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1.1 GENERAL

Not available

1.2 RESEARCH

An experiment to measure the superallowed 0+ -» 0+ branching ratio in the decay of I0C was
repeated to increase the statistical accuracy. It is clear that the Ft value in this decay is
consistent with the set of precise measurements in higher-Z nuclei, and excludes the suggestion
of a Z-dependence. This result implies that the unitarity test of the CKM matrix is unsatisfied.

The yield of 14O from a FEBIAD ion source has been remeasured after the elimination of
components containing carbon. The results showed that 14O atoms are still produced only in
association with molecular clusters and no yield at mass 14 was detectable. Experiments were
performed to understand a lack of consistency in measurement of the lifetime of 19Ne with a tape
transport system. A spurious effect due to escape of activity from the tape under certain
conditions was uncovered, but this effect produced shorter than expected lifetimes, whereas the
problem with the earlier experiment was one of longer lifetimes. Experiments on 42Ti had to be
rescheduled because of difficulties with the 3He beam. In the decay of 55Ni, new weak GT
gamma-branches were observed. This is of interest because of the proximity of 55Ni to the
double shell closure N=Z=28.

Fractional-parentage coefficients in the SU3 scheme have been computed for the sd and pf-shells
in preparation for large-basis shell-model calculations in medium-mass nuclei. Calculations that
suggest an alternative explanation for what appear to be soft El resonances in neutron-halo nuclei
have been shown to be incorrect. Nuclear structure calculations for 27A1 and 39K to predict the
cross-sections for neutralino interactions in mica have been performed. It is hoped that naturally
occurring mica will provide a sensitive detector of neutralinos, which are thought to be candidates
for galactic dark matter. A chapter on "Currents and their Couplings in the Weak Sector of the
Standard Model" for an upcoming book is nearing completion.

The parallel-plate avalanche detector to time events in the focal plane of the Q3D spectrometer
has been used in a pionic fusion experiment. Detector performance was judged excellent and
results show that discrimination can be made between spurious signals and A=24 events from the
reactions 12C (12C, 24Mg)7i0 and 12C (12C, 24Na)7c+. The time scale of nuclear decay can be
determined from velocity correlations between coincident nuclear fragments. The effect of the
emission of primary particle-unbound fragments on the deduced emission time scale has been
investigated in 70Ge + 27A1 reactions at 22.5 and 35̂ 4 MeV. Analysis of centrality-gated
symmetric collisions studied at Michigan State in 1991 has been completed. The main result is
that, whereas at ASA MeV the pseudo temperatures have little dependence on the collision
centrality in mass A-40 and A-70 systems, at 80̂ 4 MeV the pseudo temperatures for central
collisions are higher than those for peripheral collisions.
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A search for rotational bands based on intruder states in 107In did not reveal any candidates. A
DSAM measurement of lifetimes for states in the intruder band in n2Sn resulted in an average
intrinsic quadrupole moment of Qo = 2.6(3) eb for this band. The study of enhanced deformation
bands in nuclei below N=72 has continued with new results in 129Pr and 129Ce. In 129Pr a DSAM
experiment to measure lifetimes (and hence deformation) in the K=9/2 band was performed.
Data analysis is not complete; however, a value for the normal deformed bands of Qo = 3.5 (3)
eb was obtained. In the same data set, the enhanced deformation band in 129Ce was determined
to have Qo = 6.3 (5) eb. The result confirms that the deformation in these special bands below
N=70, which do not contain the oi13/2 intruder orbital, is essentially the same as in those for
l31132Ce which do. A study of high-spin states in 139Pm suggests that the band structure fragments
in a manner suggestive of band termination.

An experiment to compare the GDR (Giant Dipole Resonance) gamma peak for reactions leading
to the same compound nucleus with different isospin in the entrance channel has been completed.
The results show that the more isospin-symmetric channel, 36S + 1MPd, leads to a smaller GDR
strength (by -16%) than the asymmetric channel, '"'Ca + 100Mo.

The known superdeformed band in 143Eu was produced in a reaction with grazing angular
momentum lmax -70 n". The discrete high-spin members of the band were not populated with any
greater intensity than that observed in previous experiments with lmax -55 ft. A search for
superdeformation in 145Eu failed to find any candidates. An experiment to study the spectroscopy
of I55Ho at high spin was completed.

Newly developed 209Br beams at 5.44 MeV and 6.35.4 MeV have been used in Coulomb
excitation studies. The octupole vibrational and gamma-vibrational bands in 238U were seen to
high spins for the first time. A survey experiment with several targets was conducted to see how
this technique could be best exploited in future experiments.

The summer institute at Queen's University is described.

Several new resonances were observed for the first time in a study of resonant coherent excitation
of hydrogen-like 28Si ions channeled in a thin Si crystal.

A number of technical improvements have been made in the AMS program. Studies of the
memory effect of ion-source contamination are described. Measurements of ^Cl and 129I in test
samples submitted by the IAEA have been assessed, and a variety of studies of 36C1 in spent fuel
leachates were made.

The large solid-angle position-sensitive ionization chamber has been used to study near-surface
elemental composition by elastic recoil detection. A wide variety of samples were studied, and
good elemental resolution was obtained.

Experiments to resolve discrepancies between measurements at TASCC and at Notre Dame
University concerning the radiolysis of water were carried out. An exploration of radiation
damage effects in metals with GeV-energy ions was initiated. Experiments were performed to



1-3

study the release of Kr gas from Kr-implanted UO2 and SIMFUEL, and to study radiation
damage in UO2 and SiC. Measurements were made over a range of temperature and dose.

A CCUR 3280 computer was purchased to replace the existing CCUR 3230. Documentation of
the data-analysis software has been completed.

The reactions group are testing prototype Csl detectors to be used in a new 48-element miniball
dedicated to the reactions program.

Work to complete the Penning trap mass spectrometer is proceeding, and the project is currently
40% complete, and almost on schedule.

A simplified ray-tracing code for the Q3D spectrometer has been completed. Progress continues
to be made in analyzing the superconducting cyclotron performance by analytic procedures
involving Lie-algebra.

1-3 INSTRUMENTATION AND FACILITY DEI

Not available

1-4 ACCELERATORS

Accelerator operation was smooth for the Tandem and rather difficult for the cyclotron, similar
to our experience in the previous report period. From an operational viewpoint, the main
achievement was that the cyclotron problems were conclusively traced to specific sources of
contamination. The most hideous culprit was a well-hidden insulator which had broken down;
sparking across this insulator caused r.f. instabilities and vapour deposition on the deflector. All
these problems appear to have been eliminated now, and operation has been extremely smooth
since.

The Tandem operated well over its full operating range. The tank was opened 5 times for
maintenance, versus 3 times in the first half of the year. The cyclotron produced 5 new beams,
yielding a total of 87 available beams. The most notable new beam is 197Au at 14 MeV/nucleon
or 2.75 GeV, the highest energy beam ever produced. At this time, the production of useful
higher-energy uranium beams is still precluded by insufficient bending power of the injection
steering magnets. The cyclotron operated for 11 research experiments for a total of 50 days, in
addition to 23 days for beam development. The facility operated with cyclotron beams almost
for the same time as with Tandem-only beams, a trend we see continuing in 1995.

Good progress has been made on all major development projects. We have commissioned the
installation of automated control of the cryogenics plant, and are within 12 months of
commissioning the new Vsystem-based computer control system for the accelerators. The
development of the ECR ion source for intense negative beams has seen remarkable progress.
In addition, the stability of the cyclotron's main-magnet power supply has been markedly
improved.
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Operating statistics for the facility are provided in Table 1.4.1. Note that overall facility
reliability over the report period was good again, with 500 h (11.5%) unplanned downtime.
Almost half of the unscheduled downtime can be attributed to one single event, the breakdown
of the insulator mentioned above.

TABLE 1.4.1

FACILITY STATISTICS—1994 JULY 4 TO DECEMBER 31

Use

Beam Available

Beam Preparation

Beam Development

Planned Shutdown

Unplanned Shutdown

TOTAL ELAPSED
TIME

Time (hours)

Tandem

2754.2

456.5

287.5

597.5

249.3

4345.0

63.4
%

10.5
%

6.6
%

13.8
%

5.7
%

100.0
%

Cyclotron

595.0

390.0

413.5

2677.0

269.5

4345.0

13.7
%

9.0
%

9.5
%

61.6
%

6.2
%

100.0
%

Facility

2263.2

579.0

404.5

598.5

499.8

4345.0

52.1
%

13.3
%

9.3
%

13.8
%

11.5
%

100.0
%

1.5 PUBLICATIONS. REPORTS. LECTURES AND CONFERENCE CONTRIBUTIONS

Publications:

EVIDENCE FOR OCTUPOLE CORRELATIONS AT HIGH SPINS IN NEUTRON-DEFICIENT
noTe

E.S. Paul, H.R. Andrews, T.E. Drake, J. DeGraaf, V.P. Janzen, S. Pilotte, D.C. Radford and
D. Ward
Phys. Rev. C50 (1994) Rapid Comm. 534

TRANSITION QUADRUPOLE MOMENTS OF HIGH-SPIN STATES IN 170W
F.K. McGowan, N.R. Johnson, M.N. Rao, C. Baktash, I.Y. Lee, J.C. Wells, M. Kortelahti and
V.P. Janzen
Nucl. Phys. A580 (1994) 335
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RECOIL DISTANCE LIFETIME MEASUREMENTS OF STATES IN THE OBLATE DIPOLE
BANDS OF 197'198Pb
R.M. Clark, R. Wadsworth, H.R. Andrews, C.W. Beausang, M. Bergstrom, S. Clark,
E. Dragulescu, T.E. Drake, P.J. Dagnall, A. Galindo-Uribarri, G. Hackman, I.M. Hibbert,
K. Hauschild, V.P. Janzen, P.M. Jones, R.W. MacLeod, S.M. Mullins, E.S. Paul, D.C. Radford,
A. Semple, J.F. Sharpey-Schafer, J. Simpson, D. Ward and G. Zwartz
Phys. Rev. C50 (1994) 84

DEFORMED INTRUDER BAND IN "2Te: FIRST EVIDENCE FOR ROTATIONAL
BEHAVIOUR IN THE TELLURIUM ISOTOPES
E.S. Paul, C.W. Beausang, S.A. Forbes, S.J. Gale, A.N. James, P.M. Jones, M.J. Joyce, H.R.
Andrews, V.P. Janzen, D.C. Radford, D. Ward, R.M. Clark, K. Hauschild, I.M. Hibbert, R.
Wadsworth, R.A. Cunningham, J. Simpson, T. Davinson, R.D. Page, P.J. Sellin, P.J. Woods, D.B.
Fossan, D.R. LaFosse, H. Schnare, M.P. Waring, A. Gizon, J. Gizon, T.E. Drake, J. DeGraaf and
S. Pilotte
Phys. Rev. C50 (1994) 698

ROTATIONAL STRUCTURES IN 106Sn: A NEW FORM OF BAND TERMINATION
R. Wadsworth, H.R. Andrews, C.W. Beausang, R.M. Clark, D.B. Fossan, A. Galindo-Uribarri,
I.M. Hibbert, K. Hauschild, J.R. Hughes, V.P. Janzen, D.R. LaFosse, S.M. Mullins, E.S. Paul,
L. Persson, S. Pilotte, D.C. Radford, H. Schnare, P. Vaska, D. Ward, J.C. Waddington,
J.N. Wilson and I. Ragnarsson
Phys. Rev. C50 (1994) 483

MULTIPLE BAND STRUCTURES AT HIGH ANGULAR MOMENTUM IN IISI: TOWARDS
UNFAVOURED BAND TERMINATION
E.S. Paul, H.R. Andrews, V.P. Janzen, D.C. Radford, D. Ward, T.E. Drake, J. de Graaf, S. Pilotte
and I. Ragnarsson
Phys. Rev. C50 (1994) 741

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

NEW FEATURES OF COLLECTIVE NUCLEAR ROTATION AT VERY HIGH FREQUENCY
INI09Sb
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

ROTATIONAL BANDS AND NEUTRON ALIGNMENTS IN NEUTRON RICH ODD A
CADMIUM ISOTOPES
P.H. Regan, J.S. Middleton, S.M. Mullsin, D.P. Balamuth, J.E. Bush, A. Galindo-Uribarri,
V.P. Janzen, K.R. Pohl, P.E. Raines and D. Ward
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Phys. Rev. C49 (1994) 1885

