 4He doses in excess of ~1 uC. Therefore,
a short run (~5 nC) at each point in the scan was required in order to measure channeling
dips for at least three scans (e.g., 70 K, 100 K, 70 K) before a new spot was selected on the
crystal. Further, since the Rutherford scattering cross-section scales as 1/E2, the yield is
down by a factor of 40 compared to measurements made at the lower (1.5 MeV) energy.
Finally, the dip width scales as 1/E1/2, it being narrower at 7.6 MeV than at 1.5 MeV.

The oxygen data showed an effect similar to that for Cu; i.e., a change in width greater than
expected from Debye theory. In this case, the 7.63 MeV resonance exhibits significantly
higher yield than that obtainable at 1.5 MeV. However, dose restrictions still limited the
statistical uncertainties of these measurement. In addition, since the dip width scales as Z2

m,
where Z2 is the atomic number of the element from which the a-particle scatters, the dips
for oxygen are much narrower than those for Cu.

We also made measurements for 70 K and 100 K along the <301> axis of a de-twinned
crystal. However, the minimum yield values were much larger than for the <001> axis,
indicating a poorer quality crystal.

We are presently considering ways to modify the experimental setup to improve the precision
of these measurements.

3.1.29 Depth Profiling of Hydrogen in Zr-2.5wt%Nb

J.S. Forster (Nuclear Physics Branch)
D. Khatamian (Reactor Materials Branch)

The ' H ^ N . a y ^ C reaction provides a convenient method of determining the profile of
hydrogen in solids because of the very strong, narrow, isolated resonance at 6.385 MeV 15N
bombarding energy (W.A. Lanford, Nucl. Instr. and Meth. B66 (1992) 65). We have used
this resonance to determine the near-surfacs hydrogen depth profile in a thick sample of Zr-
2.5wt%Nb. The sample, which had a bulk content of 150 ppm H, had been anodized in a
KOH solution to 100 V, which resulted in a surface oxide of 0.2 urn thickness. A previous
measurement of the hydrogen profile showed a peak in the H/M (hydrogen/metal) versus
depth plot just below the surface oxide. The present measurement was made to determine,
in situ, the effect on the hydrogen distribution of heating the sample.
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The sample was mounted in a chamber that had provision for heating the sample to ~500°C
and cooling the sample to liquid nitrogen temperature. A 2 mm diameter, collimated beam
of 15N ions from the Tandem accelerator bombarded the sample, and gamma-rays from the
'H^N.ay) 1 ^ reaction were observed in a bismuth germanate (BGO) detector placed at 0°
to the beam direction; the BGO detector, which came from the 8TC spectrometer, was
pentagon shaped with its front face approximately 1.5 cm from the target.

The beam energy was varied from 7.5 MeV to 6.4 MeV in 0.1 MeV steps and the gamma-
ray yield measured at each point for 4 uC integrated charge; the peak of the hydrogen
distribution occurred at a bombarding energy of 7.15 MeV. The beam energy was then set
to 7.15 MeV and the sample heated to 200°C. Eight subsequent measurements of gamma-
ray yield, each for a dose of 4 uC, showed no change in intensity from the original room-
temperature measurement. The sample temperature was then raised to 250°C and another
set of measurements made. Again, no change in gamma-ray yield occurred, showing that
the hydrogen was immobile at temperatures <250°C. Finally, the temperature was raised
to 300°C and another set of measurements made. This time the yield was approximately
65% of that measured earlier.

The sample was then allowed to cool to room temperature and measurements of the depth
profile were made with the beam energy varied between 7.5 MeV and 6.4 MeV. The results
showed that heating the sample to 300°C caused the hydrogen at the oxide-metal interface
to diffuse into the bulk metal, with the peak decreased to approximately half of its original
value relative to the bulk hydrogen level. This is in agreement with previous ex-situ
measurements, which showed that at 300°C and higher the lattice in the interface region
begins to anneal and the stress gradient is reduced, causing the hydrogen to redistribute into
the bulk material.

In future, we plan to grow oxides thermally in situ and monitor the hydrogen concentration
in the metal-oxide interface region.

3.1.30 Test of a High-Temperature Oven for Radiation-Damage Studies of
CANDU Fuel and Related Materials

H.R. Andrews and N.C. Bray (Nuclear Physics Branch)
P. Lucuta and R.A. Verrall (Fuel Materials Branch)

A system has been designed and constructed for radiation-damage studies at temperatures up
to ~1500°C. It comprises a heated stage as well as a four-quadrant aperture and a Faraday
cup for beam set-up. A moveable beta counter is also incorporated so that gas-release
measurements can be carried out in situ without the necessity of cooling and removing the
sample. The apparatus is designed so that multiple spots can be irradiated on a single
sample without the temperature being changed or the vacuum broken.

In in-beam tests, it was found that the diagnostics allowed rapid set-up of the beam. A
number of irradiations of spinel were carried out with 72 MeV 127I to various doses from
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1015 to 1017 cm"2 at nominal temperatures of 100°, 300° and 500°C. In addition, two Kr-
implanted Simfuel samples were irradiated at 500° and 400°, respectively.

The major difficulty identified was uncertainty concerning the temperature distribution over
the specimen. The apparatus is being modified to define the temperature distribution more
precisely, it will be tested in-beam in the next scheduling period.

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 Target Laboratory

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

In the first half of 1994, the target laboratory staff prepared various targets and thin films
for nuclear physics experiments at Chalk River. The TASCC Accelerators and Development
Branch was routinely provided with ion-source materials and carbon stripper foils for the
Tandem accelerator and the superconducting cyclotron. Components of the TASCC ion
sources were cleaned with chemical and mechanical methods. Stretched polypropylene films
were fabricated and subsequently aluminized or coated with conductive and resistive films
for use in the AMS Bragg detector. Other branches at Chalk River were provided with
prepared materials and film coatings.

Targets and Coatings Prepared for Nuclear Physics Experiments

Natural materials: Al, Au, B, C, Cr, Cu, Inconel, KF, Mo, Pt, Ta, Ti, Tm, Zr, ZrNb.

Separated isotope targets: 10B, 110Cd, 92-100Mo, " 3 . " * " ^ i ° W i ° P d ) ™Sn, 124Te,
171-174Yb

Services Provided to Other Branches

Germanium crystals were coated with iron for use in corrosion studies carried out by the
Physical Chemistry Branch.

Niobium powder was prepared for use as ion-source material for the Environmental Research
Branch.

3.2.2 TASCC Experimental Computing Facility

G.C. Ball, R.W. MacLeod, C. Hulan and G.A. Tapp (Nuclear Physics Branch)
G. Leblond, R. Roiha and M.A. Thompson (Mathematics and Computation
Branch)

During the past six months, both the CCUR 3230 and 3280 computer systems were used
extensively for on-line data acquisition, off-line analysis and system development. No new
hardware upgrades were installed but testing of the new data scanner has resumed (see
3.2.3). Documentation of the CCUR data-analysis software is near completion.
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Usage of the SUN workstations for playback and on/off-line graphics analysis has continued
to increase. A large 4.0 GB disk and an Exabyte 10 E 50 GB random tape stacker were
installed on the SPARC-10 workstation and most of the playback software has been ported
to run on this workstation under the new Solaris operating system. Given the larger memory
and faster CPU of the SPARC 10, multiple tape (up to 10 exabytes) playbacks can be carried
out automatically for up to 6 matrices simultaneously, at sorting speeds several times faster
than those attainable on the CCUR 3280.

The on-line graphics software (OLGA) is now used routinely for on-line monitoring by most
experimental groups. Software modifications and improvements are being implemented as
required. A user manual was also written. A SCSI CAMAC crate controller has been
purchased to provide a faster method of transferring on-line data to the SUN workstations
without the network being used.

3.2.3 TASCC Experimental Electronics

G.A. Tapp and R.E. Howard (Nuclear Physics Branch)
S. Cecco (TASCC Accelerators and Development Branch)

New Data Scanner

The new data scanner was left in an unfinished state following the retirement of its designer.
Commissioning of the device has resumed. Debugging of the prototype histogram memory
module has uncovered a number of timing and logic errors. CAMAC reads and writes to
the module are now reliable and the 'singles' timing loop, which reads in ADC data to the
memory, appears to be functioning. The unit also replaces the 'singles-display auxilliary
controller1 with built-in hardware to communicate with the singles display CRT. The module
is at present communicating with the display CRT, creating a readout, but the data are
incorrect. Work is continuing.

SUN Workstations

Both the Falcon 1.2 Gbyte SCSI hard drive and the Parity Systems SCSI Exabyte tape drive
failed before and during a test of the SOLARIS Operating System on CU49. Both units were
sent back to their respective manufacturers and have subsequently been returned and tested.
As an unexpected bonus, the 1.2 Gbyte hard drive was replaced under warranty by Falcon
with a 2.1 Gbyte drive.

CCUR Computers

An Exabyte unit on the 3280 was sent for repair and the spare installed. The switching
power supply for the chassis was also replaced.
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Miscellaneous Electronics

Three CAMAC auxilliary controllers for the cyclotron magnet have been made for the
TASCC Accelerators and Development Branch. They were adapted from circuit boards
created for the new data scanner. These units use the 8052 microprocessor with built in
BASIC software and are capable of supporting up to 32 kilobytes of RAM and 32 kilobytes
of electrically-erasable, programmable, read-only memory (EEPROM). During testing, a
fault condition was identified which had previously gone unnoticed in the older versions of
auxilliary controllers. Specifically, if the microprocessor tried to start a CAMAC cycle while
being locked out by the crate controller, the cycle would indeed be blocked but the
microprocessor would be unaware and not show an error. This condition happened
infrequently but explains some of the sporadic errors seen in the older controllers used along
the beam line. The schematics for the units will be updated and the new PCB layout
checked. New circuit boards will be ordered for at least 10 more units, which will be used
to replace older units in critical areas and for new development.

The precision timebase used in the experimental control room has been replaced and updated
with two new distribution panels added in the racks. The timebase itself was compared with
the clock in the Standards Laboratory in building 115. The accuracy of the clock (a TRI
1802) has been calibrated to ±2 ppm. When compared to this clock over periods of 24 to 48
hours, the control room timebase showed a maximum deviation of ±0.5 ppm. The
distribution panels provide both TTL and NIM level signals from 1 Hz to 10 KHz in decade
sequence. Frequencies of 0.1 Hz, one pulse/minute and one pulse/hour are also available.

Two Lecroy 2228A TDC's were repaired for the reactions group.

A Lecroy CAMAC CAB failure was investigated. A factory flaw in one of the multi-layer
circuit boards allowed the +6 volt power supply to be connected directly to the +5 volt
power rail, which powers the TTL components. Although it worked in this state for many
years, components on the board were highly stressed, and several failed simultaneously. Old
components were purchased from the USA and are awaiting installation and testing.

Updating of the TASCC facilities' public address system is being slowly implemented on an
'as time is available' basis. The home-built automatic gain circuit has been replaced by a
commercial compressor/limiter, and a preliminary block diagram of the final system has been
discussed with L.V. Smith. Some parts have been ordered.

3.2.4 Upgrade of 8TC Computer Control and Monitoring System

D.C. Radford

Ever since the 871 spectrometer was built in 1986, it has had an LSI-11/73 microcomputer
to handle control and display of the data-acquisition system. This computer served to
download values to the CAMAC and high-voltage modules, download and control the
program in the LeCroy CAB microprocessor, monitor and display the data from the CAB
and align the gains of the Ge and BGO detectors. It also served to control the filling of the
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Ge detectors with liquid nitrogen. This computer and its operating system are now obsolete,
and it was considered desirable to install a more modern, simpler and more reliable system.

At the beginning of the current review period, we were able to obtain a VAXstation 3100/38
for no cost, when a secretarial VAXstation was replaced by a PC. It was decided to use this
system to replace the LSI-11/73. We expanded the system to 16 MB of RAM, and purchased
two SCSI-CAMAC controllers and a 19-inch colour X-terminal. (Those purchases were
made through the NSERC 8:: infrastructure grant.)