ROTATIONAL BANDS NEAR THE Z=50 CLOSED SHELL: '^Sb
D.R. LaFosse, D.B. Fossan, J.R. Hughes, Y. Liang, H. Schnare, P. Vaska, M.P. Waring,
J.-y. Zhang, R.M. Clark, R. Wadsworth, S.A. Forbes, E.S. Paul, V.P. Janzen, A. Galindo-Uribarri,
D.C. Radford, D. Ward, S.M. Mullins, D. Prevost and G. Zwartz
Phys. Rev. C50 (1994) 1819

36C1 IN THE LAURENTIAN GREAT LAKES BASIN
J.C.D. Milton, H.R. Andrews, L.A. Chant, R.J.J. Cornett, W.G.Davies, B.F. Greiner,Y. Imahori,
V.T. Koslowsky, J.W. McKay, and G.M. Milton
6th International Conference on Accelerator Mass Spectrometry, Canberra, Sydney, 1993
September 27-October 2, Editors L.K. Fifield, D. Fink, S.H. Sie and C. Tuniz (North Holland),
p.440

AMS MEASUREMENTS OF 36C1 AT CHALK RIVER
H.R. Andrews, V.T. Koslowsky, R.J.J. Cornett, W.G. Davies, B.F. Greiner, Y. Imahori,
J.W. McKay, G.M. Milton and J.C.D. Milton
6th International Conference on Accelerator Mass Spectrometry, Canberra, Sydney, 1993
September 27-October 2, Editors L.K. Fifield, D. Fink, S.H. Sie and C. Tuniz (North Holland),
p.74

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

CHLORINE-36 DISPERSION IN THE CHALK RIVER AREA
G.M. Milton, H.R. Andrews, L.A. Chant, R.J. Cornett, W.G. Davies, B.F. Greiner,
V.T. Koslowsky, Y. Imahori, S.J. Kramer, J.W. McKay and J.C.D. Milton
6th International Conference on Accelerator Mass Spectrometry, Canberra, Sydney, 1993
September 27-October 2, Editors L.K. Fifield, D. Fi

FORWARD ELASTIC RECOIL MEASUREMENTS USING HEAVY IONS
R. Siegele, H.K. Haugen, J.A. Davies, J.S. Forster and H.R. Andrews
J. Appl. Phys. 76 (1994) 4524

BREAKUP OF HIGHLY EXCITED 35C1 PROJECTILES ON GOLD TARGET AT 304 MeV:
AN EXCLUSIVE ANALYSIS
L. Beaulieu, R. Laforest, J. Pouliot, R. Roy, C. St-Pierre, G.C. Ball, E. Hagberg, D. Horn and
R.B. Walker
Nucl. Phys. A580 (1994) 81

A STRONGLY-COUPLED ENHANCED-DEFORMATION BAND IN 131Pr
A. Galindo-Uribarri, D. Ward, T.E. Drake, G. Hackman, V.P. Janzen, S.M. Mullins, S. Pilotte,
D.C. Radford, I. Ragnarsson, N. Schmeing and J.C. Waddington
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Phys. Rev. C50 (1994) Rl

PROTON CONFIGURATIONS AND PAIRING CORRELATIONS AT THE N=80
SUPERDEFORMED SHELL CLOSURE: STUDY OF I45Tb
S.M. Mullins, N.C. Schmeing, S. Flibotte, G. Hackman, J.L. Rodriguez, J.C. Waddington, L. Yao,
H.R. Andrews, A. Galindo-Uribarri, V.P. Janzen, D.C. Radford, D. Ward, J. DeGraaf, T.E. Drake,
S. Pilotte and E.S. Paul
Phys. Rev. C50 (1994) R2261

TESTS OF ISOSPIN MIXING CORRECTIONS IN SUPERALLOWED 0+ -> 0+ p DECAYS
E. Hagberg, V.T. Koslowsky, J.C. Hardy, I.S. Towner, J.G. Hykawy, G. Savard and T. Shinozuka
Phys. Rev. Lett. 73 (1994) 396

THE CHALK RIVER DIFFERENTIAL ALGEBRA CODE "DACYC" AND THE ROLE OF
DIFFERENTIAL AND LIE ALGEBRAS IN UNDERSTANDING THE ORBIT DYNAMICS OF
CYCLOTRONS
W.G. Davies, S.R. Douglas, G.D. Pusch and G.E. Lee-Whiting
International Workshop of Nonlinear Problems in Accelerator Physics, Berlin, Germany, 1992
March 30-April 2, Inst. Phys. Conference Ser. No. 131 (1993) 147, 1993

AN ANALYTIC STUDY OF THE INJECTION STEERING MAGNET FOR THE TASCC
CYCLOTRON
W.G. Davies
AECL-11034
1994 July

NUCLEAR MATRDC ELEMENTS OF AXIAL-CHARGE EXCHANGE CURRENTS DERIVED
IN HEAVY-FERMION CHIRAL PERTURBATION THEORY
T.S. Park, I.S. Towner and K. Kubodera
Nucl. Phys. A579 (1994) 381

QUENCHING OF SPIN OPERATORS IN THE CALCULATION OF RADIATIVE
CORRECTIONS FOR NUCLEAR BETA DECAY
I.S. Towner
Phys. Lett. B333 (1994) 13

NUCLEAR DISASSEMBLY TIME SCALES USING SPACE-TIME CORRELATIONS
M. Aboufirassi, A. Badaia, B. Bilwes, G. Bizard, R. Bougault, R. Brou, F. Cosmo, J. Colin,
D. Durand, J. Galin, A. Genoux-Lubain, D. Guerreau, T. Hamdani, D. Horn, D. Jacquet,
J.L. Laville, J.F. Lecolley, F. Lefebvres, C. Le Brun, O. Lopez, M. Louvel, M. Mahi,
M. Morjean, A. Peghaire, J. Peter, R. Regimbart, G. Rudolf, F. Scheibling, J.C. Steckmeyer, L.
Stuttge, B. Tamain and S. Tomasevic
Proceedings of the XXXII International Winter Meeting on Nuclear Physics, Bormio, Italy, 1994
January 24-28, edited by I. Iori, Ricerca Scientifica ed Educazione Permanente, Supplemento N.
97, (1994) p. 1
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SIMULTANEOUS MULTI-FRAGMENT EMISSION IN CENTRAL Kr+Au COLLISIONS AT
43 AND 60A MeV. SEARCH FOR RADIAL FLOW EFFECTS
R. Bougault, M. Abou&assi, A. Badala, R. Brou, J. Colin, D. Durand, A. Genoux-Lubain,
D. Horn, J.L. Laville, C. LeBrun, J.F. Lecolley, F. Lefebvres, O. Lopez, M. Louvel, M. Mahi,
C. Paulot, J.C. Steckmeyer, B. Tamain, B. Bilwes, F. Cosmo, G. Rudolf, F. Scheibling,
L. Stugge, S. Tomasevic and A. Peghaire
Proceedings of the XXXII International Winter Meeting on Nuclear Physics, Bormio, Italy, 1994
January 24-28, edited by I. Iori, Ricerca Scientifica ed Educazione Permanente, Supplemento N.
97, (1994) p. 28

INTERMEDIATE MASS FRAGMENT EMISSION IN Xe INDUCED REACTIONS
D.R. Bowman, M. Bruno, P. Buttazzo, L. Celano, N. Colonna, J.D. Dinius, M. D'Agostino,
A. Ferrero, M.L. Fiandri, E. Fuschini, C.K. Gelbke, T. Glasmacher, F. Gramegna, D.O. Handzy,
D. Horn, W.C. Hsi, M. Huang, I. Iori, M.A. Lisa, W.G. Lynch, L. Manduci, G.V. Margagliotti,
P.F. Mastinu, P.M. Milazzo, C.P. Montoya, A. Moroni, S.C.C. Ottini, G.F. Peaslee, F. Petruzzelli,
L. Phair, R. Rui, R. Scardaoni, C. Schwarz, M.B. Tsang, G. Vannini and C. Williams
Proceedings of the XXXII International Winter Meeting on Nuclear Physics, Bormio, Italy, 1994
January 24-28, edited by I. Iori, Ricerca Scientifica ed Educazione Permanente, Supplemento N.
97, (1994) p. 38

NUCLEAR MEDIUM EFFECTS IN FIRST FORBIDDEN BETA DECAY
E.K. Warburton and I.S. Towner
Phys. Reports 242 (1994) 103

50Fe BETA DECAY
V.T. Koslowsky, E. Hagberg, J.C. Hardy, H. Schmeing and I.S. Towner
Phys. Lett. B, TASCC-P-94-18

Conference Submissions:

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, D.C. Radford, S.M. Mullins,
S. Flibotte, G. Hackman, J.C. Waddington, T.E. Drake, M. Cromaz and J. deGraaf
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

EVIDENCE FOR OCTUPOLE CORRELATIONS AT HIGH SPINS IN NEUTRON-DEFICIENT
uoTe

E.S. Paul, H.R. Andrews, T.E. Drake, J. DeGraaf, V.P. Janzen, S. Pilotte, D.C. Radford and
D. Ward
Conference on Physics from Large y-ray Detector Arrays, Berkeley, CA, 1994 August 2-6

AN.ENHANCED-DEFORMATION STRONGLY-COUPLED BAND IN 131Pr
A. Galindo-Uribarri, D. Ward, V.P. Janzen, D.C. Radford, T.E. Drake, G. Hackman,
S.M. Mullins, N. Schmeing, J.C. Waddington, S. Pilotte, I. Ragnarsson
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6
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KINEMATIC RECONSTRUCTION OF Hl-y EVENTS USING PARTICLE DETECTORS
J.A. Cameron, J. Jonkman, J. Rodriguez, A. Galindo-Uribarri and the 8TI group
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

HIGH-SPIN MULTI-QUASI-PARTICLE BANDS IN SILVER NUCLEI
P.H. Regan, J. DeGraaf, S.M. Mullins, A.P. Byrne, M. Cromaz, G. Dracoulis, A. Galindo-
Urbiarri, G. Hackman, V.P. Janzen, T. Kibedi, G.J. Lane, S. Pilotte, D.C. Radford, N. Schmeing,
A.E. Stuchbery and D. Ward
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

HIGH SPIN STRUCTURES AND ROTATIONAL ALIGNMENTS IN CADMIUM NUCLEI
P.H. Regan, A.E. Stuchbery, G.D. Dracoulis, A.P. Byrne, G.J. Lane, T. Kibedi, S.M. Mullins,
G. Hackman, D.C. Radford, A. Galindo-Uribarri, V.P. Janzen, D. Ward, J. DeGraaf, M. Cromaz
and S. Pilotte
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

HIGH SPIN SPECTROSCOPY OF 109In
J.H. DeGraaf and the 871 Collaboration
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

A PROTON INTRUDER BAND IN 113In
S. Naguleswaran, U. Garg, K. Lamkin, G. Smith, J.C. Walpe, A. Galindo-Uribarri, V.P. Janzen,
D.C. Radford, S. Pilotte, C. Doste, D.B. Fossan, D.R. LaFosse, T. Morek, P. Vaska, J. DeGraaf,
T.E. Drake and R. Kaczarowski
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

HIGH SPIN SPECTROSCOPY OF "2Sn
J.H. DeGraaf and the 871 Collaboration
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

INTRUDER BANDS TO VERY HIGH FREQUENCIES IN I09Sb and II4Te: SMOOTH
TERMINATION
D.B. Fossan, D.R. LaFosse, H. Schnare, C.W. Beausang, K. Hauschild, I. Hibbert, J.R. Hughes,
V.P. Janzen, S.M. Mullins, E.S. Paul, D.C. Radford, I. Ragnarsson, I. Thorslund, P. Vaska,
R. Wadsworth and M.P. Waring
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

MULTIPLE INTRUDER BANDS AND UNFAVOURED BAND TERMINATION IN I131I5I
E.S. Paul, H.R. Andrews, C.W. Beausang, R.M. Clark, T. Davinson, J. DeGraaf, T.E. Drake,
S.A. Forbes, D.B. Fossan, S.J. Gale, A. Gizon, J. Gizon, K. Hauschild, I.M. Hibbert, A.N. James,
V.P. Janzen, P.M. Jones, M.J. Joyce, D.R. LaFosse, R.D. Page, S. Pilotte, D.C. Radford,
I. Ragnarsson, P.J. Sellin, H. Schnare, J. Simpson, R. Wadsworth, D. Ward, M.P. Waring and
P.J. Woods
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6
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STUDIES OF SUPERDEFORMATION NEAR N=80
S.M. Mullins and the 8TI Consortium
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

STUDY OF ODD-ODD l64Lu AT HIGH ANGULAR MOMENTUM
H.-X. 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, K. Kurtz, A. Galindo-Uribarri,
V.P. Janzen, D.C. Radford, D. Ward, S.M. Mullins, L.H. Yao and S. Pilotte
Conference on Physics from Large y-ray Detector Arrays, Berkeley, California, 1994 August 2-6

TIME SCALE FOR MULTIFRAGMENTATION IN INTERMEDIATE-ENERGY HEAVY-ION
REACTIONS
D. Fox, D.R. Bowman, G.C. Ball, A. Galindo-Uribarri, E. Hagberg, D. Horn, B. May,
L. Beaulieu, B. Djerroud, D. Dore, P. Gendron, E. Jalbert, R. Laforest, R. Roy and C. St-Pierre
CORINNE II International Workshop on Multiparticle Correlations and Nuclear Reactions,
Nantes, France, 1994 Sept. 6-10

TIME SCALE FOR MULTIFRAGMENTATION
D. Fox
Corinne II - International Workshop on Multi-Particle Correlations and Nuclear Reactions,
Nantes, France, 1994 September 6-10

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
Division of Nuclear Physics Fall Meeting, Williamsburg, VA, 1994 October 26-29

A GAS TRANSPORT SYSTEM FOR CALIBRATING THE SUDBURY NEUTRINO
OBSERVATORY (SNO) DETECTOR
B. Sur, E.D. Earle, V.T. Koslowsky, E. Hagberg and E.B. Norman
Division of Nuclear Physics Fall Meeting, Williamsburg, VA, 1994 October 26-29

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
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

AN ENHANCED-DEFORMATION STRONGLY-COUPLED BAND IN 13IPr
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A. Galindo-Uribarri, D. Ward, V.P. Janzen, D.C. Radford, T.E. Drake, G. Hackman,
S.M. Mullins, N. SCHMEING, J.C. Waddington, S. Pilotte and I. Ragnarsson
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

THE 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
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

REDUCTION OF DOPPLER BROADENING BY KINEMATIC RECONSTRUCTION IN HI-y
REACTIONS
J.A. Cameron, J. Jonkman, J. Rodriguez, A. Galindo-Uribarri AND THE Sn COLLABORATION
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

OCTUPOLE CORRELATIONS AT HIGH SPINS - IN II0Te AND U4Xe
V.P. Janzen, A. Galindo-Uribarri, H.R. Andrews, D.C. Radford, D. Ward, E.S. Paul, M. Cromaz,
J. DeGraaf, T.E. Drake, S. Flibotte, J. Rodriguez and S. Pilotte
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

TIME SCALE FOR INTERMEDIATE MASS FRAGMENT EMISSION
D. Fox, D.R. Bowman, G.C. Ball, A. Galindo-Uribarri, E. Hagberg, D. Horn, L. Beaulieu,
B. Djerroud, D. Dore, P. Gendron, E. Jalbert, R. Laforest, R. Roy and C. St-Pierre
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

SUPERDEFORMATION IN NUCLEI
D. Ward
CAM94 Physics Meeting, Cancun, Mexico, 1994 September 26-30

APPLICATION OF LIE-ALGEBRAIC MAPS TO THE ORBIT DYNAMICS OF
CYCLOTRONS
W.G. Davies
Fourth International Conference on Charged Particle Optics, Tsukuba, Japan, 1994 October 3-6

AMS DEVELOPMENTS AT CHALK RIVER
V.T. Koslowsky, H.R. Andrews, R.J.J. Cornett, W.G. Davies, B.F. Greiner, Y. Imahori,
J.W. McKay, G.M. Milton, J.C.D. Milton
Thirteenth International Conference on the Application of Accelerators in Research and Industry,
Denton, Texas, November 7-10, 1994

THE 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
Thirteenth International Conference on the Application of Accelerators in Research and Industry,
Denton, Texas, November 7-10, 1994
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Invited Lectures

CAPABILITIES OF THE NEW GAMMA-RAY DETECTOR ARRAYS AND THE DECAY OF
SUPERDEFORMED BANDS
D.C. Radford
CAP Summer Institute in Theoretical Physics, Kingston, 1994 July 25-29

ENHANCED DEFORMATION BANDS BELOW N=73
A. Galindo-Uribarri
CAP Summer Institute in Theoretical Physics, Kingston, 1994 July 25-29

THE CANADIAN PENNING TRAP MASS SPECTROMETER
K.S. Sharma, R.C. Barber, E. Hagberg, J.C. Hardy, V.T. Koslowsky, G. Savard, M.J. Watson,
F. Buchinger, J.E. Crawford, J.K.P. Lee and R.B. Moore
Nobel Symposium NS 91, "Trapped Charged Particles and Related Fundamental Physics", 1994
August 21-26, Lysekil, Sweden

STUDIES OF SUPERDEFORMATION AND HYPERDEFORMATION WITH THE PARTICLE-
GAMMA FACILITY AT CHALK RIVER
A. Galindo-Uribarri
"Reactions and Spectroscopy, The Interface", for the ACS Meeting, Washington, D.C., 1994
August 21-26

INTRUDERS, EXTRUDERS AND SHELL GAPS
V.P. Janzen
Colloquium at the University of Lund, Lund, Sweden, 1994 August 29

INTRUDER VS. CORE EXCITATIONS ABOVE THE Sn CLOSED SHELL
V.P. Janzen
Symposium on "New Nuclear Structure in the Vicinity of Closed Shells", Stockholm, Uppsala,
1994 August 30-September 3

SUPERDEFORMATION IN NUCLEI
D. Ward
CAM-94 Meeting, Cancun, Mexico, 1994 September 26-29

22 lectures on Weak Interactions
I.S. Towner
Graduate class, Queen's University, Kingston, 1994 September-November

CHARGED PARTICLE OPTICS
W.G. Davies
4th International Conference on Charged Particle Optics, Tsukuba, Japan, 1994 October 3-6
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THE CRL PIONIC FUSION EXPERIMENT
D. Horn
Universite Laval, 1994 October 12

EXOTIC NUCLEI AND NEUTRON HALOS
A. Hayes
University of Minnesota, 1994 October 13

PHYSICS WITH ION TRAPS AT ACCELERATOR FACILITIES
G. Savard
Michigan State University, 1994 November 16
Publications

HIGH MASS TANDEM BEAMS
J.W. McKay
Symposium of North-Eastern Accelerator Personnel 1994 Conference, Kalamazoo, U.S.
1994 October 12

Reports

SCC TEMPERATURE/TRIP CHASSIS OPERATING AND SERVICE MANUAL
P.J. Bunge
TASCC-1-29-001

THE TANDEM ACCELERATOR SUPERCONDUCTING CYCLOTRON
(TASCC) FACILITY SAFETY REPORT
R.L. Brown, W.T. Diamond and H. Schmeing
AECL-MISC-263 (Revision 2)

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

RUN DIARY: 81Br-18 TEST,48Ti-18 PRODUCTION, 209Bi-8 AND 209Bi-10 DEVELOPMENT
(94-7-11/15)
L.W. Thomson
SCC Note (Series II) #64.10

RUN DIARY: Br-18 TEST, DEVELOPMENT OF Au-12, -14 (94-08-23/28)
L.W. Thomson
SCC Note (Series II) #64.11

RUN DIARY: PRODUCTION OF 1-15, Bi-5.4, DEVELOPMENT OF Bi-11.55, -10 AND
Au-12 (94-12-5/18)
L.W. Thomson
SCC Note (Series II) # 143.1
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RUN DIARY: PRODUCTION OF C-45 (94-11-18/21)
L.W. Thomson
SCC Note (Series II) # 156.2

RUN DIARY: DEVELOPMENT OF Bi-5.4 AND Bi-6.35 (94-07-24/29)
L.W. Thomson
SCC Note (Series II) #193.1

RUN DIARY: PRODUCTION OF 0-36.5, Si-27 (94-09-12/23)
L.W. Thomson
SCC Note (Series II) # 194

RUN DIARY: DEVELOPMENT OF Au-14, PRODUCTION OF 0-36.5 (94-09-23/24)
L.W. Thomson
SCC Note (Series II) # 195

RUN DIARY: DEVELOPMENT OF Au-12, -10, PRODUCTION OF Au-10 (94-10-13-22)
L.W. Thomson
SCC Note (Series II) # 197

A RADIOACTIVE BEAM FACILITY AT TASCC? TENTATIVE LAYOUTS
USING A SMALL COMMERCIAL CYCLOTRON
E.H. Lindqvist
SCC Note (Series II) #198

RUN DIARY: Au-12, -10 DEVELOPMENT, Au-8 PRODUCTION (94-10-13/22)
L.W. Thomson
SCC Note (Series II) # 199

EVENT INVESTIGATION COURSE, 1994 OCTOBER 22-26
L.W. Thomson
SCC Note (Series II) #200

RUN DIARY: PRODUCTION OF74Ge-4.03 AND 12C-23 (94-11-2/15)
L.W. Thomson
SCC Note (Series II) # 201

TASCC Instructions

TETRODE TEST STAND OPERATING AND MAINTENANCE INSTRUCTIONS
S.G. Whittle
TASCC Instruction 4.1.0.01
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PROCEDURE FOR STEERING CYCLOTRON BEAMS WITH THE NEW X-Y
EXTRACTION STEERERS
E.H. Lindqvist
TASCC Instruction 5.07 (Revision 2)

D-TUBE 64" EXTENSION INSTALLATION AND REMOVAL PROCEDURE
R.R. Tremblay
TASCC Instruction 4.2.25

CRYOPUMP OPERATION
R.R. Tremblay and L.W. Thomson
TASCC Instruction 4.2.02 (Revision 11)
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2.1 TASCC DIVISION

Director:
Administrative Assistant:

J.C. Hardy (1)
R.J. Elliott

2.2 NUCLEAR PHYSICS BRANCH

Branch Manager:
Administrative Assistant:

J.S. Geiger (2)
H.C. Yeas

Professional Staff

H.R. Andrews
D.R. Bowman
G.C. Ball
W.G. Davies
J.S. Forster
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D. Horn
AC. Hayes-Sterbenz (3)
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R.W. MacLeod (4)
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G. Savard
IS. Towner
D. Ward

Technical Staff
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RE. Howard
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L.V. Smith
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R.W. Stalkie
M.G. Steer
G.A. Tapp
M.J. Watson
T.G. Whan



2-2

Research Associate

D. Fox
A. Galindo-Uribarri
T. Nakatsukasa (5)

Students

K. Yamazaki Technical Queen's
C. Hulan Co-op Acadia

Attached Staff

K. Aarts (6)
J. Andersen
J. Cameron (7)
M. Cromaz
J.A. Davies
J. DeGraaf
T.E. Drake
S. Flibotte (8)
J. Gray
G. Hackman
J. Jonkman
S.M. Mullins
S. Pilotte
J. Rodriguez
R. Roy
N. Schmeing
K.S. Sharma
C. St-Pierre
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J.C. Waddington
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2.3 TASCC ACCELERATORS AND DEVELOPMENT BRANCH
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Administrative Assistant

H. Schmeing
D.A. Denny

Professional Staff

W.T. Diamond
B.F. Greiner
Y. Imahori
E.H. Lindqvist
J.W. McKay
G.R. Mitchel
G.D. Reynolds
L.W. Thomson
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Technical Staff

G.L. Backmeier
P.J. Bunge
G.L. Caldwell
D.J. Caswell
L.M. Lindstrom
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Supervisors
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J.M.L. Godin
RJ. Kennedy
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(1) Assumed responsibility for the Nuclear Physics Branch in addition to his divisional
responsibilities.