CAMAC routines were written to allow the VAXstation to share control of CAMAC crates
with the LSI, so that the 87t spectrometer could be controlled from either system during
development of the new software. Over 1000 files were then copied from the old system to
the new, through a shared crate. These files represented approximately five person-years of
effort dating from 1984. Where possible, this software from the old system was reused by
it being modified to run on the VAX; this maintained user familiarity with the system and
shortened development time.

Within a week of the two systems being connected, the control of the liquid-nitrogen filling
was moved to the VAXstation; this was one program that required relatively little
modification. The software porting then proceeded with the CAB cross-assembler, test and
load programs, the high-voltage control, and the many CAMAC-module control programs.
A large part of the data-acquisition monitoring, display and control software on the old
system was written in MACRO, and was therefore replaced by completely new programs on
the VAXstation, complete with a graphical user interface in the Motif standard. A special
version of GF2 was also written which allowed users access to the on-line spectra from the
monitoring program.

Ten weeks after the two systems were connected, the LSI was turned off, and control of the
8TC spectrometer moved entirely to the VAXstation. The new system has proven to be
significantly faster than its predecessor, as well as more reliable and user-friendly.

3.2.5 ISOL Operation

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

Four ISOL experiments were performed during the report period. Two experiments used the
helium-jet transfer system alone. The first of these was concerned with the electron-capture
branch in 100Tc of interest for double-P decay studies, while the second one dealt with the
0+ —» 0' first-forbidden decay of 38Ca. This second experiment was a repeat of a previous
experiment (PR-TASCC-5: 3.1.2; AECL-10787), but used a different reaction to eliminate
contamination from other reaction products observed in the first production channel. There
was a strong contamination of 28P, which only allowed the upper limit on this
first-forbidden branch to be lowered by a factor of two, which is still twice as large as the



3-58

predicted value. The presence of 28P was due to a ^Si contamination in the KF targets. This
contaminant, which had been observed in other experiments but erroneously attributed to the
aerosol oven for the helium-jet system, has been traced back to the quartz boat used to
fabricate reactive targets.

The third experiment used the isotope separator with the Febiad ion source to measure the
half-life of 19Ne. Finally, a fourth experiment used both the isotope separator (with the
skimmer source) and the helium-jet transfer system to produce samples of 170-172Hf to be
used for laser spectroscopy in ion traps at McGill University. This was the first attempt at
extracting short-lived hafnium isotopes from the skimmer source, and an efficiency of about
1% was obtained.

The major technical efforts by the ISOL group at this point are concentrated on the Canadian
Penning Trap Mass Spectrometer project reported in section 3.2.6. The only important
change to the ISOL system in this reporting period is the addition of a new radiation
perimeter door between rooms 112 and 113, enabling a smaller radiation perimeter to be
used for most experiments. This allows easier access by the experimenters to the tape
station/counting location during experiments, and results in shorter and less frequent
interruptions of the experiments and hence more efficient use of beam time.

3.2.6 The Canadian Penning Trap Mass Spectrometer at TASCC

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

The application submitted to NSERC for a major installation grant (PR-TASCC-7: 3.2.13;
AECL-11028) to build the proposed mass spectrometer was approved in 1994 May. It is
anticipated that the construction phase will be completed in the summer of 1995.

The spectrometer will be located in the SE corner of room 113 in building 137, while the
lasers associated with the device will be located directly above in room 205. A hole has
been drilled through the ceiling to allow the laser beams access to the spectrometer. The
specifications and locations of the required power and water feeds have been established.

The conceptual details of the vacuum system have been finalized. Specifications for the
vacuum hardware and pumps have been sent to various manufacturers for quotations. The
conditions for the operation of the vacuum-interlock system have been listed. Various
options for realizing the interlock system are being evaluated.

Detailed calculations evaluating injection schemes for ions into the radiofrequency
quadrupole (RFQ) trap are being carried out at McGill University. Designs for the He-jet
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chamber and associated transport mechanism have been completed and transferred to the
machine shop at the University of Manitoba for fabrication.

A 5.9 T, high homogeneity (AB/B=2.5xlO"8), ultra-low drift (<l(T9/hour), 9 cm bore,
superconducting shields has been ordered from Nalorac Cryogenics Corporation. All of the
lasers necessary for the resonant-ionization ion source have been ordered: a Lumonics
Model PM-884 excimer, two Lumonics Model HP-500 dye lasers and a Quantel Brilliant
Model ND-YAG laser.

The resonant-ionization ion source and the He-jet transport section of the spectrometer are
expected to be completed by the late fall of 1994.

3.2.7 Avalanche Counter for Pionic Fusion Search

D. Horn, M.G. Steer, G.C. Ball, D.R. Bowman, W.G. Davies and G. Savard

We recently searched for pionic fusion in the 12C(12C,24Mg)7C° and 12C(12C,24Na)7t+ reactions
at 274.8 MeV by detecting.4=24 products recoiling forward into the Q3D spectrometer (PR-
TASCC-6: 3.1.16; AECL-10908). Though 24Mg ions of the appropriate kinematic
characteristics were observed, the possible background due to target contamination and pileup
was not known, and the yield was quoted as an upper limit for the pionic fusion cross
section. In future experiments, target impurities will be measured directly; pileup will be
monitored, and largely rejected by a fast-timing detector, which has been developed over the
past year.

The detector is a parallel-plate avalanche counter with a 4-ram inter-electrode gap. It has two
adjacent active regions, each 30 cm in length by 2.3 cm in height, separated by a dead region
of 1 cm, and is intended to intercept all ions entering the 50-cm heavy-ion counter. To
maintain its low-pressure gas environment of about 5 torr of isobutane, the counter is
mounted in an aluminum housing with thin entrance and exit windows.

Development proceeded with a 20-cm prototype module, which demonstrated 100%
efficiency for 5-MeV alpha-particles; the more highly ionizing heavy ions to be detected in
the pionic-fusion experiment will give even stronger signals. Position sensitivity from a
resistive anode, formed by the evaporation of a thin NiCr layer onto a stretched
polypropylene film, was also demonstrated in tests of the prototype.

Construction of the full-scale detector and its housing is now complete. The detector has
been bench-tested with a radioactive source and is ready for commissioning with accelerator
beam.
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3.2.8 A Large Solid-Angle, Position-Sensitive Ionization Chamber

J.S. Forster (Nuclear Physics Branch)
G.A. Sims and H.C. Spenceley (Neutron and Condensed Matter Science Branch)

An ionization detector having a large solid angle and position sensitivity has been
constructed for use in materials-science experiments, primarily for elastic-recoil-detection
(ERD) depth-profiling studies and possibly for use in crystal-blocking lifetime measurements
with very heavy ions: e.g., 209Bi on Si crystals.

The detector is based on the design of Assmann et al (Nucl. Instr. and Meth. B89 (1994)
131). It consists of an anode, Frisch grid and cathode each of which is 6 cm wide by 28 cm
long; the spacing between the cathode and Frisch grid is 5 cm and between the Frisch grid
and anode is 1 cm. The anode and cathode are manufactured from printed circuit boards and
the anode is subdivided into electrodes of 3 cm, 9 cm and 18 cm to provide two AE and one
£ signal for particle identification. The cathode electrode is divided into two insulated
halves with a "backgammon" shape; thus, charges induced on the left and right halves give
information on the entrance position of the particles. The x-coordinate is derived from the
left (1) and right (r) signals by x = (l-r)/(l+r). The total charge induced on the cathode is
proportional to the total energy of the ionizing particle and its distance from the Frisch grid.
Thus the y coordinate is given by y = (l+r)/(AE1+AE2+E), where AE! and AE2 are the signals
from the 3 cm and 9 cm anode electrodes, respectively, and E is the signal from the 18 cm
electrode.

The counter window is a grid-supported stretched propylene foil, the thickness of which is
«50 ug/cm2; it has operated at isobutane pressures up to 100 torr. The cathode-to-grid
voltage was adjusted to have a reduced field strength E/p of 1 V/cm-torr. Typical operating
values were +250 V for the grid and +400 V for the anode, at 50 torr pressure.

For very light recoils, such as hydrogen isotopes, the range can exceed the active length of
the gas. Therefore, we have mounted a 300 mm2, 300 urn thick surface-barrier detector
immediately behind the electrodes to allow depth profiling of light elements.

A 200 MeV 197Au beam was used to bombard calibration targets of 60 ug/cm2 and
90 ug/cm2 Cu on thick Al backings. The detector was positioned at 44.5° to the beam
direction and the target at 22° to the beam. For the Cu-on-Al target we could easily resolve
C and O from surface oxide on the Al backing, and from Al recoils. A mask placed in front
of the detector, containing a 3x3 array of 1.5 mm diameter holes, separated by 5 mm, was
used to calibrate the x-y position spectrum.

The detector performed well, except that with the calibration mask in place, we observed a
y-position sensitivity in the AEj signal. We have since determined that this results from the
shape of the electric field at the edge of the electrodes. The detector is being modified to
have eight field-shaping wires surrounding the detector, equally spaced between the cathode
and the Frisch grid.
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3.2.9 Low Temperature Response of CsI(TI) Scintillator

A. Galindo-Uribarri and K. Yamazaki

The combination of high-emission intensity, high density and atomic number has made the
rugged, lightly hygroscopic CsI(Tl) detector very attractive in nuclear physics. Cesium iodide
has the property that the pulse shape can be applied to identify particles. The high stopping
power of CsI(Tl) makes it an excellent detector material to measure energies of heavy nuclei
up to hundreds of MeV per nucleon. The stability of CsI(Tl) crystals coupled to large area
photodiodes make this type of detector ideal for multi-detector arrays. The output of the PIN
photodiodes is essentially independent of applied voltage, time and magnetic fields.
Photodiodes also have a linear relationship between the light intensity incident on the
junction and output current. The use of photodiode readout with scintillators reduces the size
of experimental setups and facilitates its operation (A. Galindo-Uribarri, Prog. Part. Nucl.
Phys., Vol 28, (1992)).

The peak of the emission spectrum of CsI(Tl) is at 560 nm and matches well with the
spectra] response of the Si PIN photodiodes. With a standard PMT photocathode the spectral
sensitivity achieved is poor. Also the spectral response of photodiodes is much wider than
typical photomultiplier tubes, making them less sensitive to variations of the emission
spectrum.

The purpose of the present work was to study the performance and response of the inorganic
scintillator CsI(Tl), with photodiode readout, as a function of temperature. For comparison,
an organic scintillator Anthracene was also studied. This information is needed to evaluate
the possible use of CsI(Tl) with photodiodes below room temperatures, and to investigate its
sensitivity to variations in temperature. Among the temperature-dependent properties for
inorganic scintillators are the light output, the emission spectrum and the decay time. We
only study here the variation of the light output with temperature.

The CsI(Tl) crystals used in the present tests were purchased from the Bicron/Harshaw Co.
All but one side of the l x l x l cm3 CsI(Tl) crystal were polished with a mixture of water
and alcohol. A Hamamatsu SI 790 silicon PIN photodiode with a sensitive area of 1 cm2

was used to measure the pulse-height spectrum of a 0.1 uCi 241Am alpha source located 1
cm from the crystal. The surface facing the photodiode was roughened and no optical
coupling was used to avoid possible degradation in the transparency of the material at low
temperatures. The scintillator had an entrance collimator of 7 mm in diameter, restricting the
incident particles to the central area of the scintillator. The detectors were installed in a
vacuum chamber. The photodiode was connected to a hybrid charge-sensitive preamplifier
based on the eV 509-1-2 chip (eV Products Division). The pulses were shaped with an
Ortec 572 amplifier with a shaping time of 3 us and digitized into 1024 energy bins.

The low-temperature measurements were made with the scintillators mounted on a holder
connected by a copper cold finger to a liquid-helium refrigerator CTI (1020R Cryodine
Cooler). Measurements were taken as the crystals were slowly warmed up by a resistor. A
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copper shroud, kept at liquid nitrogen temperature, surrounded the setup. The temperature
was determined by a 'type T1 copper versus copper-nickel thermocouple attached to the
crystal, and calibrated at 0°C and -195°C.