(2) Retired 1994 July 28.
(3) Returned from maternity leave 1994 July 25.
(4) Terminated 1994 July 5.
(5) Started 1994 September 7.
(6) Terminated 1994 August 6.
(7) Started 1994 June 1.
(8) Started 1994 December 8.
(9) Visitor— 1994 October 1-31.
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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, DC. Radford and
IS. Towner (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)

As proposed in the previous reporting period (PR-TASCC-8: 3.1.1; AECL-11132), a second
week-long experiment using the 8TC spectrometer to measure the 0+ -> 0+ superallowed branching
ratio in 10C has been performed using the new technique developed and tested at TASCC
(PR-TASCC-7: 3.1.1; AECL-11028). Combing both experiments gives a total statistical accuracy
of 0.14% for the superallowed branch. The systematic errors were controlled and accounted for
at the 0.1% level. A letter describing the experimental technique and assessing the influence of
this measurement on the CVC test and on the unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix has been accepted by Physical Review Letters.

From our analysis it appears that this new measurement does not support attempts to explain the
apparent non-unitarity of the CKM matrix by adding an additional Z or Z2 term to the theoretical
corrections applied to the experimental data. The addition of 10C to the set of precisely measured
superallowed 0+ -» 0' P-decay emitters leaves us with an unsatisfied CKM matrix unitarity test.
We must therefore reexamine the possible implications of such a non-unitarity which range from
the trivial (possibly an inadequate evaluation of V^ for example) to more profound extensions
to the standard model.

3.1.2 Investigations of Possible Systematic Errors in the Measurement of 14O and
19Ne Halflifes

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

Earlier measurements of I4O yields from a FEBIAD ion source (see PR-TASCC-7; 3.1.2; AECL-
11028) revealed that 14O predominantly formed molecular beams at masses 26 (12C 14O) and 42
(12C 16O 14O) and that other activities, such as 15O, 13N and n C (all without characteristic y
rays), were also present at these masses. Consequently, sample purity, essential for precise
halflife measurements could not be assured. We have measured the yield of 14O (at mass 14)
from a FEBIAD ion source that contained no C components, the aims being to minimize the
molecular beam component and to perhaps enhance the yield at mass-14. The 14O was produced
by bombarding an external C foil with a 25 MeV 3He beam. The recoils were implanted into
a hot Re catcher located in the ion source. As expected, the molecular yields of 14O were
significantly reduced, nevertheless, no 14O was observed at mass 14.
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Figure 3.1.1.1 Solid points are the J\ values for the eight precisely measured superallowed
0+ -»- tf+ P-rf^«y emitters (*O, 26mAl, 34O, 38mK, 42Sc, 46V, 50Mn and 54Co) plotted as a
function of the Z of the daughter nuclei The open point is the new 10C Jt-value. The full
line is the result of a one-parameter fit to the data set before the addition of the 10C point The
dashed lines are the corresponding best two- and three-parameter fits.

In an experiment to re-measure the half-life of 19Ne (-17.2 s) (see PR-TASCC-8: 3.1.2; AECL-
11132) one of seven runs exhibited an anomalously high and unexplained half-life. We have
repeated the measurement in order to understand the discrepant result. Since inert gases diffuse
readily in substrates, the idea of the experiment was to see if there was an apparent dependence
of the lifetime on depth by implanting the activity at three different energies, 45,33, and 23 keV.
The first implantations at 33 keV were into an aluminized KAPTON tape and the results showed
an additional short-lived (~5 s) decay component that was not observed in the earlier experiment.
This was subsequently traced to poor surface conditions of the aluminum layer which, through
use, had become badly scratched and worn. After replacing the tape, the short-lived component
vanished, and results similar to the earlier measurement at all three implantation energies were
obtained. However, the short-lived diffusion component does not explain the discrepant longer
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lifetime measured earlier. For the moment, it appears that the bias introduced by diffusion cannot
be controlled sufficiently well to enable a half-life determination for 19Ne at the 0.1% level.

3.1.3 First-forbidden 0+-» 0" p-decay of 42Ti

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

The 0+ ~> 0" 3-decays of 42Ti and 38Ca have been presented by Warburton et al (Ann. Phys. 187
(1988) 471) as excellent candidates to extract information about enhancement of the axial-charge
operator in the A=40 mass region. Two experiments were scheduled in the reporting period to
study the decay of 42Ti. The first experiment was an eight hour test where we used a (3He,n)
reaction on natural calcium targets and the helium-jet transport system to observe the decay of
42Ti. In this short test, we measured a production rate of roughly 13000 42Ti atoms/s with an
unsteady 0.5 uA 3He beam and were able to observe the two known 3-branches and three new
weak branches.

A complete run was scheduled at the end of the reporting period to study this decay in detail but
because of technical difficulties, no 3He beam was obtained. The experiment will be repeated in
the next schedule after further beam development.

3.1.4 The Decay of S5Ni

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

55Ni is a member of the Tz=-V2 series of fp shell nuclides. These short-lived nuclides decay
predominantly by a mixed Fermi and Gamow-Teller superallowed beta-decay branch to their
respective mirror states, i.e., the ground state of the daughter nucleus. Only in the case of 55Ni
are no other decay branches known. A measurement of the allowed GT beta-decay branches
from 55Ni to excited states in 55Co are therefore of interest which is heightened by the proximity
to 56Ni and its relevance to the shell-model description of the 56Ni shell closure.

We produced 55Ni with a 3He beam incident on eight 54Fe targets and transported it with our He-
jet system. Samples containing S5Ni were deposited on an aluminized tape and moved every
700 ms to our weak-branching-ratio setup consisting of a large HPGe counter and two plastic
scintillators (PR-PHS-P-9: 3.1.2; AECL-10196). The branches we are searching for are expected
to have intensities of about 0.5% of that of the dominant ground-state branch.

In the reaction chosen, 54Co was also produced. Its decay was also dominated by a strong ground
state beta branch and its half-life is very similar to that of 55Ni. However, there is a 4.6 MeV
difference in the production Q-value for the two nuclides. We measured the excitation function
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for y rays from 54mCo as well as that for overall J3 activity. At beam energies above 25 MeV
the production of 54Co is dominant. At beam energies of 18-25 MeV a broad shoulder is seen
in the excitation function for P activity and we assign it to the production of 55Ni.

Three shifts were spent taking data at 20 MeV. Three y-ray peaks were seen that agree with
known energy levels in S5Co. They indicate the existence of three new, weak GT branches in
the decay of 55Ni. Previous reports on the half-life of 55Ni range from 150 ms to 220 ms. Our
y-ray data, which shows none of the known strong y rays from 193 ms 54Co, favours the higher
values.

3.1.5 SU(3) CFP Coefficients for the sd- and pf-shells

A.C. Hayes (Nuclear Physics Branch)
D. Strottman (Los Alamos National Laboratory)

The description of deformed nuclear states within a shell model framework is generally not
practical because of the very large number of basis states required. However, the SU(3)
classification scheme allows a truncation of the model space according to the quadrupole
deformation of the basis states. At present SU(3) codes exist only for nuclei close to 16O. To
expand these codes to study medium mass nuclei we have calculated all the required coefficients
of fractional parentage in the SU(3) coupling scheme for the entire sd- and pf-shells. These will
allow us to study the structure of collective states in this mass region from a completely
microscopic viewpoint.

3.1.6 Analysis of the Proposed Sequential Decay Mode of Three-body Nuclei

A.C. Hayes (Nuclear Physics Branch)
S.M. Sterbenz (Los Alamos)

Recent three-body calculations by Csoto (A. Csoto, Phys. Rev. C49 (1994) 3035, and Phys. Rev.
C4? (1994) 2244) have questioned the existence of soft El resonances in halo nuclei. In order
to explain the experimental evidence for soft El resonances Csoto has proposed an alternate
mechanism wherein the sequential decay of a three-body nucleus, through resonances in the
two-body sub-system, can lead to relatively narrow peaks in inclusive excitation functions. We
have analyzed this proposed mechanism and have shown that it cannot lead to narrow structures
in excitation spectra. The experimental signature for the sequential decay through resonances in
the A-l subsystem are blurred by the removal of energy by the spectator nucleon. We have
shown that the suggested mechanism leads to incorrect predictions in other experiments, and have
concluded that the apparent success of the mechanism in explaining the observed energy of
excited states in nLi and 6He is accidental.
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3.1.7 Neutralino-Nucleus Cross-sections for 39K

I.S. Towner (Nuclear Physics Branch)
J. Engel (University of North Carolina)

Heavy neutral supersymmetric fermions frequently called neutralinos are promising candidates
for galactic dark matter. A variety of experiments to detect these non-relativistic weakly-
interacting particles is under development, and their interpretation will rely on an understanding
of neutralino-detector cross-sections. At Berkeley, a survey of 80 samples of 720 um2of0.5 Gyr
old muscovite mica found no evidence of etched neutralino-recoil tracks (Snowden-Ifft, Freeman
and Price, preprint). This enables limits to be set on the mass and cross section of neutralinos,
which are comparable to the best limits from experiments with Ge detectors. Unlike the Ge
detectors, however, the mica method is not background-limited, and the present limits may be
reduced by 5 orders of magnitude.

Muscovite mica is primarily composed of ^(1=1/2), 16O(I=0), 27Al(I=5/2), ^ S i ^ O ) and
39K(I=3/2), where I is the ground-state nuclear spin. The neutralino-mica cross-sections comprise
a spin-independent component that is coherent and proportional to the square of the nuclear mass,
and a spin-dependent component. To estimate the latter requires a detailed nuclear-structure
calculation. For ^Al, a standard shell-model calculation was performed, while for 39K, which
may be regarded as a proton-hole in a closed-shell nucleus, second-order perturbation theory was
used. In both cases there is a renormalization of the spin operator that reduces the calculated
cross-section below the single-particle estimates.

3.1.8 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 90% of the chapter has been written. Topics 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
(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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3.1.9 Weak Interactions

I.S. Towner

As part of his duties as an adjunct professor at Queen's University, I.S. Towner gave a course
of 22 lectures on weak interactions to a graduate class during the 1994 Fall term. The course
started with the derivation of the Dirac equation and covered, in detail, pion- and muon-decay,
W- and Z-boson decay, neutrino-electron scattering, neutrino absorption by nuclei, beta decay,
double beta decay and neutrino oscillations. These lectures were intended to provide theoretical
background for those working on the SNO project.

3.1.10 Pionic Fusion Search

D. Horn, G.C. Ball, D.R. Bowman, W.G. Davies, D. Fox, A. Galindo-Uribarri and
G. Savard (Nuclear Physics Branch)
L. Beaulieu, Y. Larochelle and C. St-Pierre (Universite Laval)

The parallel-plate avalanche counter (PR-TASCC-8: 3.2.7; AECL-11132), built to identify
background contributions in our search for pionic fusion (PR-TASCC-6: 3.1.16; AECL-10908),
was installed and commissioned in the Q3D spectrometer focal plane. Performance of this timing
detector was tested with a bunched 24Mg beam of 138 MeV nominal energy from the Tandem
Van de Graaff accelerator. TASCC Accelerators and Development Branch staff measured a
bunch width of 500 ps full width at half maximum, and an energy of 137.1 ± 0.3 MeV. The
time width observed in the detector, relative to the buncher r.f, was about 1 ns. Since this
included the initial bunch width and the subsequent spreading due to different trajectories in two
beam-line dipole magnets and in the Q3D spectrometer, sub-nanosecond timing was clearly
achieved in the detector. Ray-tracing calculations for the Q3D show that a ±1° (horizontal)
spectrometer acceptance corresponds to a maximum variation in path length of 26 cm, or about
8 ns for residues of the pionic fusion reaction being investigated. The time-of-flight resolution
was therefore more than adequate to identify the residue or, given the identification, to determine
the residue's emission angle to within 0.25°. The position response of the detector, based on
comparison of the signals from the two ends of the resistive foil plane, was non-linear, but did
demonstrate good resolution (2 mm full width at half maximum over a 600-mm counter).