Figure 3.2.9.1 shows the temperature response of the light output from CsI(Tl) and
Anthracene. We used the pulse height as a measure of the relative light output. The light
output of CsI(Tl) was found to have a strong temperature dependence. A maximum
luminescence is observed at a temperature of about -35°C. As the crystal is further heated,
the response begins to decrease non-linearly. In general, for inorganic scintillators above
room temperature the light output and the decay time constants tend to decrease (e.g.
Melcher IEEE 38. (1991) 506). This has been attributed to the presence of radiationless
transitions. By comparison, the Anthracene response is rather insensitive to temperature
changes. In the case of Anthracene (wavelength of maximum emission «450 nra) we
measured the light output as a function of temperature for fission fragments from a 252Cf
source. The pulse height of Anthracene varied linearly with temperature over the range -180°
to 20°C with a small temperature coefficient of 0.05 (percent change/°C). Temperature
dependence effects on the photodiode response were studied by irradiating it with low energy
gammas from a 57Co source (Ey 122 keV). A temperature coefficient of -0.03 (percent
change/°C) was measured.

3.2.10 Derivation of Analytic Expressions for Global Variables in the TASCC
Cyclotron from Lie-Algebraic Maps

W.G. Davies

As a part of the development of the new orbit-dynamics code (PR-TASCC-7: 3.2.9;
AECL-11028), analytic formulae have been developed for the motion of the central
trajectory, the tunes, chromaticities, anharmonicities and the properties of certain
resonances, such as the Walkinshaw resonance (PR-TASCC-7: 3.2.8; AECL-11028), and
the 1/4-integer resonance (PR-TASCC-4: 3.2.11; AECL-10674). Analytic formulae are
useful for starting and checking the numerical code. If they can be developed to
sufficient accuracy, then many numerical calculations can be avoided altogether.

One of the advantages of the Lie-algebraic approach to the analysis of problems in nonlinear
optics problems is that it allows a consistent method for approximation. Thus, it is easier
to see the effects of the always-necessary approximations on the variables of interest (i.e. the
tunes, anharmonicities and the properties of higher-order resonances). The analytic formulae
not only allow rapid computation, but greatly increase insight into the dynamics of the
problem and the relative importance of specific parameters of interest.

In the present work, a model of the magnetic field has been developed in cylindrical
coordinates, which generates an "isochronous" cyclotron. We define a cyclotron to be
isochronous if the time for each equilibrium orbit is the same, which implies
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Relative Signal Outputs with Temperature
(Csl, Anthracene and a Photodiode)
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Figure 3.2.9.1 Temperature dependence ofCsI(Tl) and Anthracene light output for alpha
particles and fission fragments respectively (curves normalized to unity at room
temperature).
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ct = -^7 = — = X = constant,
|v| P 0)

where c the speed of light, r is the radius of the orbit, t is the time and P= (|v|/c) with v the
velocity of the particle. From the relation Br = P/e, where the relativistic momentum, P, of
the particle is |P| = Pymc, we find that the vertical component of the magnetic field, Bz,
is given by

_ pymc
(2)

which is proportional to y, with y = 1/Vl-P2. Substituting P = xl\ into the expression for y,
we obtain

B =™
z

-1/2

(3)

It is well known that the magnetic field given by (3) produces divergent orbits in the
z-plane. The solution to this problem is to introduce "flutter" of the form (1 + 2b
cos(n0)) into the field, where n is the harmonic number; usually n > 3 or 4 in cyclotrons.
Hence the mid-plane magnetic field has the form

me
-1/2

XXcos(n8)). (4)

Extrapolation of the magnetic field off the midplane is achieved by expansion of Bz in a
Taylor series and use of Maxwell's equations plus midplane symmetry to determine the
coefficients as follows: Assume a magnetic scalar potential in cylindrical coordinates of
the form <D = R(r)Q(0)Z(z) and B = -A<J>; the Taylor series for the field becomes
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2m!
z2"1 (5)

where usually m = 0, 1. From V B = 0, we obtain VZ(V-B) -> V2B2 = 0; B 2 is found from
the solution of V ^ C B j ) | z=0=0.

This form of the magnetic field is integrated to obtain the vector potential, A, which is
substituted into the relativistic Hamiltonian, H, in cylindrical coordinates, given by

H = -erAg - r " - m V - [P±-eAJ
(6)

where H is the momentum in the azimuthal direction, 0 is the independent variable, p0 is the
total energy, \]/ is the electromagnetic scalar potential, and P^ and Aj_ are the transverse
components of the momentum and the electromagnetic vector potential, respectively.

From the Hamiltonian for the system (eq. 6), we obtain a nonlinear transfer-map, M^,
which maps the initial phase-space variables at position i to the final phase-space variables
at position/ This transfer map contains all of the information about the dynamics, up to the
selected order, at the final location. If the map is put into factored form [7], M^f =
Mftl^AJAi —, it explicitly displays the linear behaviour as well as the effects of the
different orders of nonlinearity; the Mn are maps between i-±f, which are functions of
homogeneous polynomials of order n and represent the different orders of nonlinearity for
n > 2. In particular, the Mx factor exhibits the displacement of the central trajectory and
gives, for example, the deviation from a circle of the design trajectory. When combined
appropriately with theM2 factor it leads to an analytic formula for the central trajectory: i.e.
the scalloping. The M2 map gives the linear behaviour and the first-order tunes, again in
analytic form, while the nonlinear maps M3 and M4 exhibit the sextupole- and octupole-like
behaviour of the system, respectively. The transformation to normal form, N = A M A'1,
is a transformation such that N is in its "simplest" form: M must be expanded about a
"closed orbit". Thus the Mt factor in M must be removed by the appropriate canonical
transformation. The symplectic map A is an n* order canonical transformation that isolates
the tune shifts and resonances to n* order. This leads to an enormous simplification of the
analysis while retaining all of the information. Furthermore, it allows explicit
calculation of the tune-shifts caused by iterated sextupole fields.

To date, approximate formulas have been obtained for the motion of the central trajectory,
the first-order focusing in both the radial and axial (r and z directions) as well as for the
properties of several resonances. Work is continuing to extend the order of these
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calculations and to compare these results with the DACYC code and with other numerical
calculations.

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

G.E. Lee-Whiting (Neutron and Condensed Matter Science)
W.G. Davies (Nuclear Physics Branch)

The changes to the magnetic-field model for the hills, described in the previous progress
report (PR-TASCC-7: 3.2.10; AECL-11028), have been completed and tested. Indeed, the
replacement of the dipole densities along the edges of the hills by surface dipole densities
has made a significant improvement to the quality of the fits. As a result of these
improvements, the number of free parameters has been reduced further; we now have only
23 free parameters to fit the 1800 measurements of the mid-plane magnetic field, giving an
RMS deviation of 0.25%. The reduction in the number of free parameters is mostly due to
ganging together the surface densities over major regions of the pole. It should be
emphasized that the free parameters include only the 3 yoke parameters and the strengths
of the above-mentioned surface dipole densities. All other parameters of the model, such
as the z-shims, 0-shims and "skirt" parameters, are fixed to theoretical values; the saturation
magnetization of the iron is fixed at its measured value of 2.13 T. The addition of more free
parameters does reduce the RMS error, but often leads to unphysical values for the
parameters. Care must be taken to ensure that all parameters are reasonable, since
improvements to the fit to the mid-plane field do not lead to improvements in the
off-midplane fields if the parameters have unreasonable values.

Current work is directed at further simplifying the model so as to speed up the computation
of the vector potential.

3.2.12 Transfer of Programs from the CYBER 990

W.G. Davies

A large number of programs have been "migrated" from the now defunct CYBER 990 to
a PC environment. Many of these are essential for the operation of the TASCC facility.
The specialized optics codes, CYCMATCH, DIAFIT, and Q78FIT are used for the setup of
the cyclotron; QE1FIT is used to match the beam from the cyclotron to the "extraction"
beam-line system and INJECTR is used for calculations of the optics of the AMS and
Hiconex-860 ion sources and the injector beam line from the ion source to the entrance of
the Tandem. In the process of conversion, these codes were "cleaned up"; in particular, all
of the character handling was converted to FORTRAN 77 standard. In addition to these
codes, several others have been converted or are in the process of conversion to the PC
environment. These include the Giessen optics code, GIOS, the orbit integration code,
HAMILTON, the cyclotron magnetic-field fitting program, FIELDFIT, and the Berkeley
Lie-algebra package, DALIE.
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4.1 CYCLOTRON

4.1.1 Operation

H. Schmeing

Over the report period, the operation of the cyclotron was smooth. There were no notable
system failures or mishaps. The cyclotron was scheduled for nine runs, for a total of 47 days
of operation. The respective numbers for the previous reporting period were 14 and 67. The
breakdown of days into production runs (including setup and training) and development runs
was 22:25, versus 50:17 for the preceding period. Production runs usually begin with a two-
day period for setup and continuing operator training. The decrease of usage of the machine
for experiments, by more than a factor of two, reflects uncharacteristically low demand. The
schedules for the following report period, 1994 July to December, show an extraordinarily
high demand for cyclotron beams.

The electrostatic deflector has performed reasonably well. Seven midplane openings were
required (versus three in the previous period) to service the deflector. Of these seven, only
two affected the experimental program. The increased failure rate likely has two roots. The
first is the increased high-voltage demand values, since more and more difficult beams are
requested. The second is an obvious increase in midplane hydrocarbon contamination, the
precise reason for which is unclear at this time.

Ten new cyclotron beams were developed, bringing the total number of beams available to
experimenters to 82 (see Table 4.1.1.1). Of these ten, five are of particular interest: 79Br
at 27 MeV/nucleon and 127I at 21 MeV/nucleon for their high specific energies; 209Bi at 6.35
and 5.4 MeV/nucleon, which are difficult to produce with sufficient intensity, for their
particular value for the 8TC program; and 238U at 3.3 MeV/nucleon as the highest-energy
uranium beam with any useful intensity. We have established that for the production of
high-energy uranium beams, more powerful injection steerers are required (but not for, say,
high-energy gold beams).

For bismuth beams of higher intensity, and also for many other difficult-to-produce ion
species, new ion-source technology is required. Our ECR source development, aimed to
address this shortfall, is on schedule. We expect to demonstrate high Bi"-beam intensity
before the end of 1994, from a new, compact ECR source.

Good progress was made in all major areas of development. In particular, the very labour-
intensive conversion of the computer-control system to Vsystem is progressing very well and
the automation of our cryogenics plant is on schedule. The latter is expected to be fully
implemented before the end of 1994.
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TABLE 4.1.1.1

CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1994 JUNE 30

Number

1

2

3
4

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

Ion

3He
6Li
7Li
7Li
i o B

12C
12C
I2C
12C
12C
12C
12C
12C
14N
I4N
16Q

18Q

18Q

2 4 M g
2 4 M g

2 8Si
2 8Si
2 SSi
2 8Si
2 8Si
2 8Si
3SC1
3SC1
35C1
35C1
35C1

Energy
(MeV/nucIeon)

50

50

30

25

45

52.5

50

45

40
30

23

18

10

40

30
25

38

36.5

25

35

30

25

27

8

7

6

46

43

39

35

30

R.F. Mode

7C

7C

7C

7T

71

71

7C

71

%

71

7C

0
0

7C

7C

71

7C

7C

7C

7t

7C

7C

71

0

0

0

7t

7C

7C

7C

7C

Intensity
(nA)

14

14

17

20

30

0.2

140

260

325
23

150

10

0.5

45

20

90

52
500

22

150

60

9

400

45

10

70

0.3

13

140

130

260
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Number

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

T A B L E

Ion

35C1
35C1
35C1
35C1
35C1
37C1
37C1
37C1
48Tj

6 3Cu
6 3Cu
6 3Cu
7 0Ge
7 0Ge
7 0Ge
7 4Ge
7 6Ge
7 6Ge
7 f Ge
79Br
79Br
79Br
79Br
79Br
79Br
79Br
79Br
81Br
81Br
81Br
8 IBr

1 0 7Ag
I 0 7Ag

, 4.1.1.1 (CONTINUED)

Energy
(MeV/nudeon)

11

10.25

9.5

8.5

6

35

22.5

5.5

18

20

18

10

35

22.5

4.03

4.2

4.45

4.35

4.2

27

22.5

20

18

15
i - ^

JO

10

6.5

25

18

4.37

4.17

13

10

R.F. Mode

0

0

0

0

0

7C

71

0

0

0

0

0

7C

7C

71

7C

7C

71

7C

7C

0

0

0

0

0

0

0

7C

0

7C

7C

0

0

Intensity
(nA)

32

24

45

39

5.5

150

100

33

100

33

50

33

1

20

7

80

60

95

60

6

7

<1

120

60

35

55

6

130

125

80

50

8

8
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Number

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

TABLE
Ion

I07Ag
I07Ag
107Ag

,27j

127j

127j

'"I

' " I

'"I
,27j

197Au
197Au
209Bi
2 0 9 ^

2 0 9Bi
2 3 8 T J

2 3 8 u
2 3 8 u

4.1.1.1 (CONCLUDED)
Energy

(MeV/nudeon)

6.5

5.6

4.7

21

19

15

11

10

5.6

5.12

8

5.6

6.7

6.35

5.4

5.25

3.3

3

R.F. Mode

0

0

7C

0

0

0

0

0

0

7C

0

0

0

0

0

0

7t

7t

Intensity
(nA)

20

<n
1.3

0.14

42

63

<1

70

10

6

13

10

10

16

17

70 pA

4.5

0.026

4.1.2 Electrostatic-Deflector Development

W.T. Diamond, R.R. Tremblay and IS . Wills

Considering the high performance level often required of it, the electrostatic deflector
performed well throughout most of this reporting period. Of the nine midplane openings,
seven were caused by either deflector failures or unrelated events, which in turn caused the
deflector to fail. Of these seven failures, only two affected the experimental program,
causing three days of lost time. At the end of January, the support insulator had to be
replaced. An unnecessary opening occurred during March when the deflector was thought
to have failed, but the problem was later traced to the Teflon tube used in the high-purity
water system. Problems with the high-voltage cable or the water system can generally be
repaired without the pole being lowered. Three openings were made during May and June
that were caused by a build-up of hydrocarbon contamination in the midplane. In each case,
the copper dees and hills were cleaned with abrasive pads and alcohol. Also, the deflector
was thoroughly cleaned. Operation has been reliable for the rest of this reporting period.



4-5

The moveable septum, described in the past two progress reports, was in use throughout this
reporting period. The deflector gap can be set remotely by moving the septum while the
high-voltage electrode remains fixed. The septum has been machined from copper, and
water cooling is provided by a copper tube soldered to the base. Because both septum and
high-voltage electrode are directly water cooled, we believe that this deflector will handle
the maximum beam current that can be accelerated in the cyclotron.

The deflector now operates very reliably at up to 140 kV/cm, at 0.5 cm gap, and has been
used for some experiments at up to 160 kV/cm. However, experience has shown that fields
greater than 160 kV/cm are required to extract some high-energy beams. Work on the
deflector is now concentrated on improved reliability at these very high fields.

4.1.3 High-Voltage Test Stand Experiments

W.T. Diamond

We have observed previously that the anode and cathode play distinctly different roles in
high-voltage breakdown. The cathode contribution seems to be primarily that of a source
of field-emitted electrons. Field emission is very low at low fields. As the electric field is
increased, some event occurs that triggers measurable field emission. Once this has
occurred, the current of field-emitted electrons increases exponentially with increasing field
until, at currents about 100 (iA, breakdown occurs. The rate of increase in current is about
a factor often for every 10-to-20% increase in field, relatively independent of the threshold
at which field emission begins. Therefore, to reach the highest ultimate electric field before
breakdown, it is important to reach a high threshold for electron emission.

The threshold for field emission varies over a wide range, depending on the metal used and
the preparation of the cathode surface. Micropolishing or electropolishing the surface
increases the threshold because small micropoints are blunted. However, a second important
effect has also been identified. Machining and polishing metals usually leaves the surface
loaded with hydrocarbons. It is believed that this increases the work function of the surface
compared to ultra-clean metal, which increases the threshold for field emission. Heating a
cathode to above approximately 450°C thermally desorbs the hydrocarbons and decreases the
threshold for field emission, from about 40 kV/mm (1 mm gap, copper electrodes) to about
10 kV/mm. Support for this conclusion was obtained from a series of measurements in
which thin metal films were evaporated onto copper cathodes from an evaporator that was
added to the high-voltage test stand. Copper electrodes that were micropolished before
installation were initially tested to 30 kV/mm at a 1 mm gap with no detectable (0.01 nA
sensitivity) field emission. The cathode was then moved under vacuum into the evaporator
and thin films of cesium, zinc, indium and iron (Q = 2.1, 4.3, 4.1 and 5.3 eV) were
evaporated onto it. The cathode was then moved back into position (1 mm gap) and tested
with high voltage. A field-emitted electron current of 10 nA was reached at fields of 7, 9,
11 and 22 kV/m, respectively. These fields are well below the fields reached with cathodes
loaded on purpose with hydrocarbons (such as alcohols), but they are comparable to fields
typical for a copper cathode from which the hydrocarbons have been desorbed.
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The anode plays a very different role in high-voltage breakdown. It is usually believed that
field-emitted electrons produce local melting at the anode, and that the metal vapour released
serves as a precursor to breakdown initiated at the anode. However, it is our finding that
gases rather than metal vapours play a major role. An extensive series of experiments has
been conducted to study the release of gases from the anode surface. These experiments
identified a number of features:

1. Large quantities of gas (mostly hydrogen and light hydrocarbons) are desorbed from
the anode as the field is increased.

2. The gas is released from the entire anode surface. The integrated quantity scales with
the area of the anode.

3. The quantity of gas released is more dependent on the total voltage across the gap than
the total field. This may be the source of the so-called "total voltage effect".

4. A small fraction (a few percent) of the gas released is ionic, the rest neutral.
5. Field emission from the cathode is not a precursor to the gas release from the anode.

The mechanism of gas release is not clear. It may be field desorption, although the electric
fields are substantially lower than those used in field desorption spectroscopy, for example.
We are continuing to investigate these phenomena.

Our observations suggest that the surface physics of the two electrodes plays an important
role in the process of high-voltage breakdown. Understanding the physical processes and
using appropriate modifications to the electrode surfaces seems to be a promising approach
for us to take in order to reach higher electric fields in practical devices, such as the
cyclotron deflector.

4.1.4 Main-Magnet Control

G.L. Backmeier and N.A. Towne (TASCC Accelerators and Development
Branch)

Design work has begun on a new magnet-control system that will replace the obsolete and
unreliable LSI-11 controller and upgrade the voltage-tap monitor. The new control system
will use an auxiliary controller for protection functions and a PC for data logging. A second
auxiliary controller will be used for helium-lead-flow control. The system will incorporate
both hardware and software interlocks. Preliminary designs are complete on new monitoring
circuits for the voltage-tap pancakes, coil sum and difference voltages, coil currents, and lead
temperatures. The present control software was carefully analyzed to ensure that no relevant
features are missed in the design of the new control system.

4.1.5 Main-Magnet Power Supply

G.L. Backmeier and N.A. Towne (TASCC Accelerators and Development
Branch)

The main-magnet power supply is beginning to require a substantial amount of attention.
A number of electronic components had to be replaced. Monitoring of the inner-coil current
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with an external current transducer shows this half of the supply to be operating within
specifications. The current-transducer connectors were rewired to eliminate noisy ground
signals, and a faulty DCCT chassis interlock was repaired. The LSI-11 bubble memory
cartridges, which had become corrupted, required reprogramming. A faulty current-reference
DAC has been temporarily replaced with a precision voltage-source. At this point, the power
supply is useable but does not perform to its overall stability specifications. It also is prone
to intermittent failure.

4.1.6 Foil Changer

C.R. Hoffmann (Accelerator Physics Branch)

To inject ions lighter than 6Li successfully into the cyclotron, the stripper foils must be able
to travel to radial positions beyond 265 mm. Modifications to components mounted in the
dee interior have been identified which will extend the range outwards by more than 15 mm.
The possibility of shifting the existing range of foil travel to larger radii, rather than making
the range larger, will be examined.

4.1.7 Radial Probes

R.R. Tremblay and G.L. Caldwell

Radial probes no. 1 and no. 2 continue to be the cyclotron's most valuable diagnostic tools.
There were only two problems which affected probe operation over the report period.

The first problem is that an excessive amount of r.f. power is being picked up by the probe-
head elements and carried through to the signal-filter units, causing the signal-filter resistors
to fail. The filter system has been redesigned. Installation and testing of the new filters is
partially complete.

The second problem originates with the probe control system. The probe's vacuum system
and many interlocks are currently under computer control which, over the years, has proven
not to be fully reliable. The control logic for the probe vacuum and the interlocks has been
redesigned and a new ladder-logic relay controller is being assembled. The system
protection will be separated off, and the probe computer will only be required to control
scans, scan displays, and displays of the system status.

The left (inner) element of the stub probe was shorted to ground over much of the period.
It was repaired and is fully operational again.

The five-finger diagnostic array, located at the entrance of the extraction channel, required
cleaning of the beryllium insulators once during this period. The present design is greatly
improved over previous versions, making the installation much easier and requiring less
frequent maintenance.
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4.1.8 Cyclotron Vacuum Systems

R.R. Tremblay and G.L. Caldwell

The vacuum of the cyclotron's liquid-helium-cooled cryostat (which contains the
superconducting magnet coils) deteriorated on several occasions, leading to significant helium
boil-off. On one occasion, the cryostat vacuum controller failed. On another, a cryostat
vacuum leak was created when a heater tripped in tower #4 while the magnet was charged
to 5.03 Tesla. The heater is intended to prevent vacuum seals at the magnet's current leads
from freezing up. Resetting its breaker solved the problem. To protect the cryostat in case
of power failure, a gas-powered generator is kept on stand-by. The switch gear, which
switches the cryostat's vacuum pumps from the grid to generator-supplied power, was found
not yet to operate fully reliably. Rewiring is in progress.

A number of small midplane vacuum leaks were repaired without difficulty. These leaks
often appear when trim rods are moved. One larger midplane vacuum leak was repaired by
replacing the r.f.-drive Teflon seal and another one by forcing oil up to wet the o-ring seal
of trim-rod #4 in lower quadrant #2.

During a lengthy leak-checking procedure, we were successful in pinpointing the location
of a leak, the existence of which somewhere between the extraction channel and the cryostat
vacuum had long been known. The leak was found to be located across a frozen o-ring near
the beam-entrance end of the extraction channel. It is exceedingly difficult to fix, and no
steps have been undertaken yet to address the problem further.

A new procedure for venting the midplane was successfully tested several times during this
period. It involves venting while the cryopumps are still cold. This allows midplane access
within three hours of shutting down the cryopumps, instead of the nine hours previously
allowed for warm-up. The procedure is now used routinely when midplane access becomes
necessary during a cyclotron run.

4.1.9 Cyclotron Openings

R.R. Tremblay, G.L. Caldwell, W.T. Diamond and J.S. Wills

The lower pole of the cyclotron was lowered nine times over the report period to provide
access to the cyclotron's midplane. Table 4.1.9.1 lists the dates and reasons for the openings.
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TABLE 4.1.9.1

REASONS FOR LOWERING THE BOTTOM POLE

Date

1994 January 5

1994 January 10

1994 January 18

1994 January 28

1994 March 4

1994 April 5

1994 May 5

1994 May 31

1994 June 6

Reason/Action

Installation of moveable deflector.
Cleaned five-finger-array insulators.

Deflector water :jak. Replaced high-voltage feed insulator.

Excessive sparking. Modified lower-septum-rail linear guides.
Installed two extended stripper-foil frames on foil shrouds (for
3He 57 Mev/u).

Deflector failure (high leakage current). Repaired by replacing
high-voltage support insulator.

Deflector failure (high leakage current). Repaired by replacing
the high-voltage cable.

To pinpoint leak between extraction channel and cryostat vacuum.
Deflector components cleaned. Stub-probe repaired.