The pionic fusion measurement was performed a few weeks after detector commissioning. A
beam of 274 MeV 12C from the superconducting cyclotron was maintained at a current of about
30 (particle) nA for most of the 5-day experiment. This permitted accumulation of data from
8 x 1015 carbon ions incident on an 860-ug/cm2 12C target at each of four spectrometer field
settings, in addition to a number of contaminant measurements and calibration runs. The superb
time resolution discussed above proved valuable in identifying reaction products and
reconstructing their trajectories through the spectrometer.
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Preliminary analysis has revealed background events in the 23 ^ A £ 25 region, which could not
come from 12C + 12C fusion reactions. One obvious explanation, namely oxygen contamination
on the target, was investigated by substitution of a WO3 target for the 12C target. The reaction
rates observed with the oxide target were insufficient to explain the heavy products, given the
target assay by Forster et al (see 3.1.30), which measured the oxygen contamination of the 12C
target to be less than one part per thousand. Further work is necessary to identify and eliminate
these background events before estimates can be made of a A=24 yield from the 12C(12C,24Mg)7t0

and l2C(12C,24Na)ic+ reactions.

3.1.11 Effect of Particle-Unbound States on the Measurement of Intermediate-Mass
Fragment Emission Time Scales

D. Fox, D. R. Bowman, G. C. Ball, A. Galindo-Uribarri, E. Hagberg, 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)

Since June 1994, we have continued our analysis of intermediate-mass fragments (IMFs:
3 < Z < 20) emitted from ^Ge+^Al reactions at E=2Z4 and Z5A MeV, and TOGeV"*Ti reactions
at E=35^ MeV (PR-TASCC-7: 3.1.12; AECL 11028 and PR-TASCC-8:3.1.10; AECL-11132).
The main goal of these two experiments is to measure the time scale for IMF emission from the
decaying nuclear system formed in intermediate-energy heavy-ion reactions. We extract the IMF
emission time scale from IMF-IMF correlation functions which measure the final-state Coulomb
interaction between the emitted fragments. Since our previous report, we have examined the
effect of decays of particle-unbound states on the correlation functions.

The IMF-IMF correlation function R(vred) is defined in terms of the ratio of the coincidence yield,
Y12, to the product of the single particle yields, Yj and Y2:

Yafeifc)
P1.P2

P1.P2

where p t and p2 are the laboratory momenta of IMFs 1 and 2, vred is the reduced velocity given
by vred=vrel/Vz1+Z2= (p/n^ - p2/m2)Nz1+Z2, and C is a normalization constant determined by the
ratio of the number of counts in the numerator and denominator. The atomic mass numbers of
the IMFs are assumed to be twice their charge.
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In Figure 3.1.11.1 (a) the correlation functions for Li-Li and B-B pairs are shown for the
E=22A MeV 70Ge+27Al reactions. Both correlation functions are near unity for large values of
vted, and fall to zero with decreasing v ^ . This effect at small vred known as a "Coulomb hole"
results from the final-state Coulomb interaction between the IMFs. Fragments emitted far apart
in space or time will have narrower Coulomb holes due to a weaker final-state interaction
compared to fragments emitted close together in space or time. The Li-Li pairs have a smaller
Coulomb hole than the B-B pairs, which would seem to indicate a longer mean emission time
for Li fragments than for B fragments. Some fraction of the Li fragments may, however, come
from the decay of particle-unbound states of other IMFs, and not from primary emission from
the interaction region. To illustrate this possibility the data for oc-Li pairs are also shown in
Figure 3.1.11.1 (a). The a-Li correlation function has a series of peaks, indicated by arrows,
corresponding to particle-unbound states in 10B. To simulate the effect, if any, of the decay of
particle-unbound states of 10B on the Li-Li correlation functions, a set of 3-body calculations has
been carried out. In these calculations, the decaying source emits only Li fragments, or both Li
and B fragments. In the latter case, the B fragments are allowed to decay into an a and a Li.
In Figure 3.1.11.1 (b) we show the calculated correlation functions for Li-Li pairs with and
without allowing the 10B to decay. The effect of including Li fragments which originate from
unbound states in 10B is to shift the correlation function to lower vred by A vred * 0.002c
compared to the correlation function calculated without allowing 10B fragments to decay.

We plan to extract the mean emission time for IMF emission by means of 3-body Coulomb
trajectory calculations. We will also continue to examine the effect of the decay of
particle-unbound IMFs on the correlation functions.

3.1.12 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, IS . Winfield, J. Yee and S. Yennello
(NSCL and Michigan State University)

The analysis of the experiment carried out at Michigan State University in 1991 September (PR-
TASCC-8: 3.1.8; AECL-11132) has been completed. Average pseudo temperatures and relative
cross sections for light ions were obtained as a function of impact parameter from the data
obtained at 40° and 52° in symmetric-mass collisions for A«40 and A«70 systems at beam
energies of 45A and 80./* MeV. In general, both the pseudo-temperatures and the relative cross
sections were found to be independent of the system mass. At 45̂ 4 MeV, the pseudo-
temperatures and relative cross sections were also insensitive to the impact parameter or centrality
of the collision. However, at 80/4 MeV the pseudo temperatures observed for peripheral
collisions were significantly lower than those measured for central collisions.
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Figure 3.1.11.1(a) Experimental Li-Li (solid points), a-Li (solid squares), and B-B (open
points) correlation functions for 70Ge+27Al at E/A=22 MeV. The arrows indicate the location
of particle-unbound states in 10B, and arrows joined by a horizontal line indicate the location
of multiple, unresolved, states, (b) Li-Li correlation functions from a 3-body calculation which
exclude (solid points) or include (open points) Li fragments coming from the decay of unbound
states of10R
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A comparison of the results from this experiment with the predictions of various theoretical
models including the Boltzmann-Uehling-Uhlenbeck model is in progress.

3.1.13 Search for Collectivity and Band Termination in 107In

V.P. Janzen, D.C. Radford and A. Galindo-Uribarri (Nuclear Physics Branch)
J. DeGraaf, T.E. Drake (University of Toronto)
S. Mullins (McMaster University)

The In isotopes, with Z = 49, lie immediately below the Sn closed shell, and their low-spin states
are well described by the non-collective shell model. Nevertheless, recent experiments with the
871 spectrometer have revealed excited rotational bands extending to high spin in 109»lu>113in (e.g.,
S.M. Mullins et al., Phys. Lett. B318 (1993) 592). Generally speaking, these bands fall into three
categories:

(i) AI = 1 proton g9/2 bands, based on 9/2+ bandhead states, and resembling the proton g9/2

bands found in the Sb (Z = 51) isotones,

(ii) AI = 2 proton g7/2 bands, based on 7/2+ bandhead states, and resembling ground-state
bands in the Cd (Z = 48) isotones, and

(iii) AI = 2 proton h11/2 bands, resembling proton h11/2 bands found in the Sb isotones.

Bands of type (i) have been observed in odd-A 109"mIn, bands of type (ii) in 109>113In, and a
single band of type (iii) has been reported, in n iIn. These results are inconsistent with
cranked-shell model calculations, which predict that for spin -19/2 IT the three structures should
lie at similar excitation energies in 107'nsIn. Of further interest, calculations describing unpaired
high-spin configurations (A. Afanasjev and I. Ragnarsson, (1994) priv. comm.) suggest that the
effects of "smooth band termination" may be observable at high spin in 105>107In. The predicted
terminating spins are 8-to-10 Ti" lower than reported in 109Sb (V. Janzen et al., Phys. Rev. Lett.
(1995) in press)mainly as a result of the reduced proton number. The present study of 107In was
proposed in order to search for the predicted intruder-type bands and, if found, investigate band
termination.

From previous trial runs (PR-TASCC-4: 3.1.11; AECL-10674), and an excitation function, the
56Fe(58Ni,a3p)107In reaction at a beam energy of 270 MeV was chosen. The emission of four
charged particles was most probable, leading to 107In (ot3p exit channel) and 110Sn (4p exit
channel). Other residual nuclei were populated with smaller intensity, notably 108Sn (a2p exit
channel), n i Sb (3p exit channel) and 109Sn (4pn exit channel). It was difficult to determine the
population strength of odd-odd ll0Sb (3pn exit channel), since there is little existing information
concerning gamma-ray transitions in that nucleus.
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Gamma-ray coincidence events were acquired with the 871 spectrometer, using both thick
(800 ugm/cm2) Au-backed and thin (2 x 300 ugm/cm2) target foils. After applying conditions on
the BGO-ball sum energy (H > 20 MeV) and fold (K > 5), the backed- and unbacked-target data
were sorted into gamma-gamma matrices which contained approximately 24 x 106 and 124 x 106

counts, respectively (symmetrized).

Preliminary analysis has revealed many new transitions assigned to 107In, including irregular
band-type structures with AI = 1 transitions. At this time no AI = 2 rotational bands have been
found which extend to high spin. Analysis is in progress.

3.1.14 Lifetimes of High-spin Intruder States in n 2Sn

J. DeGraaf, M. Cromaz and T.E. Drake (University of Toronto)
V.P. Janzen, A. Galindo-Uribarri, D.C. Radford and D. Ward (Nuclear
Physics Branch)
S. Mullins, S. Flibotte, G. Hackman, J. Rodriguez, J.C. Waddington and
L. Yao (McMaster University)
I. Hibbert and R. Wadsworth (University of York, U.K.)
S. Pilotte (Universite Louis Pasteur, Strasbourg)

In PR-TASCC-07: 3.1.23; AECL-11028, we reported results from two experiments; (1) high-spin
spectroscopy, following the reaction 10°Mo(18O,6n)I12Sn at 94 MeV with an unbacked target foil,
and (2) lifetime measurements with the Doppler Shift Attenuation Method (DSAM), following
the reaction 94Zr(23Na,p4n) at 120 MeV with a Au-backed target. Although the production
cross-section in the first experiment was suitable, the low angular momentum meant that states
above spin 20 IT were weakly populated. Therefore, to extend the unbacked-target spectroscopy
to higher spin, and to provide the appropriate feeding intensities to be used in the lifetime
analysis, we have performed an experiment with the ^Na-induced reaction and an unbacked
target. Gamma-rays were detected with the 8TI spectrometer; after applying a condition on the
BGO-ball sum-energy, H > 14 MeV, approximately 160 x 106 two-fold HPGe coincidences were
sorted into an Ey-Ey matrix, which was examined with the use of the code ESCL8R (D.C.
Radford, Nucl. Instr. & Meth., in press).

A sum of gamma-ray spectra gated on yrast-band transitions is shown in Figure 3.1.14.1, and a
preliminary level scheme is shown in Figure 3.1.14.2. Three of the four intruder-type rotational
bands reported previously (H. Harada etal, Phys. Lett. B207 (1988) 17 and RIKEN Accel. Prog.
Rep. 19 (1985) 20) have been extended in this experiment, by 10 fT in the case of theyrast band.
A fourth band has been found, which decays to yrast states in the spin range 18+ to 26+ but with
no detectable connecting transitions. The band on the left of Figure 3.1.14.2, has been assigned
to 112Sn based on coincidence relationships with the low-spin states.

Doppler-broadened lineshapes were fit with the computer code DSAMFT-OR (original code by
J. Bacelar, modified by J. Gascon and J.C. Wells; J.C. Wells (private communication). The
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quadrupole moment and side-feeding characteristics of each state were varied independently. An
example of observed and fitted lineshapes for the forward and backward rings of HPGe detectors
is shown in Figure 3.1.14.3. The preliminary result for the average transition quadrupole moment
over the spin range 18* to 26* is 2.6(3) eb, where the quoted error is due to statistical uncertainty
only.

Lineshape analysis of transitions in the yrast band of m S b , the isotone of 112Sn populated via
the 4n exit channel, is also being carried out. A comparison of the two results is expected to
yield information on the deformation-driving influence of the proton h11/2 orbital, which is
occupied in 113Sb but not in 112Sn.

3.1.15 Study of the Enhanced-Deformation Band in 129Pr: Lifetime Measurements

A. Galindo-Uribarri, D. Ward, V.P. Janzen and D.C. Radford (Nuclear Physics
Branch)
S.M. Mullins and S. Flibotte (McMaster University)
M. Cromaz, J. De Graff, and T. Drake (University of Toronto)

This study is a continuation of our work in 129Pr (PR-TASCC-8: 3.1.14; AECL-11132). A new
experiment was performed to investigate the properties of the enhanced-deformation (ED) band
proposed in 129Pr (A.N. James & D.C.B. Watson in Proceedings of the Int. Conf. on Nuclei far
from Stability, Rosseau Lake, 1988, ed. I.S. Towner) which would be analogous to the ED band
in 131Pr (A. Galindo-Uribarri, Phys. Rev. C50 (1994) R2655). Study of the band in 129Pr is
important to explore the existence of enhanced deformation in this mass region, which we believe
does not involve the iI3/2 neutron intruder orbital. The determination of the band structure of this
N=70 nucleus is also important to extend the systematics of the neutron deficient light rare earth
nuclei towards the proton drip line.