Deflector failure (high leakage current). Repaired by replacing
the high-voltage support insulator.

High deflector leakage current. Both high-voltage insulators
replaced, all deflector components thoroughly cleaned, but to no
avail.

High deflector leakage current persisted. Entire midplane
(including the copper liner) thoroughly cleaned. This proved
successful.

4.1.10 Trim Rods

R.R. Tremblay, G.L. Caldwell and B.F. Greiner (TASCC Accelerators
and Development Branch)
T.G. Whan (Nuclear Physics Branch)

Installation and commissioning of the new (faster) stepper motors on all trim-rod drives is
now complete. The time required to set the trim rods has been reduced by a factor of four.

Trim rod and trim-rod drive related problems occur only occasionally now and are usually
resolved quickly. However, the seal of one of sixty-four 40 mm-diameter trim rods
occasionally leaks badly, either because of scratched surfaces or poor alignment, which leads
to a serious deterioration of the midplane vacuum. This rod is scheduled to be pulled and
inspected.
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4.1.11 Cage A and Cage B Infrastructure

L.M. Lindstrom

During the report period, a new 300 kV Glassman power-supply was installed in Cage A.
The supply had been purchased for this purpose several years ago. The previously used
300 kV power supply is still operational but not serviceable.

A new "mini-deck" has been designed for Cage A. It will provide a platform at
approximately 15 kV above main deck potential, for control electronics and diagnostics,
primarily for the AMS source. All parts for the cathode deck have been ordered and
installation is planned for 1994 September.

4.2 RADIO-FREQUENCY SYSTEM

4.2.1 Power-Amplifier System

PJ. Bunge and S.G. Whittle

The power amplifier ran without serious incident during the report period. A minor incident
that occurred was the failure of a filament connection in the 5 kW driver amplifier (tetrode).

A new tetrode was ordered and received. However, this tube failed during initial high-
voltage testing and was sent back to Eimac. Eimac provided a replacement which passed
high-voltage testing and was put into service.

4.2.2 Cyclotron R.F. System

N.A. Towne, PJ. Bunge and S.G. Whittle

An SCC Note documenting the cyclotron r.f.-structure thermometers was written and
released.

The vacuum feed-through for the r.f. drive-line was badly damaged by arcing and required
replacement. The r.f. finger-stock which contacts the probe barrels as they enter the
midplane region was on one occasion found badly damaged. It was replaced.

Detectors sensitive to ambient r.f. were developed and installed in the vicinity of the
cyclotron and near the r.f. drive-line. They are intended to provide additional safety and also
to prevent the type of damage that resulted from the failure of the drive-line in 1989.

The r.f. interference on the signal lines from the radial probes has occasionally been
sufficient to burn out the 50 ohm load resistors in the low-pass filter units on the lines. New
filter units were developed incorporating higher-power air-cooled r.f. loads. To date, new
filter units have been installed on radial probe PI.
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4.2.3 Bunchers and Injection Beamline Control Systems

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

4.2.3.1 Operations and Engineering

A new beam phase control system has been built and commissioned. It is simpler, more
serviceable and more reliable than its predecessor. It consists of a single new chassis and
the recently developed broadband levelled phase shifter, phase detector, and programmable
gain modules. The beam-phase pickup signal (from CPP1) is now levelled to eliminate
beam-current-dependent phase noise and thereby improve the stability of the beam at
cyclotron injection. The system has performed flawlessly for several months.

Five new electronic modules have been developed: a frequency doubler, a splitter/switch,
an r.f. leveller, a cavity position/tune control, and an AFC module. These will be used in
the new control system for the low energy buncher. The control-system chassis was also
built over the last six months. Each module has been tested and the system is ready for
commissioning. It will be located next to the buncher and remotely controlled from the
Control Room.

In 1994 January, a special "injection setup run" was devoted to beam-line setup and the
bunching of new beams, notably 12C at 18 and 55 MeV/nucleon, 18O at 44 MeV/nucleon, and
238U at 3.3 MeV/nucleon. This run also served as a hands-on operator training session in
buncher tuning and phase-control setup.

4.2.3.2 Sub-harmonic Bunching Experiments

For certain studies (e.g., isomeric nuclear decay), the experimentalist may require a cyclotron
beam with a bunch repetition rate which is a factor of 3 or 5 lower than the usual rate / ,
where / is the basic r.f. frequency of the cyclotron (31 < / < 60 MHz). We have
investigated experimentally whether such a reduced repetition rate can be achieved by letting
the Low Energy Buncher (LEB) and the High Energy Buncher (HEB), which usually operate
at / and 2 / or 4/, respectively, beat against each other at / and n/m x / , where n and m are
small integers, and the ratio is close to 2 or 4. If, for example, n/m = 7/3, then one beam
bunch out of three would pass through ihe HEB at the right phase and, therefore, it would
not be affected, whereas the other two beam bunches would arrive at the wrong phase. One
would be accelerated and one decelerated, and in either case swept onto the buncher phase
slits downstream. Also, these two pulses would not be properly bunched, which reduces
their residual intensity further.

R.F. circuitry was developed to phase-lock buncher frequencies of arbitrary ratios. The
scheme was then tried on several beams during the report period. In the best case, a
suppression for the least-suppressed peak to -20% of its original intensity was achieved, about
a factory of 10 short of what is required to make the method useful for experiments.
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4.2.4 Bunched-Beam Diagnostics

G.R. Mitchel and J.W. McKay (TASCC Accelerators and Development Branch)
JJ . Hill and PJ . Jones (Nuclear Physics Branch)

The time-of-flight energy-measurement system (see PR-TASCC-7: 4.2.4; AECL-11028) is
routinely used to measure the energy of cyclotron beams. During this reporting period, we
measured the beams listed in Table 4.2.4.1. The table shows the nominal energy, the
calculated energy (from beam optics calculations), the measured energy, and the relative
difference between the latter two.

TABLE 4.2.4.1

COMPARISON OF MEASURED AND CALCULATED BEAM ENERGIES
FOR FIVE CYCLOTRON BEAMS USED DURING THIS PERIOD

Beam

48Ti

35C1

37C1

18o
70Ge

Nominal
Energy

MeV/nucleon

18

35

22.5

36.5

22.5

Calculated
Energy

MeV/nucleon

17.93

34.71

22.38

36.28

22.32

Measured
Energy

MeV/nucleon

17.90 ± 0.02

34.30 ± 0.09

22.22 ± 0.03

35.83 ± 0.09

22.15 ± 0.04

Energy
Difference

(%)

-0.2 ± 0.1

-1.2 ± 0.3

-0.7 ± 0.1

-1.2 ± 0.2

-0.8 ± 0.2

The measured values are typically about 1% below the calculated values, which is in
agreement with most previous measurements.

A calibration experiment was performed to check the absolute accuracy of the time-of-flight
energy-measurement system, using the well known resonance at 6.385 ± 0.005 MeV in the
reaction 1SN + p -> 12C + 4He + y. A target of TiH, located just downstream of the third of
the three beam-pulse-detector stations of the time-of-flight system, was bombarded by a dc
15N Tandem-only beam to calibrate the beam energy. The beam was then pulsed with both
the low-energy and high-energy bunchers for the time-of-flight energy measurement.
Preliminary results yield an agreement, at 6.385 MeV beam energy, within 3 x 10'3.

A TASCC Instruction (4.1.3.05) was written entitled "Optimizing HEB Phase and Bunching
with Beam Pulse Detector #2".
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4.2.5 Measurement of Time Response of the Start Detector
for the AMS Time-of-FIight System

G.R. Mitchel (TASCC Accelerators and Development Branch)
V.T. Koslowsky and H.R. Andrews (Nuclear Physics Branch)

A time-of-flight measurement system is being developed, by the AMS group, for the
identification of n9I (see PR-TASCC-7: 3.1.34; AECL-11028). It utilizes a start detector
consisting of a thin foil, through which the primary beam passes, and electron multipliers
which register the passage of each single beam particle. An experiment was conducted to
measure the time resolution of this detector.

A beam of 111 MeV I27I+8, from the Tandem accelerator, was bunched by the low-and high-
energy bunchers and directed through the bypass beamline (bypassing the cyclotron) to the
AMS start detector, which was located near the second of the three beam-pulse detectors
(BPDs) of our time-of-flight beam-energy measurement system (PR-TASCC-7:4.2.4; AECL-
11028). The bunchers were tuned to produce a time focus of about 350 ps at the first of our
BPDs. We then attenuated the beam current to «50 x 103 ions/s by tui nng off quadrupole
magnets and narrowing diagnostics slits. Under these conditions, the time resolution of the
AMS start detector was measured to be 250 ps FWHM.

4.2.6 Commercialization of R.F. Products

G.R. Mitchel, N.A. Towne and PJ. Bunge

Specialty products developed for the r.f. group's needs are generally superior to those
available on the market. We have decided to build those modules to commercial standards
and market them under the brand name "TASCC RF Engineering". At this point, the product
line consists of 360-degree linear phase shifters, a programmable-gain amplifier, a phase
detector, a linear r.f. level modulator and a frequency doubler. All devices are active and
have features that make them unique.

Over a hundred copies of a package of six brochures giving the specifications of these
modules have been sent out, mostly to accelerator laboratories. We have completed sales
of five phase shifters, four to Catania (Italy) and one to Fermilab (USA).

Marketing for these products is done from within TASCC Division, in close cooperation with
the AECL Commercial Office. An advertisement for these modules and other TASCC
services will appear in the CERN Courier (1994 July/August issue).
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4.3 BEAM DYNAMICS

4.3.1 New Beams Calculated

E.H. Lindqvist

Beamline and cyclotron parameters were calculated for the beams listed in Table 4.3.1.1.
Four of the five beams have been chosen based on direct requirements for physics
experiments; the remaining one, 238U, is part of a continuing program to test the practical
operating limits of the cyclotron. Three of the beams were calculated on a 486 PC with
newly-converted programs (see section 4.3.5). All beams were developed during the report
period.

TABLE 4.3.1.1

BEAMS FOR W H I C H CYCLOTRON PARAMETERS
HAVE BEEN CALCULATED

Beam

48Ti

70Ge

209Bi

209Bi

238U

Energy
(MeV/nucIeon)

18

22.5

5.4

6.35

3.3

q/q.

5/15

7/21

7/23

8/26

6/20

Field
(T)

3.02

3.52

4.68

4.49

4.79

R.F. Mode

0

7t

0

0

%

Harmonic
Number

4

2

4

4

6

4.3.2 Feasibility of Beam Capture by Mass Change for Injection

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

The cyclotron is designed to capture radially injected ions into a quasi-circular orbit by
passing them through a thin carbon stripper foil where the charge-state changes by a factor
of approximately two. The lightest ion originally considered was 6Li. Calculations with
IONSCAN and SUPERGOBLIN have shown that He can also be captured and accelerated,
within a limited extraction-energy range, in general, if only the foil is positioned beyond the
normal range limit of 265 mm. By manually moving the foil to 270 mm, we easily injected
3He and accelerated it to 50 MeV/nucleon.
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Ions lighter than helium, namely the hydrogen isotopes, are fully stripped at injection and
this seems to preclude the possibility of their acceleration in a radially injected machine.
However, if molecular H2

+ or D2
+ beams are injected and broken into atomic H* or D+ beams,

the change in charge-to-mass ratio before and after the stripper foil is 2:1, thus fulfilling the
injection condition.

A study has started to explore the feasibility of this scheme. Code modifications of
IONSCAN and SUPERGOBLIN to accommodate mass change are underway.
Implementation of this method would require development of an ion source for molecular
beams to be located in the terminal of the Tandem.

4.3.3 CENTP3, An Interactive Centering Program for Three Probes

E.H. Lindqvist

The cyclotron is equipped with two functional radial probes, P, and P2, which are 90 degrees
apart. A third probe, P3, 157.5 degrees from P2, has been built and installed but caused
problems and was removed again. These probes are the main diagnostic devices within the
cyclotron. A program, CENTP2, had been written previously (see PR-TASCC-6: 4.3.5;
AECL-10908), which aids the cyclotron operator in centering the beam by suggesting
optimum trim-rod settings. CENTP2 is based on the use of two probes.