We measured lifetimes in this nucleus by the Doppler-shift attenuation method (DSAM).
High-spin states in 129Pr were populated via the reaction I04Pd(28Si,p2n). An 800 ug/cm2 104Pd
target on a 10.1 mg/cm2 Pb backing was bombarded with a ^Si beam at an energy of 125 MeV.
The palladium and the lead were separated by an Al buffer of 40 ng/cm2. Nuclei produced in
the reaction recoiled through the target and slowed down and came to rest in the lead backing.
We accumulated approximately 2.5x108 events characterized by two-fold and higher Ge
coincidences and multiplicity 10 or higher in the BGO ball.

Channel fragmentation is a problem for spectroscopic studies in this mass region. Typical
heavy-ion evaporation reactions used to investigate highly deformed bands populate a large
number of channels. For example, in a previous study of l33Nd with the 871 spectrometer and the
array for light fragments (miniball), and using the reaction 32S on 105Pd at 155 MeV, up to 20
residual nuclei were identified (A. Galindo-Uribarri Prog, in Part, and Nucl. Phys. 28 (1992) 463,
Pergamon, New York, ed. A. Faessler). However, our study of 131Pr (A. Galindo-Uribarri, Phys.
Rev. C50 (1994) R2655.) demonstrated that the bandhead of the enhanced deformation (ED) band
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Figure 3.1.14.3. Observed and fitted lineshapes for the 1149-keV 22*-to-20* transition in mSn.
The fit corresponds to an in-band transition quadrupole moment of 2.4 eb and a
side-feeding-band quadrupole moment of 3.9 eb.

in that nucleus is at low excitation energy and low spin suggesting that similar structures could
be populated in reactions with relatively low angular momentum. The advantage is that fewer exit
channels are open and with the selectivity of the 8n BGO ball, clean final matrices can be
obtained. Figure 3.1.15.1 shows the total energy H spectra gated by transitions in nuclei formed
via the 2-, 3-, and 4-particle exit channels. The large differences in these spectra allow a good
channel selection. Channels with 4 particles emitted were almost completely suppresed by the
requirement of the H parameter being greater than 20.

The information from this experiment is complimentary to the thin-target data (PR-TASCC-8:
3.1.14; AECL-11132). A comparison of the data is shown in Figure 3.1.15.2 which gives a
sample spectrum from the present data and from the thin-target experiment. The figure shows low
energy spectra in coincidence with the Ml transition y250 keV of the enhanced deformation (ED)
band in 129Pr. The y255 keV transition is stronger in the backed target data than in the thin target
data, confirming that this transition is emitted from an isomeric state. In the thin target case the
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nuclei recoiled to a backstop where delayed gamma-rays were almost out of the view of the
HPGe array. This is consistent with an experiment to search for delayed decays between
rotational bands in this region (A.N. James et al., Daresbury Annual Report 1989/90 p. 25) where
an isomeric state with a lifetime of about 60 ns emitting a 2SS keV y-ray was observed.

The y-y lead-backed data were sorted into two 4k x 4k matrices with an H > 20 condition on
the BGO sum energy containing events from all detectors against events in detectors at +37° or
-37° (closest to the beam axis). A centroid shift analysis was carried out for the 129Pr yrast band.
The experimental F factors obtained by dividing the average recoil velocity at which the y-rays
were emitted by the average initial recoil velocity are shown in Figure 3.1.15.3. Also shown are
calculated curves corresponding to decay down a rotational band of constant quadrupole moment.
These curves correspond to the average, and to both extremes of side-feeding times allowed by
a goodness-of-fit analysis. For example, Qo= 3 eb corresponds to infinitely fast side-feeding. It
should be noted that for mis experiment the lead backing provided better sensitivity than gold
for the range of lifetimes encountered. A detailed lineshape analysis of the data for 129Pr yrast
band was made. Figure 3.1.15.4 shows portions of the gamma-ray spectrum in the DSA
measurements of the 35/2- and 39/2- states obtained at 37° and -37° together with the computer
simulations of the y-ray line shapes (dashed lines) for the same choices of feeding times given
in the centroid analysis. The results in Figure 3.1.15.4 show how a full line-shape analysis
removes ambiguities inherent in the centroid shift analysis. The experimental data are best
represented with the assumption of a quadrupole moment QO=3.5 ± 0.3 eb. Lifetime
measurements for odd-A nuclei in this region are scarce and these results are interesting in that
lifetime measurements for states in even isotopes 128Ce, 130Ce, 132Ce, 132Nd, 134Nd have yielded
large variations in collectivity. A drop in the collectivity with increasing spin has been reported
in 132Ce (Kirwan J.Phys. G. 15 (1989) 85), and in 132Nd,134Nd (R. Wadsworth et al J. Phys.
G13 (1987) 205); in contrast increased collectivity has been reported for 128Ce (J.L.S. Carvalho
et al, Phys. Rev. CM (1985) 1049) and 130Ce (D.M.J. Todd, Phys. G10 (1984) 1407).

Figure 3.1.15.5 presents a partial level scheme based on the coincidence relationships and
relative intensities. The yrast band in 129Pr has previously been observed in the work of (P.K.
Weng et al, Phys. Rev. G47 (1993) 1428) up to spin 43/3". Most of the decay intensity of the
ED band is not to the yrast band but is routed via the 250 keV y-ray transition into a positive-
parity strongly-coupled structure. Tentative spins have been assigned and directional correlation
from oriented states (DCO) analysis is in progress. The most important result is that we have
been able to establish the 'decay out1 from enhanced to the normal deformed states. The band
head state appears to be I=K=9/2. Based on the low-excitation energy and spin of the band-head
we can claim that for the 129Pr ED band, as for the analogous ED band in I31Pr, the i13/2 neutron
orbital is unoccupied, although we need to complete the DSAM analysis to confirm the
deformation. Further analysis is in progress to complete the level scheme and to interpret the
observed structures.
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Figure 3.1.15.1 Total energy spectra gated by transitions in nuclei formed via reactions with
2-, 3-, and 4-particles evaporated.

3.1.16 Enhanced Deformation in 129Ce: Intrinsic Quadrupole Moment

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

In order to obtain more information on the recently discovered 129Ce enhanced-deformation (ED)
band (PR-TASCC-8: 3.1.15; AECL-11132) a second experiment was performed to measure
lifetimes in this nucleus by the Doppler-shift attenuation method (DSAM). Excited states in 129Ce
(Z=58, N=71) were populated in the 104Pd(28Si,2pn) reaction at a beam energy of 125 MeV. A
104Pd lead-backed target was used (3.1.15 ).
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Figure 3.1.15.2 Spectra in coincidence with the Ml transition y250 keV of the enhanced
deformation (ED) band in 129Pr from the present data (top) and from the thin-target
experiment (bottom).
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Fractional Doppler Shifts
28Si + 104Pd 125 MeV
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Figure 3.1.15.3 Fractional Doppler shift of gamma-rays in the 129Pryrast band (filled circles).
The calculated curves have been obtained assuming a constant quadrupole moment Q=3.0
(dotted line), 3.5 (dashed line) and 4.3 eb (long-short dashed line) with the side-feZdine
lifetimes chosen to minimize chr for each assumed Q value.
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Figure 3.1.15.5 Portion of the proposed level scheme of129Pr, showing theyrast line and the
ED band. The gamma ray energies are given in keV while the thickness of the arrows
represent the y-ray intensity. Transitions that can only be tentatively placed are indicated by
dashed lines.
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The quadrupole moment for the ED band was determined by comparing the measured and
calculated F factors (fractional Doppler shifts) for several assusmed Qo values, with the
sidefeeding history assumed to be identical to feeding down the band. The data are best fitted
with quadrupole moment of Qo=6.3 ± 0.4 eb (Figure 3.1.16.1).

From the analysis of the gamma-gamma coincidence data from the thin-target experiment
(PR-TASCC-8: 3.1.15; AECL-11132) we are constructing a level scheme. Figure 3.1.16.2 shows
a portion of the preliminary level scheme with two strongly coupled structures (R Aryaeinejad
et al., J. Phys. GIO (1994) 955). We report nine new high-spin negative parity levels (I*=37/2\
41/2" to 55/2') and ten new positive-parity levels (I*=33/2+ to 51/2+). Backbends can be seen in
both positive- and negative-parity bands. The decay scheme for the lower-lying levels, and in
particular the spin and parity of the 5/2+ band head, are in agreement with that found from
beta-decay studies (J. Genevey et al., 6th International Conference on Nuclei Far From Stability
& 9th International Conference on Atomic Masses and Fundamental Constants, Bernkastel-Kues,
1992, Inst. Phys. Conf. Ser. No 132).

At the present time no firm connections linking the ED band to normal deformed levels have
been established. However coincidences with yrast decays indicate that the ED band depopulate
mostly normal deformed levels near spins 1= (9/2+ - 13/2+) IT. This would suggest that the ED
band in 129Ce does indeed occur at low excitation and spin.

The Qo and dynamical moment of inertia values are comparable to other mass-130 ED bands.
129Ce is the lightest Ce isotope where enhanced deformation has been found. The existence of
an ED band in this nucleus (in addition to the ED bands in 129Pr and 131Pr) contradicts the
general interpretation of R. Wyss et al. (Phys. Lett. B215 (1988) 211) that only nuclei with N£73
can have enhanced deformation.

3.1.17 High-Spin Spectroscopy of 139Pm: Evidence for Band Termination?

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

The nucleus 139Pm resides at the boundary between collective and non-collective behaviour in
the light rare earth region. It has been studied previously (N. Xu et al, Phys. Rev. C36 (1987)
1649) at relatively low spins with a backed target and an array that consisted of only four HPGe
detectors. In the present investigation a self-supporting target was used in conjunction with the
8:t spectrometer in order to study the structure of this nucleus to higher spins.

States in I39Pm were populated with the 116Cd(27Al,4n)139Pm reaction at a bombarding energy of
130 MeV. A minimum of ten detectors in the 8TC BGO ball were required to fire in prompt
coincidence with two detectors from the array of twenty Compton-suppressed HPGe
spectrometers before the data were written onto magnetic cassettes for subsequent analysis.



3-22

Fractional Doppler Shifts
28Si + 104Pd125MeV
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Figure 3.1.16.1 Fractional Doppler shift of gamma-rays in the 129Ce ED band (filled circles).
The calculated curve (dashed line) has been obtained assuming a constant quadrupole moment
Qo=6.3 eb.
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A standard Ey-Ey coincidence matrix was constructed under the condition that the BGO-ball
registered a sum-energy of at least 13.4 MeV. This enhanced events from the decay of 139Pm over
those from 138Pm. In total there were 84 million events in the symmetrized matrix.

In common with the lighter Pm isotopes, the yrast band in 139Pm is based on K = 3/2 h11/2 proton
in which the first h11/2 ("AB") proton crossing is blocked. Unlike the lighter Pm isotopes,
however, the alignment of the second pair of h11/2 protons ("BC") is not resolved from the
alignment of the first pair of h n / 2 neutrons (MabM). The increase in aligned spin from the two
superposed band-crossings is -14 TT, whereas ~8 TT is observed in l37Pm (S.M. Mullins et al,
J. Phys. G: Nucl. Part. Phys 14 (1988) 1373-1385 and C.W.Beausang etal, Phys. Rev. £36, 602,
(1987). This difference is believed to be due to the greater "softness" of 139Pm with respect to
triaxiality.

Preliminary analysis of the data indicates that the high-spin structure of 139Pm may fragment into
two or three irregular paths, together with what appears to be the continuation of the collective
band. This is reminiscent of "band termination", where non-collective states compete at high spin
with the rotational levels. Since 139Pm may be viewed as seven holes in the doubly magic 146Gd
nucleus, the appearance of terminating states may be expected. Further beam time has been
requested with the aim of confirming the tentative fragmentation of the high spin structure.