However, the information derived from two probes is, in general, insufficient to calculate
beam decentering uniquely (one cannot know to what extent, say, variations at P2 originate
from the precession of the orbit center around the cyclotron center or from first harmonics).
A program was written to utilize all three probes. This program is called CENTP3. The
program also determines adjusted trim-rod settings from the measured probe data, but
without the assumption required in CENTP2.

The final testing of CENTP3, with measured data, is awaiting a functional third probe and
some changes in the turn-searching program, PATTURN.

4.3.4 File Transfer

E.H. Lindqvist (TASCC Accelerators and Development Branch)
C.R. Hoffmann and W.L. Michel (Accelerator Physics Branch)
W.G. Davies (Nuclear Physics Branch)

The transfer of code and data files from the Cyber 990 computer to fast personal computers
has been completed. This activity was in response to the announcement that the Cyber 990
would be shut down 1994 May 31. The fast personal computers operate under DOS and use
the Watcom Fortran 77/386 compiler. About 2 500 files have been transferred. All the
magnetic-field maps that the program SUPERGOBLIN reads were rewritten as double-
precision binary files using auxiliary codes.
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All of the cyclotron data-files, as well as various others, are available from a shared area set
up on the VAX system, which is accessible to the personal computers over the network via
PATHWORKS. This arrangement provides security and daily backup.

4.3.S Code Conversion

E.H. Lindqvist (TASCC Accelerators and Development Branch)
C.R. Hoffmann (Accelerator Physics Branch)
W.G. Davies (Nuclear Physics Branch)

The major programs used to calculate cyclotron set-up parameters (IONSCAN, TRIUMF2,
TRI0MF3 and SUPERGOBLIN) and the beamline optimization codes (CYCMATCH,
DIAFIT and Q78FIT) have been successfully converted from the Cyber 990 to fast personal
computers operating under DOS and using the Watcom Fortran 77/386 compiler.
SUPERGOBLIN had to be changed to double precision, because single precision was not
able to acceptably reproduce test-case results. CYCMATCH, DIAFIT and Q78FIT have
been "cleaned up" and, in particular, the character-handling has been upgraded to Fortran 77
standard. In addition, a dozen smaller, but still essential, programs for cyclotron and
beamline set-ups have been converted.

The PC versions of these codes have been used to calculate set-up parameters for beams that
were subsequently successfully developed in the cyclotron.

4.4 CRYOGENIC SYSTEM

4.4.1 Scheduled Maintenance and System Upgrade

R.R. Tremblay, G.L. Caldwell, G.L. Backmeier, B.F. Greiner, L.M. Lindstrom
and D.J. Caswell (TASCC Accelerators and Development Branch)
T.G. Whan and B.F. Slater (Nuclear Physics Branch)

Regular bi-weekly maintenance and the 7 500-hour scheduled maintenance was completed
on engines #5 and # 7. In addition, a number of unscheduled repairs were performed on
engines #5 and # 7. These included replacements of bearings, belts and the main flywheel
shaft. All maintenance and repairs were carried out without interruption of the cyclotron
runs. A total of 132 helium cylinders were purchased to replenish lost helium inventory,
compared to 133 cylinders in the last report period. There were five power outages during
this report period, most of which caused some loss of helium. A total of 412 700 litres of
liquid nitrogen was purchased compared to 377 100 litres in the previous report period.

Work continues on automation of the cryogenic plant under steady-state operation.
Installation and calibration of all pertinent analog and discrete (ON/OFF) signal transmitters
(including the cryogenic temperature diodes) are complete, as is the on-screen updating of
process parameters. The monitoring station (VAX) also automatically logs all input data.
A software alarm manager has been installed. However, this will not replace the need for
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a hardware interlock and alarm system. The software development of a proportional,
integral, derivative (PID) control loop is almost complete and actual testing will take place
early in the next period. Installation of the necessary hardware to retrofit the manual
cryogenic valves for automated engine-speed and compressor control is complete.

Work continues on updating all helium-piping drawings.

An evaluation was carried out on what it would take to bring our refrigeration system (which
was installed some 15 years ago) into compliance with regulatory requirements that apply
to new equipment. This task would involve replacing all pressure-relief valves of the
cryogenic system. Some ten of these valves would be very difficult to replace, requiring
extensive work and, in addition, carrying a significant risk of contaminating the ultra-pure
helium system in the process. Overall, a system shutdown would be required of a duration
that would lead to a complete warmup of the cyclotron, putting its mechanical integrity at
risk.

The net excess capacity of the cryogenic system was marginal for a few days. The fault was
finally traced to the superconducting magnet electrical-lead heater being stuck on. The
system was restored to normal operation when the heater was properly controlled.

4.4.2 Helium Compressors

R.R. Tremblay and G.L. Caldwell

The new (model 1400) reciprocating compressor #2, just received from Process Systems
International (PSI), failed early in this period. It was returned to the manufacturer for repair
under warranty.

In an unrelated development, a second (model 1400) reciprocating compressor, #3, also failed
beyond repair during this period. A replacement compressor-pump assembly was purchased
from a Canadian company at much lower cost as compared to PSI, the original supplier.
This compressor operated for only 48 hours before it failed. This unit was returned to the
Canadian manufacturer for replacement under warranty.

A permanent 100-amp power-feed from feeder #9 was installed to supply one of our model-
1400 compressors. It allows this helium compressor to continue to operate when feeder #27
is shut down. Feeder #27 supplies power to all other components of the cryogenic system.
In the past, arrangements to obtain a 60 kW diesel generator had to be made weeks ahead
of a shutdown in order to be able to recover the helium boil-off.
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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 Main Control System

Upgrades and additions to the main control system were carried out at the highest level of
activity since 1985, when construction of TASCC was completed. This is a proud testament
to the very high quality of the software of the PDP-11-based system (developed principally
at the Hahn-Meitner Institute for Nuclear Research in Berlin, Germany, and in use at the
TASCC site since 1979) as well as the reliability of the computer and CAMAC hardware.

4.5.1.1 Control-System Hardware

The forward and backward circuits of the CAMAC highway and the associated
bypass/repeater hardware have performed well during the report period. Replacement of the
optical-isolator components which propagate the clock pulses through the highway
contributed to overall reliability by greatly reducing the incidence of loss-of-clock errors.

A statistically 'impossible' multiple-coincident failure accounted for all of the four hours of
lost beam time attributed to the control system during the six-month period. Three different,
electrically isolated electronic chassis, which are components of the CAMAC highway, failed
in widely separated locations at virtually the same time. Two IBM-PC-compatible computers
also failed at approximately the same time, but none of the hundreds of other sensitive
electronic chassis in the TASCC complex are known to have failed. No plausible
explanation for this bizarre outage has been put forward.

A major upgrade of the control hardware for the trim rods on the superconducting cyclotron
was carried out. At the same time, we installed faster stepping motors and associated power
modules. Prudence dictated that it should be easy to revert to the old motors and controllers
until the new hardware survived a few weeks of use, so another new CAMAC crate was
installed in the highway in order to support twelve of the sixteen new stepping-motor
controllers for the same number of new motors. In addition to providing the required
redundancy, the new installation allowed shorter cable runs and relieved severe congestion
in the service room where the old controllers were installed. Trim-rod movements are now
about ten times faster than before, requiring approximately 15 seconds per millimetre of
travel. This impressive improvement has had the unexpected benefit that operators at the
control desk have the perception that the control system runs much faster than previously!

4.5.1.2 Control-System Software

The extensive trim-rod-motor upgrade required a corresponding revision to the trim-rod
control and readback entries ("system variables") in the main database of the control system.
The sixteen new trim-rod motors control the position of a total of ninety-six trim rods, each
of which has four system variables which provide the four essential functions of movement,
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hardware status readback, count-register readback/reset and position readback. In addition,
there are control and readback channels for the clutch system that selectively connects the
motors to trim rods. Most of these system variables, representing more than ten percent of
the control-system database, required revision and testing for correct operation, which was
accomplished with the customary lack of impact on the round-the-clock beam-delivery
schedule of the laboratory.

Further automation of accelerator-mass-spectrometry (AMS) measurements was also
developed with the aim of reducing the setup time and simplifying the repetitive procedures
performed by physicists and operations personnel. At the same time, existing software for
AMS measurements of chlorine-36 was extended to add the capability of measuring iodine-
129. The software revisions permitted a record rate of sample throughput for chlorine-36,
namely 100 samples during a five-day run. This result was complemented by an
improvement in measurement accuracy to establish the AMS group as a leading supplier of
high-quality measurements in the world market. A trial of automatic beam tuning, with the
aim of making beam setup more reproducible, failed because the beam current was unsteady
at the selected detector. However, the tuning software was successful and will be adapted
for another trial with a different beam detector.

The control-system database and special-purpose software were also upgraded in support of
five smaller-scale projects: namely, redesigned r.f.-system components, a modular
electrostatic-lens power supply, control-room access to the operating parameters of the
deionized-water system, improved control of the Tandem foil changers and control of a new
ECR source. The water-system work required activation of a square-root function, which
has always been available in the control-system software but had never been used previously.
In addition, the frequency of hangups of the software that services the control desk was
greatly reduced by application of a simple correction to several programs.

4.5.2 Control-System Upgrade

The development of pictorial operational diagrams with Vsystem (a proprietary control-
software product of VISTA Control Systems Inc., Los Alamos) progressed well during the
period. Existing diagrams were modified to reflect our revised status handling and simpler
channel access (see PR-TASCC-6: 4.3; AECL-10908) and some 40% of the beamline was
successfully exercised through the new diagrams. NMR stabilization of a dipole magnet also
performed properly for the first time in Vsystem, although minor bugs remain to be resolved.
During a second test, in which the TASCC beamline was accessed, further upgrades to the
status handling and operations on groups of devices were successfully tested.

The beamline operational displays will provide the primary access for the operations
personnel to the control and monitoring functions of the TASCC facility. Creation and
verification of the displays for the beamline magnets, vacuum components and beam
diagnostics require the design of an overall layout and detailed symbols to represent the
possible normal and abnormal conditions of the equipment. The symbols then have to be
assembled into a diagram that faithfully represents the actual installation of the hardware in
the beamline and to be connected by means of the software tools provided by Vsystem to
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the appropriate database channels, of which some 3 000 exist for the beamline. In addition,
some 5 000 individual status ('TRUE/FALSE') states included in these channels must be
represented on the diagrams.

The process of creating and verifying the diagrams is approximately 66% complete as of
1994 July 1. The final product will consist of approximately 30 diagrams in a shallow
hierarchy with a maximum depth of three layers. This collection of diagrams will replace
nearly 400 'pages' of menus which are currently in use on the PDP-11 control system. The
present layout requires an operator to ascend through either four or five layers of hierarchy
to gain access to a desired function. In addition, the new top diagram will replace a
diagnostic program in the old system and will indicate at a glance whether the beamline is
clear for the beam.

Since the test periods, operational diagrams have been extended to the beamline downstream
of the cyclotron ('extraction line1), which required the design of the most complex set of
operational symbols in the system yet. All were tested off-line. These symbols represent
multiple operating states of the extraction-line switching dipoles and combine status
information from two or more status channels into easily understood sets of symbols, which
are designed to reveal fault conditions at a glance. We have also planned an approach for
implementation of the essential function of saving and restoring current operational settings
through use of two sets of database channels that have a 'scratchpad' designation.

Development of an efficient data-gathering program ('reader') is on hold because the person
responsible (D.J. Caswell) is temporarily reassigned to work on the automation of the
cryogenic plant.

4.5.3 Automation of the Cryogenic Plant

Automation of the cryogenic refrigerator (Koch, model 2800) is proceeding in stages
according to a well-considered plan and is within the predicted schedule in spite of
unexpected delays. New instrumentation and a computer-control system based on Vsystem
and running on a 'VAXstation-3100, model 30' (Digital Equipment Corp.) were installed and
useful operation was demonstrated in less than one week.