3.1.18 Pre-equilibrium Isospin Effects in the Decay of Giant Dipole Resonances

S. Flibotte, J. Jonkman, S.W. Marshall, J.L. Rodriguez and J.C. Waddington
(McMaster University)
A. Galindo-Uribarri, V.P. Janzen, DC. Radford and D. Ward (Nuclear Physics
Branch)

In a simple model, giant resonances can be considered as vibrations of a fluid composed of Z
protons against a fluid composed of N neutrons. This suggests that giant dipole phonons could
be excited at the moment of the collision between heavy ions having different N/Z ratios.
Therefore, pre-equilibrium effects might be observed by studying the giant dipole resonance
(GDR) decays from the same compound nucleus populated via fusion reactions with different
N/Z-asymmetries in the entrance channel. Such pre-equilibrium effects have been recently
predicted theoretically (Ph. Chomaz, M. Di Toro and A. Smerzi, Nucl. Phys. AS63 (1993) 509).

In order to search for these pre-equilibrium effects, the 140Sm compound nucleus has been
populated via the reactions 36S + 104Pd and ^Ca + 100Mo at bombarding energies of 160 and
170 MeV, respectively. These reactions were selected because they lead to the same composite
system with quite different N/Z-asymmetries in the entrance channel, i.e. the S+Pd reaction is
isospin symmetric (N/Z = 1.25 and 1.26) while the Ca+Mo reaction has a large N/Z-asymmetry
(N/Z = 1.00 and 1.38). Both reactions produced the compound system at an excitation energy of
71 MeV. The maximum angular momentum lmax was 45 and 60 f\ for the Ca- and S-induced
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reactions, respectively. The self-supported 104Pd target consisted of a stack of two foils each of
0.6 mg/cm2 thickness. The 100Mo target was a single foil of 1.4 mg/cm2.

The y rays emitted were detected by the 871 spectrometer. The trigger to record an event on tape
required at least one Compton-suppressed HPGe detector and six BGO elements responding, with
the detection of at least 2.5 MeV of energy by one of the BGO scintillators. High-energy y rays
associated with the GDR were detected in the BGO elements of the 87t spectrometer. The time
resolution of BGO detectors is not good enough to completely discriminate the neutron induced
events from the y rays by a time of flight technique. However, the neutron contamination in the
y-ray spectra has been reduced in the off-line analysis by selecting a narrow time window and
by using only the BGO elements in the backward hemisphere of the 871. Angular momentum
ranges in the compound system were selected by imposing conditions on the number K of BGO
elements fired.

The measured y-ray spectra were linearized by dividing them by theoretical spectra calculated
with the program CASCADE (F. Puhlhofer, Nucl. Phys. A280 (1977) 267) with a constant El
strength function. The y-ray spectrum associated with the condition 7 < K < 17, which
corresponds approximately to the spin range 13 ?T £ I £ 31 Tf, is presented in the upper panel
of Figure 3.1.18.1 for both reactions. These spectra were normalized in intensity between 3 and
4 MeV. As intuitively expected, a definite enhancement is observed in the GDR energy region
for the reaction having a strong N/Z asymmetry in the entrance channel. More precisely, the GDR
intensity integrated between 8 and 18 MeV increases by 16% from the S- to the Ca-induced
reaction. This increase cannot be due to the presence of a neutron contamination since the same
result was obtained when various timing conditions and restrictions on the detector angle were
applied. Furthermore, the same enhancement was obtained when discrete y rays associated with
evaporation residues were observed in the Ge detectors. This proves that the enhancement is not
due to target contaminations or associated with a difference in the fission cross sections.

The position and width of the GDR were fitted with the statistical code CASCADE (F. Puhlhofer,
loc. cit.) taking into account the response of the BGO detectors with the GEANT (R. Brun, F.
Bruyant, A.C. McPherson and P. Zanarini, CERN Library) subroutine package. Good fits could
be obtained with a single GDR component for both reactions. As can be seen in Figure 3.1.18.1,
the experimental spectra are well reproduced by the same GDR parameters, provided that the
overall strengths used differ by 16%. A more detailed analysis of these experiments and their
theoretical interpretation are in progress.
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Figure 3.1.18.1: Linearized plot of the y-ray spectra for the S- and Ca-induced reactions. The
upper panel shows the experimental data and fits are presented in the lower panel The
calculations shown in the lower panel correspond to a GDR energy of 14.0 MeV with a width
of 8.5 MeV and their overall strengths differ by 16%.
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3.1.19 Effect of Increased Input Angular Momentum on the Population of the
Superdeformed Band in 143Eu

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

The intensity with which the superdeformed band in 143Eu (S.M. Mullins et al., Phys. Rev. Lett.
66 (1991) 1677 and A. Atac et al, Phys. Rev. Lett. 70 (1993) 1069) is populated has been
measured to be 1.1(1)% relative to the channel. The reaction used was lloPd(37Cl,4n)143Eu for
which the maximum classical angular momentum (lmax) is estimated to be -55 If. In nearly all
other cases in the A ~ 140-150 region of superdeformation, at least 70 If is brought into the
reaction (for example, see B. Haas et al., Nucl. Phys. A561 (1993) 251). It seems that in 143Eu
the particular spin at which the "normal" and superdeformed states cross allows the latter to be
populated with sufficient strength to be observed, despite the comparatively low lmax. The effect
on the population of the superdeformed states in 143Eu has now been investigated with a reaction
in which the lmax was ~70 Tf.

A beam of ^Al ions at an energy of 150 MeV bombarded a target consisting of a stack of two
-500 ug/cm2 foils enriched to -98% in 122Sn. States in 143Eu were populated via the 6n exit
channel. The 143Eu residues were formed with an estimated excitation energy of 34 MeV and
maximum angular momentum of 71 If. The y rays were detected by the 87c 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 off-line for which it was required that the minimum
sum-energy recorded in the BGO-ball was H(MeV) >13.4. Approximately 170 million events
were stored in this symmetrized matrix. Coincidence spectra "gated" by the known superdeformed
transitions in 143Eu were projected from the matrix. Analysis of these spectra found that the band
was populated with an intensity of - 1 % relative to the channel. Hence, the increase in lmax did
not have any effect on the maximum intensity with which the band was populated. There was
also no evidence that the higher transitions in the band were populated with greater strength
relative to those at the "plateau" region of the intensity distribution. Thus, the population of the
superdeformed band in 143Eu seem to have been unaffected by increasing the maximum input
angular momentum by -15 If.

3.1.20 Search for Superdeformation in 145Eu

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

The discovery of superformation in 142Eu (S.M. Mullins et al., to be published) and 144Eu
(S.M. Mullins et al., Z. Phys. A346 (1993) 327) with the 8TC spectrometer has been documented
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in previous progress reports (PR-TASCC-8: 3.1.19.; AECL-11132) Since these two nuclei flank
the "magic" N = 80 superdeformed nucleus, l43Eu (S.M. Mullins et al, Phys. Rev. Lett. 66
(1991) 1677), they provide valuable information on the single neutron orbitals that reside just
above and below the closed shell. As a next step in this project, we have searched for
superdeformation in 145Eu, which has two neutrons outside the closed shell. Since two
superdeformed bands are known to exist in the isotone to 145Eu, 146Gd (B. Haas et al, Nucl.
Phys. A561 (1993) 251), there was good reason to expect that we would be able to observe
superdeformation in the present experiment.

A beam of ^Al ions at an energy of 150 MeV bombarded a target consisting of a stack of two
-500 ug/cm2 foils enriched to ~98% in 124Sn. States in 145Eu were populated via the 6n exit
channel. The 145Eu residues were formed with an estimated excitation energy of 34 MeV and
maximum angular momentum of 71 Tf which was suitable for the population of superdeformed
states. The y rays were detected by the 8TC 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 off-line for which it was required that the minimum
sum-energy recorded in the BGO-ball was H(MeV) >13.4. Approximately 200 million events
were stored in this symmetrized matrix. The computer codes BAND AID (J.A. Kuehner, PC-code
BAND AID (unpublished) and B. Haas et al, loc. cit.) and SDSLICE (B. Haas et al, loc. cit.)
were used to search the matrix for superdeformed bands. No evidence was found for discrete
bands or for a "ridge" that would correspond to unresolved SD transitions. The search for discrete
bands was hampered by the many discrete lines from the non-collective "normal" states which
fell in the energy range where superdeformed transitions would be expected. Hence, this null
result cannot be taken as definitive proof that 14SEu does not possess a superdeformed band. If
the "normal" transitions were not obscuring those from a discrete superdeformed band, then the
sensitivity of the 8TC spectrometer suggests that an upper limit of -0 .1% can be placed on the
intensity with which it was populated.

3.1.21 High-Spin Spectroscopy of 155Ho

D.C. Radford, A. Galindo-Uribarri and D. Ward (Nuclear Physics Branch)
S. Flibotte and S.M. Mullins (McMaster University)
S. Pilotte (Universite Louis Pasteur, Strasbourg)

High-spin states in 155Ho have been studied by means of y-ray spectroscopy with the 8TI
spectrometer using the reaction 122Sn(37Cl,4n) at a beam energy of 165 MeV. HPGe y-y
coincidence events were written to magnetic tape whenever at least 10 elements of the inner BGO
ball also fired in prompt coincidence. A total of 242 million such events were collected for a
thin, unbacked target (two stacked foils of 122Sn, each -400 ug/cm2), and 39 million events for
a gold-backed target. The data were replayed into y-y coincidence matrices, gating on the BGO
ball coincidence fold and sum energy.
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Preliminary analysis indicates that we should be able to extend the known level scheme
significantly. In particular, one of the main objectives was to observe linking transitions from
a previously observed single-particle structure (presumably weakly oblate in shape) to the lower,
prolate-deformed structures, and preliminary results indicate that this goal should be achievable.
Further analysis is in progress.

3.1.22 Tests of Coulomb Excitation Studies with the 8% Spectrometer

V.P. Janzen, D. Ward, D.C. Radford and A. Galindo-Uribarri (Nuclear
Physics Branch)
M. Cromaz, J. DeGraaf and T.E. Drake (University of Toronto)

Coulomb excitation of stable nuclei with very heavy ions holds out the promise of studying
high-spin states which may be inaccessible via heavy-ion fusion-evaporation reactions. The
benefits of a large gamma-ray spectrometer airay with fold-selection and high gamma-ray energy
resolution afforded by the use of a thick target were recently applied by D. Ward et al. (3.1.24),

Ann

in studying high-spin states in the nucleus U.

In nuclei which axe highly collective, such as ^ U , the electric multipole matrix elements
connecting excited states are sufficiently large that multiple Coulomb excitation can occur and
high-spin states can be populated with reasonable intensity. The primary goal of the present
experiment was to determine the feasibility of studying high-spin states in nuclei which are
non-collective in their ground states. For example, Coulomb excitation of collective bands in a
deformed "second well" for studying intruder states in stable nuclei near the Z=50 closed shell.

A secondary goal was to test the Coulomb-excitation technique with stable nuclei in different
mass regions, in particular those which are known to display interesting rotational, vibrational
and/or octupole collectivity but which have been poorly studied.

The beam used for all tests was ^ i 2 3 " 1 " at an energy of 1130 MeV (5.44 MeV). The beam
intensities were in the range 0.2-to-1.5 particle-nA. Preliminary results are reported below.
Analysis is still in progress at TASCC and at McMaster University.

A-110 Nuclei

Table 3.1.22.1 summarizes the A~110 nuclei studied and the event rates observed in the 8rc
spectrometer. As illustrated by the ll6Sn gamma-ray intensities listed in Table 3. . .2, Coulomb
excitation does populate the intruder states, but the 680-keV 8+-to-6+ transition in the second well
is approximately 140 times weaker than the 1293-keV transition between the spherical 2+ state
and the ground state.
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TABLE 3.1.22.1

TARGETS AND TYPICAL EXPERIMENTAL CONDITIONS
FOR A-110 COULOMB-EXCITATION TESTS

Target

116Sn
116Sn/Al/Au
12oSn/Au/Pb

MfIn3>

H 4Cd/Au

natCd4)

Thickness
(mg/cm2)

47
1.2/0.05/49
1/0.05/55

50

1.2/>25

19

Beam
Intensity

(particle-nA)

1.0
0.4
0.3

0.2

0.1
0.4

0.2

Acquisition
Rate1}

(Hz)

1450
3500
740

540

1850

Acquisition
Rate2)

(Hz)

9
<1

45

15

1) Event trigger condition: one Ge detector plus one or more BGO-ball elements firing.
2) Event trigger condition: two Ge detectors plus one or more BGO-ball elements firing.
3) 4% 113In, 96% 115In
4) 1% 106Cd, 1% 108Cd, 12% I10Cd, 13% l uCd, 24% 112Cd, 12% 113Cd, 29% 114Cd, 7% 116Cd

TABLE 3.1.22.2

Representative gamma-ray intensities of transitions in 116Sn, with a trigger condition of two
Ge detectors and at least one BGO element firing. The transition assignments are taken
from J. Bron et al (Nucl. Phys. A318 (1979) 335).