Before the Vsystem computer was available, initial ADC readings of the few available
pressure and temperature parameters were made through use of the main control system.
This exercise uncovered a problem with a proprietary 'cryodiode' temperature-readback
module. A design error in the module was eventually corrected with assistance from the
supplier.

An expanded memory and disk were finally obtained for the VAXstation in 1994 March and
three software products, namely the 'VMS' operating system, Vsystem and the new CAMAC
driver, were installed, A Vsystem diagram and data scanning through a new CAMAC
interface were operational a few days later and routine monitoring and recording of cryogenic
temperatures and pressures, a scheduling milestone, was reached by 1994 April 1, barely
three weeks after the Vsystem software became available on the computer.
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Data from the computer were then used to refine existing calibrations, and new calibrations
were calculated as more channels were connected to the CAMAC modules. The signals
were also assessed for reliability and reproducibility over a period of a few weeks. An
archive of the data is being accumulated with the help of automatic data snapshots every six
hours.

During the second half of the report period, software components forming an environment
suitable for software-feedback control of the refrigerator were planned and partially
implemented, in parallel with the completion of the instrumentation and monitoring. The
goal is to implement seven control algorithms based on industry-standard principles of
process control by means of proportional-integral-differential (PID) computations, which are
repeated at a regular time interval.

As the first step in the software development, an efficient data-gathering module was written
to make use of the 'CAMAC list-mode' features of a Kinetics System Corp. Model 3929-Z1B
SCSI/CAMAC controller. We are presently reading approximately 80 data words from four
CAMAC modules in a total time of approximately 300 microseconds. This should leave
ample time for one pass of each of the seven PID loops and operator-diagram updating at
a frequency of 2 or 3 Hz. The repetition rate is fixed by the response time of the two
helium-gas-expansion engines, the speeds of which must be controlled by the software.

A master timing program and a scheduling system have also been designed to ensure that
the data scanning and PID loops execute on a reproducible and orderly schedule. The
intention is that the PID processes will be identical, with individual databases within the
Vsystem protocol to connect each process to the appropriate input and output channels.

Various minor problems were dealt with as the project developed. For example, the status
handling had to be customized for the new CAMAC controller, a workaround was devised
for a software bug found in the Vsystem software and a software reset was implemented to
reduce the chance that electrical interference can cause the ADC modules to stop scanning
data. Some of the electronics associated with the ADC signals were isolated from the
grounds in the cryogenic service room as an additional hedge against electrical noise
problems. In addition, some of the more obscure features of the VAX/VMS operating
system and Vsystem were utilized to reduce the number of options available to non-expert
users of the VAXstation, so that there is very little chance of unintentional cancellation of
processes. Ultimately, we expect that the whole control system will come back on-line
automatically after a power outage or other computer restarts.

The plan for the immediate future is to set up the timing and data-scanning along with PID
processes for the two cryogenic engines, one of which has already been controlled through
a prototype algorithm, as a test of the new control environment and of the computational
capacity of the VAXstation. We are confident that there will be no insurmountable surprises.
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4.5.4 Voltage-Tap Monitoring for the Superconducting Cyclotron

B.F. Greiner and S. Cecco

Replacement of an obsolete and unreliable minicomputer, which protects the superconducting
coils of the TASCC cyclotron from damage caused by quenching of the superconductor (see
PR-PHS-P7: 4.1.1; AECL-9995), is proceeding in parallel with the development of more
robust signal conditioning between the voltage taps on the turns of the coils and the signal-
input modules. A decision has been made to utilize an upgraded version of a single-board
'intelligent-auxiliary' CAMAC controller (AUX) similar to units used elsewhere in the
TASCC facility (see PR-PHS-P-7: 4.5.2 and 3.2.9; AECL-9995) in place of the present
'LSI-11' (Digital Equipment Corp.) computer. The principal attraction of the AUX is
demonstrated reliability, low cost and ready availability of spare units.

In preparation for the upgrade, an upgraded version of the AUX module has been thoroughly
tested and minor design errors have been corrected. A total of three of these units have been
constructed from existing circuit boards and the circuit design is being modified on a CAD
system in preparation for production of additional circuit boards. These procedures have
verified correct operation of the module, especially in the area of resolution, of contention
for the 'dataway' in the CAMAC crate where the AUX must compete with the master crate
controller for control of the data path in the crate. In addition, the student of electrical
engineering (S. Cecco) who will program the AUX has also become very familiar with the
programming environment provided by the Intel 8052 microcomputer, which is the heart of
the AUX. The documentation for the magnet and the LSI-11 computer has also been
studied, and specifications for the new software and hardware are being developed with the
aim of reproducing all of the essential safety features of the original system while removing
unnecessary features where possible.

A chassis for providing test signals that simulate voltage-tap and local power-supply voltages
in normal and faulty states has also been designed, and is being built in parallel with the
software development as an essential component of the verification process.

4.6 NEGATIVE-ION INJECTORS

4.6.1 Ion-Source Operation

J.W. McKay

The 860-style sputter-ion sources continue to provide the majority of our beams. They
provide a wide variety of negative-ion species, the available beam current has increased for
many ions and the reliability is high.

Twenty-five ion species have been produced for injection into the Tandem during this
reporting period (see Table 4.7.1.2). The standard 860 sputter source was used 66% of the
beam time, while the conical-ionizer version of the 860 was used 18% of the time, primarily
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for the production of the heavier beams. The AMS multi-sample sputter source and the
duoplasmatron sources were used for the remaining 16% of the beam time.

Seven of the twenty-five beams were produced at significantly higher (17 to 130%)
intensities at the injection Faraday cup than had been used previously. Three of these more
intense beams were produced from the 860-C conical-ionizer source, and four from the
standard 860. Intensities required for cyclotron injection are still a problem with the heaviest
beams such as lead, bismuth and uranium. For these ions, Tandem stripping efficiencies
for any one charge state are not high, and losses due to residual gas in the tubes reduce the
beam intensity further. Even though we have produced large bismuth currents (as much as
3 uA) for injection into the Tandem, the pulsed beam available to the cyclotron is less than
100 nA.

Beams of 6Li, 15N, 180,34S, and 70Ge were all produced, in the last six months, from
separated isotopic materials. In addition, small beams of 129I and 36C1 were produced for
accelerator-mass-spectrometry measurements.

4.6.2 Ion-Source Development

Y. Imahori

We continued to investigate the effect of cathode sample cooling on a sputter-source yield.
We installed a new cone-cooling system after measuring its cooling capability off-line. Only
copper cones (for production of copper beams) have been tested thoroughly so far and,
unexpectedly, here the yield drops with improved cooling.

The AMS source operated satisfactorily for five chlorine-36 experiments. For beam
diagnostic purposes, a set of horizontal slits was added to the existing vertical slits.

Design work on a new AMS ion source has started, with the primary goal being to increase
sample throughput. An improved beam focusing system and a new sample transport system
will also be incorporated. This source will require the addition of a 15 kV high-voltage deck
to the main deck of Cage A, to accommodate electronics at the cathode potential.

4.6.3 Microwave Ion-Source Development

J.S.C. Wills, W.T. Diamond, P. Dube, K.B. Greiner, H. Schmeing and
N.A. Towne (TASCC Accelerators and Development Branch)
N.J. Diserens (Mathematics and Computation Branch)
T. Taylor (Accelerator Physics Branch)

4.6.3.1 Uranium Beam Development

The permanent-magnet microwave ion source with potassium charge-exchange canal, which
was installed on Cage B in 1993 December for the demonstration of O" and He" beam
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production, remained there during 1994 January. Throughout the month, we attempted to
extract a238U" beam of at least 1 |iA to fulfill a key facility milestone.

A IT beam was generated by introduction of UF6 gas into the source plasma chamber
through a manually-controlled valve, while a stable discharge was maintained with a
secondary feed of argon. The LP beam was converted to U" by passing through the charge-
exchange canal. The source was pumped by a zeolite-filled cryopump to avoid
contamination of the normal pumping system. The cryopump was isolated and discarded at
the conclusion of the run.

The results are summarized as follows:

1. Only very low positive beam currents of elemental uranium were obtained from the
ECR source.

2. Beams of UO+ and UO2
+ were more intense but still low.

3. Best results were achieved when the secondary feed was changed to oxygen, and up
to 400 nA of UO2" (measured at Cup_lb) was extracted. However, no operating
conditions could be found under which steady source output could be maintained for
long.

We conclude from these results that the negative-ion conversion efficiency for atomic and
molecular uranium on potassium targets is very low (less than 1%). Published data on cross-
sections could not be found. We intend to measure the conversion efficiency in a later run.

Subsequent dismantling of the source revealed two other possible explanations for the lower-
than-expected positive beam currents. First, the boron-nitride liners on the inside of the
plasma chamber were severely damaged by chemical attack from the fluorinated plasma.
Second, a resistor in the decel-voltage supply circuit was found to be damaged. This may
have caused severe defocusing of the positive-ion beam, leading to poor transmission through
the charge-exchange canal.

After the run, the source, charge-exchange canal and vacuum system were decontaminated
under the supervision of R&IS personnel.

4.6.3.2 Direct Extraction of Negative Ions

Bright, high-current beams of H" and D" have been extracted from volume discharges at
several laboratories; for example, at TRIUMF. We wish to extend this technique to produce
negative beams of a wide variety of ions, from volatile and non-volatile feeds, by combining
the electron suppression and negative-ion extraction geometries developed elsewhere for H"
sources with the microwave plasma generator technology developed at Chalk River.

Our preliminary work has concentrated on modelling suitable magnetic field configurations
in such a source, using the OPERA 3-D code. Ideally, the field must perform three
functions. First, a solenoidal field of about 900 G on axis must be obtained near the r.f.
window to generate a dense plasma. Second, a volume must be created near the extraction
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aperture with a transverse field of about 100 G (the so-called filter field) to enhance the
production of negative ions. Third, a region of transverse field must be generated
downstream of the extraction electrodes to sweep any electrons extracted with the negative
ions out of the beam path, depositing them on a cooled surface.

Experiments have been carried out on the Ion Source Test Stand (ISTS) to pursue some of
these concepts. The standard CRL microwave source was modified to house an array of
permanent magnets in the decel electrode. This array generated a field transverse to the
beam axis, which extends into the plasma generator, providing a weak filter field of about
30 G close to the extraction aperture. The resonant field was provided by two solenoids
surrounding the plasma chamber. The usual polarity of the extraction power supply was then
reversed, and the decel supply was grounded. All other source parameters were set similar
to normal hydrogen-beam operation.

Over a wide range of source operating conditions, high-current electron beams were extracted
and entirely deflected onto the decel electrode. However, there was no evidence of negative-
ion beam generation. We conclude from these tests that the present filter field is either too
weak in the volume of the plasma generator near the aperture to enhance the production of
negative ions, or is overwhelmed by the axial field from the solenoids.

Present modelling work is, therefore, concentrated on a combined solenoid/cusp configuration
that provides a truncated solenoidal field (necessary for efficient plasma generation) near the
r.f. window, with cusp confinement further downstream. A simple filter field can be
generated if the polarity of one of the cusp magnets adjacent to the aperture is reversed, or
if the electron deflector field penetrates into the plasma generator. A demonstration of this
concept should be possible by 1994 November.

4.6.3.3 Non-Volatile Feeds

The permanent-magnet microwave ion source has been modified for the production of beams
from non-volatile feeds, with the immediate goal of producing a Bi" beam for an experiment
at TASCC in 1994 October. An oven capable of operating at up to 1 000°C has been
fabricated and tested. Boron-nitride liners, heated by the source plasma, will prevent
condensation of the feedstock on the walls of the plasma chamber. The source and oven are
now installed on ISTS for Bi+ tests.

The positive-ion beam will be converted to a negative-ion beam in a modern, recirculating,
charge-exchange canal which has been ordered from High Voltage Engineering Europa. The
Bi+ beam will be focused to a waist located in the middle of the canal by a gap lens
positioned at the base of the extraction column.
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TANDEM ACCELERATOR

Operation

J.W. McKay

The performance of the Tandem has been improving consistently over the past few years.
Beam availability, machine reliability and time operating at high voltage remain high (see
Table 4.7.1.1). New energy records were obtained for six beams (see Table 4.7.1.2) during
the reporting period. In addition, high-voltage tests with beam were run in 1994 June. In
these tests, a 100 nA 12C beam was analysed and run without sparks at 15.5 MV, 15.75 MV
and 16.0 MV. Each test was run for an hour. The previous high-voltage record with beam
for our machine was 15.27 MV.

TABLE 4.7.1.1

OPERATING STATISTICS - 1989 TO 1994

Use

Beam available

Beam preparation

Beam development

Planned shutdown

Unplanned shutdown

TOTAL
SHUTDOWN
TIME

Days 14.5 to 15 MV

Days Above 15 MV

Maximum Volts with
Beam (MV)

Time (percent)

1989

61.7

15.8

16.9

5.6

22.5

5

1

15.0

1990

71.8

10.8

15.1

2.4

17.5

0

0

14.3

1991

62.4

13.2

16.3

8.1

24.4

8

0

14.8

1992

70.8

13.4

9.7

6.1

15.8

2

0

14.7

1993

74.6

10.7

12.1

2.6

14.7

19

8

15.27

1994
6 mos.

69.4

12.2

2.8

12.1

3.5

15.6

17

3

#15.17
*16.00

# production run
* test run only
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TABLE 4.7.1.2

BEAMS ACCELERATED BY THE MP TANDEM, 1994 JANURY 1 TO JUNE 30

Isotope

Protons

Helium -4

Lithium-6

Lithium-7

Carbon-12

Nitrogen-15

Oxygen-16

Oxygen-18

Fluorine-19

Sodium-23

Magnesium-26

Aluminum-27

Silicon-28

Silicon-30

Sulphur-34

Chlorine-35

Calcium-40

Titanium-4 8

Nickel-58

Germanium-70

Bromine-79

Iodine-127

Gold-197

Bismuth-209

Uranium-238

Maximum
Current

Injected
(nA)

30 000

640

1 000

"1 550

4 800

" 1 200

600

1 800

240

80

70

"520

" 8 400

220

1 500

1 600

"520

" 1 400

880

740

2 200

3 000

2 700

3 400

"700

Maximum
Current

Analyzed
(nA)

2 400

64

1 200

200

3 100

240

215

600

50

50

30

63

960

28

85

470

100

510

160

280

460

680

130

90

100

Maximum
Energy
(MeV)

2)30.5

8
2)56

10

40

7

64

97

90

125

142
2)152

125
2>178
2)178

88
2)205

220

235

105

130

147

230

93

45

Charge
State

1+

2+

3+

1+

3+

2+

5+

7+

6+

7+

8+/10+

10+

9+

8+/12+

9+/13+

5+

10+/15+

10+/16+

11+/17+

7+

8+

9+

15+

8+

6+
0 New maximum source current
2) New maximum energy

NOTES:
a) Small quantities of 36C1 were also accelerated in the Accelerator Mass Spectrometry
program,
b) Maximums for each beam parameter were not simultaneous.
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4.7.2 Generator

J.W. McKay

The high-voltage test done in early June demonstrated that the Tandem is operating better
than ever before. Individual tube sections are all good, but tube four is significantly weaker
than the rest. The individual sections tested as follows:

Section
Section
Section
Section

1
2
3
4

5.0
5.0
5.0
4.1

MV
MV
MV
MV

Section
Section
Section
Section

5
6
7
8

4.7 MV
5.0 MV
5.0 MV
5.0 MV

There were only three tank openings in the reporting period. In the first week of March, an
opening was required to repair the terminal Y-steerer power supply. Replacement of the
Ti-ball units and some stripper foils was done at the same time. A week later, beam
transmission was drastically reduced and the tank was opened to investigate. The entrance
lens grid was replaced, but the major source of the problem was a broken tube-resistor mount
on tube one.

A scheduled opening in June was used to do much-needed cleaning and charging-system
maintenance. At that time, as a test, the resistor springs in a small section of tube four were
replaced with solid straps. This will reduce the vibration in the system, which can lead to
failure of the resistor's mounts, as happened in March. The solid connection should also
make it easier to maintain proper spacing along the resistor chain. There is no indication of
any problem in this test section to date.

In addition, the tank was vented but not opened in May during a scheduled maintenance
period, to replace the corona points. In the past, corona points have been replaced as
required during scheduled tank openings when the internal scaffolding was installed.
Recently, these maintenance periods have become less frequent. We will now remove the
corona assembly whenever the tank is vented and replace the points outside the tank. The
extension of the corona unit has been checked, and it will be possible to install a pressure-
interlock valve, which would allow corona maintenance to be done without the tank being
vented.

4.7.3 Sulphur Hexafluoride (SF6) Gas System

J.W. McKay

Eight cylinders of SF6 (420 kg) were added to the system in June. This is the only gas
added in the last year. The total SF6 inventory is about 16 000 kg, which allows an
operating pressure in the Tandem of 7.8 atmospheres.
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4.8 BEAM TRANSPORT SYSTEM

4.5.1 Magnets

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

Dipole and quadrupole power supplies located near the Tandem accelerator are electrically
very similar, having been purchased from one supplier approximately twelve years ago, and
have always been susceptible to being tripped off by transients resulting from sparks inside
the Tandem. Various temporary changes to the ON/OFF circuits and the control cable from
the CAMAC module over a number of years suggested that the relay, which turns off the
"logic" power of ±15 VDC and the 5 VDC power supplies that provide power to all the
electronic circuitry, was being energized directly by electrical elevation of the ground
potential during spark transients.

During the first half of 1994, the wire that carries the "logic-OFF" pulse was disconnected
inside the supply that had tripped off most often on a historical basis, and the supply stayed
on during several subsequent Tandem sparks. Since the supplies in this part of the beamline
are ON nearly 100% of the time, this low-voltage-OFF control was judged to be expendable,
and a similar excision was performed on two dipole supplies and ten quadrupole supplies,
all of which are located in the same room under the high-energy end of the Tandem. No
instance of spark-related trips of these supplies has occurred since the modifications were
made. The changes have made it significantly simpler and faster for the operations crews
to restore beam delivery after a Tandem spark, by eliminating the multi-step procedure and
30-minute cycling and settling time for restoration of dipole magnets to their stabilized field
values, along with lesser but significant savings for quadrupole magnets.

Following the improvement in transient resistance, the beamline magnets and power supplies
are operating even more reliably than before, and no new generic faults or aging problems
have been noted.

4.8.2 Vacuum Systems

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

The beamline vacuum system continues to perform reliably, requiring only minor servicing
and routine maintenance. Two ion pumps were replaced and leaky air solenoids for gate
valves require rebuilding at a rate of two to three per month. Beamline roughing valves in
Section lc and 2q are now automatically controlled by their roughing pumps.
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4.8.3 Beam Diagnostic Devices

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

A limit-switch failure of emittance device #1 caused the finger lead-wires to be torn from
the connector. The BPM multiplex system required repairs to a faulty TTL I/O board. Also,
corrupted software tapes and several faulty selection relays were replaced.

4.9 BUILDING SERVICES

4.9.1 Support Services

G.D. Reynolds

A new welded stainless-steel piping system, which extends the deionized-water system to the
ion cages, has been designed and installed. It will be commissioned during the next report
period.

The two 30-hp raw-water-system pump motors have performed well throughout the report
period, after having been overhauled during the last report period. Characteristic to these
Etatech motors is a high operating temperature at rated horsepower (30 hp), which has
historically caused long-term damage. To avoid this, a new operating procedure has placed
both pumps in parallel for simultaneous operation. This increases the pressure each pump
has to work against and reduces the power consumption of each to around 23 hp, which
lowers the operating temperatures to a safe level.

The raw-water depth filters have been re-bedded, resulting in better filtration and
pressure-drop characteristics. New flange-mount-type control valves (Aquamatic) have been
procured as replacements for the existing NPT-mount types now in service. Commissioning
is nearly complete for the newly-installed flow and pressure-measuring instruments for fire
water, raw water, deionized water, service air, and service water. Electrical power and steam
measuring instruments have not yet been specified.

A new feed-through process has been arranged with the Power House, which greatly
minimizes raw-water chiller usage. It is very likely that the use of the present chiller after
1996 July 1 will be prohibited by Ontario Government regulations currently being drafted.
Plans are, therefore, being made for its replacement.

A new intake has been designed and implemented for the facility's oxygen monitors. As a
result, the response time has been improved by a factor of 6, greatly enhancing personnel
safety, and maintenance requirements have been reduced.
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4.9.2 Deionized-Water System

G.D. Reynolds

A new heat exchanger was procured internally from surplus which, when augmented with
additional plates, more than equals the heat exchange capacity of both shell-and-tube heat
exchangers presently in use. This will allow us to perform much needed maintenance work.

A new, larger water pump for the deionized-water system, procured late in the last report
period, was installed and commissioned. At the nominal system pressure of 120 psi, the new
pump delivers 20% more flow with only a 15% increase in motor power.

All four pump motors in the deionized-water system have performed well throughout the
report period. A new pump controller was designed and commissioned. It is a replacement
for the Opto-22-based system, which had become troublesome and unreliable. The new
system uses a standard PID controller to regulate pressure and a custom relay panel to select
overall pumping capacity.

On all pumps in the deionized-water system, the pump-impeller clearances have been
adjusted to increase available pressure, and the pump bases have been adjusted to minimize
vibration. A new, net-positive, suction-head pump-inlet pressure-regulation system has been
designed and implemented to reduce inlet cavitation and flashing.

The dissolved-oxygen removal system has reduced levels of dissolved oxygen to <40 ppb.

A new raw-water to service-water tie-in has been designed and implemented to allow facility
operation during outages of either.

4.9.3 Computerized Maintenance-Management System

L.M. Lindstrom

Work continues on the Computerized Maintenance Management System (CMMS). Almost
all equipment data have been entered into the program, with some maintenance schedules
remaining. The CMMS program is now generating work orders for the equipment with
maintenance schedules, which are in turn distributed to the appropriate departments. A set
of draft operating procedures for the CMMS have been started.

4.9.4 Other Services

J.C. McKay

There were power outages on four occasions in the reporting period. This cost about twelve
hours of downtime.
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4.10 TRAINING

4.10.1 Training for Operators and Specialists-in-Training

E.H. Lindqvist, G.R. Mitchel and J.W. McKay

The trend toward increased reliance on the operators for routine beam development
continues. At the beginning of each production run, when cyclotron beams are to be used
in experiments, some time is devoted to setup, as a training session for operators and
specialists-in-training. In addition, hands-on practice sessions continue for operators in
buncher tuning. We have continued to adhere to the principle that all buncher re-tunes for
previously-developed beams be done with operations personnel at the helm. This was
extended to a special "injection setup run" for new beam development in 1994 January.

E.H. Lindqvist has coordinated an ongoing series of educational talks designed for cyclotron
specialists and operators.

4.10.2 Participation in AECL Research's Education Partnerships
Program and AECL Speaker's Bureau

G.R. Mitchel and DJ. Caswell

G.R. Mitchel gave a presentation to the AECL Educational Partnerships Committee, inviting
them to visit TASCC, and to highlight TASCC on student visits done as part of the Renfrew
County science curriculum.

It was decided that tours for younger groups (e.g., Grades 7-8-9) should be arranged by and
guided by Public Affairs, while older groups (e.g., Grade 12 or OAC) could be given special
tours involving TASCC personnel, with sufficient notice.

A group of teachers and students from the committee visited TASCC in early May. Two
experimental demonstrations were prepared for that visit, one on cryogenics (LN2), by
D.J. Caswell, and the other on beam-magnet interactions, by G.R. Mitchel. The presentations
were entertaining and well-received by teachers and students alike. The demonstrations will
be further refined (the LN2 demonstration will be at the International Ploughing Match in
1994 September) and turned over to the tour guides this fall, for regular use during student
tours.

4.11 REPORTS

L.W. Thomson

Fifteen SCC Notes (Series II) have been written and distributed. Four new TASCC
Instructions have been written and two revised. A project to convert all TASCC Instructions
and facility emergency procedures for input into a program readable on the control room 486
personal computer is 25% complete.
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