Transition Energy
(keV)

1293
1099

463
819

2113

355
417
503
680

Initial State

2+ (spherical)
4+ (spherical)

0+ (intruder)
2+ (intruder)
2+ (intruder)

2+ (intruder)
4+ (intruder)
6+ (intruder)
8+ (intruder)

Final State

0+ (spherical)
2+ (spherical)

2+ (spherical)
2+ (spherical)
0+ (spherical)

0+ (intruder)
2+ (intruder)
4+ (intruder)
6+ (intruder)

Intensity ̂

100(4)
14(1)

9(1)
12(1)
6(1)

1.1(3)
13(1)
1.7(3)
0.7(4)

1) Normalized to 100 for the 1293-keV transition.
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Neodvnium and Europium Nuclei

The neutron-rich lanthanide nuclei are interesting for their suggested octupole instability or
octupole deformation. They are natural candidates for high-resolution Coulomb-excitation
experiments, since there is little information available on high-spin states. Table 3.1.22.3 lists
targets and count rates for the the present tests.

The preliminary results can be summarized as follows:

1) The Coulomb-excitation cross-section for high-spin states in 153Eu is much higher than for
lslEu. The known K=5/2 negative-parity and positive-parity bands were observed to spin
35/2 IT, which is the highest spin known from previous studies with the (7Li,4n) reaction
(C.J. Pearson et ah, Phys. Rev. C49 (1994) R1239). These test results are promising in view
of the small number of events processed.

2) Gamma-ray spectra from the natNd target were dominated by transitions from the
neutron-rich isotopes l46"150Nd, since they are considerably more collective than the
neutron-deficient isotopes. Despite the small number of coincidence events, spread amongst
three strong channels and four weak channels, it was possible to observe states in 148Nd to
the highest spin known, (13") (R. Ibbotson et al, Phys. Rev. Lett. 71 (1993) 1990), and to
extend the 150Nd level scheme from 10+ to 14+.

TABLE 3.1.223

TARGETS AND TYPICAL EXPERIMENTAL CONDITIONS FOR
EUROPIUM AND NEODINIUM COULOMB-EXCITATION TESTS

Target

natE u l )

n»tN(j3)

Thickness
(mg/cm2)

50

50

Beam Intensity
(particle-nA)

0.3

0.35

Coinc. Rate
(Hz)

1802)

404>

HPGE
Coinc. Events

Acquired (xlO6)

5.9

0.4

lSli 153,1) 48% '"Eu, 52% 13JEu.
2) Event trigger condition: two Ge detector plus two or more BGO-ball elements.
3) 27% 142Nd, 12% 143Nd, 24% 144Nd, 8% 145Nd, 17% 146Nd, 6% 148Nd, 6% 150Nd.
4) Event trigger condition: two Ge detectors plus one or more BGO-ball elements.
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l65Ho

As an example of the results that can be achieved with this method, Figures 3.1.22.1 and 3.1.22.2
show the Coulomb excitation of 165Ho. In addition to the ground-state (7/2~[523]) rotational band
(previously observed to 23/2*), we observed two gamma-vibrational bands to high spins together
with the 3/2+[411] band. The K=ll/2 and K=3/2 bands were previously observed to spins of
15/2" and 13/2', respectively. These results are based on 10.4 x 106 gamma-ray coincidence
events, with an event trigger of two Ge detectors plus two or more BGO-ball elements firing.

Little is known concerning the high-spin level structure of 197Au. Although the cross sections
for populating high-spin states are weak, there is some incentive to study mis nucleus because:

(i) For neutron-rich nuclei in this mass region, there is very little information regarding
collective structures, which are predicted to be energetically favoured at medium-to-high
spin.

(ii) There is the possibility of a superdeformed second well at low spin, which may be
populated via Coulomb excitation under ideal conditions.

(iii) We are interested in Au-backed targets for future Coulomb-excitation experiments, (which
would result in higher resolution for the faster transitions) but would require a detailed
knowledge of the contaminating y rays.

Approximately 1.6 x 106 gamma-ray coincidence events were acquired, with a requirement that
two Ge detectors plus one or more BGO-ball elements fire. Preliminary analysis revealed a
positive-parity band structure extending to spin (13/2), and many other new, as yet unplaced,
gamma-ray transitions.

3.1.23 Collective Modes of Excitation Built on Superdeformed States in the Mercury
Region

T. Nakatsukasa (Nuclear Physics Branch)
K. Matsuyanagi (Kyoto University)

We have been studying octupole excitations in superdeformed (SD) states and believe that
octupole modes are more favorable than quadrupole due to a peculiarity of the SD shell structure
(S. Mizutori et al., Theor. Phys. 83 (1990) 666; 85 (1991) 559; 86 (1991) 131, T. Nakatsukasa
et al., ibid., 87 (1992) 607; 89 (1993) 847). In our recent paper (T. Nakatsukasa et al., Phys.
Lett. B in press), we discussed octupole correlations in superdeformed 152Dy and proposed a
plausible scenario for the microscopic structure of observed excited SD bands in 152Dy.
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In this study, we used a framework similar to the previous one and investigated collective
excitations in SD mercury region. Our calculations show mat octupole states in SD 190>192>194Hg
have similar excitation energies (Eex « 1 MeV) at ©rot = 0. However, the energy of the band
with a = 1 in 190Hg decreases in energy with increasing frequency (see Figure 3.1.23.1), which
makes it easy to populate the band at high frequency. A candidate for an octupole band has been
observed only in 190Hg (B. Crowell et al., Phys. Lett. B333 (1994) 320). Our theoretical
predictions agree very well with new experimental results using EUROGAM detector (B. Crowell
et al., submitted to Phys. Rev. C).

1.4

0.8

0 . 6 •

0.4

0.2

0.0S 0 . 1 5 0 . 2 0 . 2 5 0 . 3
R o c . F r e q . I MeV )

0.3S 0.45 0 .5

Figure 3.1.23.1 Negative parity routhians in SD 190Hg. Solid (Dashed) lines indicate signature
a = 0(1) states. Calculations are carried out using the random phase approximation. The
mean-field deformations, 50SC = 0.454, \ = 0.8 MeV, Ap = 0.6 MeV, are determined by the
Strutinsky method.

3.1.24 Rotational Bands in 238U

D. Ward, H.R. Andrews, G.C. Ball, V.P. Janzen, T. Nakatsukasa, D.C. Radford
and A. Galindo-Uribarri (Nuclear Physics Branch)
T.E. Drake and J. deGraaf (University of Toronto)
S. Pilotte (Universite Louis Pasteur, Strasbourg)

In the ^ U nucleus, rotational bands based on the ground-state and on the K=0" octupole
vibration have been known to high spin for several years. The principal experiment was a
Coulomb excitation study with 208Pb beams at energies near the Coulomb barrier (E. Grosse et
al., Physica-Scripta 41 (1981) 71). Studies with light-ion Coulomb excitation, most recently by
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McGowan and Milner (Nucl. Phys. A571 (1994) 569) have identified the low-spin members of
two additional negative parity bands, assigned K=l" and K=2" octupole vibrations, together with
low spin members of several positive parity bands; amongst these are two 0-vibrations (K=0) and
a y-vibration (K=2). However, for all of these latter bands the high-spin behaviour is unknown.

In the present experiments we have studied the vibrational bands to high spin by Coulomb
excitation with 209Bi beams at energies of 1130 and 1330 MeV. In earlier experiments with very
heavy ions e.g. (loc. cit.) the technique involved a thin target foil (typically 1 mg cm"2) from
which the ^ U nuclei recoiled with little energy loss, and the scattered projectile and recoiling
target nucleus were detected in position-sensitive gas-filled detectors. Gamma-rays from the
decay of Coulomb excited levels were detected in a single germanium detector, and the y-
spectrum was corrected for Doppler shifts according to the energies and angles recorded for the
projectile and target nuclei in the gas-filled detectors. In our experiments, we used a thick (50
mg cm'2) ^ ' U foil which stopped the beam and all ^Hj recoils. Gamma-ray coincidence
spectroscopy was performed with the 8TC spectrometer. The event trigger required that at least
2 HPGe detectors (Compton suppressed) and 3 BGO ball elements should fire in time
coincidence. No particle detectors were involved.

The data were replayed into 4 k x 4 k y-y coincidence matrices with conditions on the number
of hits, K, on the BGO ball. Results with K>3 and K>6 were investigated. At E=l 130 MeV the
K>3 and K>6 matrices contained 12.1 and 3.5 M events respectively; at E=133O MeV the
corresponding numbers were 24 and 8.7 M, respectively.

Examples of total coincidence projections are given in Figure 3.1.24.1. Gamma-rays are labelled
according to the band of origin and correspond with the level scheme shown in Figure 3.1.24.2.
There is little evidence for any major deterioration in the spectrum quality at 1330 MeV versus
1130 MeV bombarding energy, although the onset of nuclear reactions might be expected. For
example, the peak-to-background ratio for the 10+—»8+ ground-band transition with K>3 decreased
from approximately 49:1 at 1130 MeV to 38:1 at 1330 MeV. Bands I and J appear at the higher
energy only (c.f. Figure 3.1.24.1), and are therefore plausibly associated with transfer reactions,
as discussed later.

By setting coincidence gates on the y-y matrices, we have identified ten rotational bands, labelled
A through J. Only two of these, namely the ground-state rotational band, A, and the K=0*
octupole band, B, were known previously to high spin. The K=0' band, known to spin 23"
(Grosse et al, loc. cit.) was extended to spin 31" in this experiment. The ground-state band is
seen to spin 30+ in both experiments. The remaining bands have distinct decay properties and
either i) decay mainly or exclusively to the ground-band, (E, F, G, and H) or ii) decay mainly
or exclusively to the K=0" octupole band (C and D) or iii) show no y-rays of ^ U and are
plausibly the ground-state rotational bands of transfer products (J and I). Typical spectra are
shown in Figure 3.1.24.3. An indication of the relative strengths of the bands is given by Table
3.1.24.1.
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Bands decaying predominantly to the K=0" octupole band are likely to have octupole vibrational
character themselves. Bands Band D can be followed down to a band-head at 950 keV which
can be identified with the 2" state known at that energy and previously assigned as a K=l"
octupole vibration (e.g. F.K. McGowan and W.T. Milner, loc. cit). Band C cannot be followed
to a known band-head; however, extrapolating its Routhian plot to low rotational frequency (c.f.
Figure 3.1.24.1. in the companion section) shows that it is most likely associated with a known
octupole band (2" band head at 1129 keV) previsouly assigned K=2" (F.K. McGowan and W.T.
Milner, loc. cit.). The tentative spins assigned to band C are based on the systematic properties
of its decay to the K=0" octupole band.

Bands which decay predominantly to the ground-state rotational band are presumed to have
positive parity. Band G can be followed down to a state at 1105 keV which can be identified
with the known 3+ level at that energy, and previously assigned as the a=l signature (odd spins)
of the K=2 gamma-vibrational band. Band H is clearly the signature partner of band G and we
assign it as the a=0 signature (even spins). Bands Band H can be followed down to a (4+) level
at 1163 keV, however, the excitation energy of this level requires that it not be the same 4+ state
(1167.6 keV) as was previously assigned to the gamma-vibrational band.

The properties of these bands are discussed in companion papers where they are compared with
the predictions of a cranked RPA model. We note here that bands I and J have no simple
explanation. Their cascade energies and intensities (c.f., Figure 3.1.24.3b) strongly suggest that
they are ground-state rotational bands in some even-even nuclei near 238U. Since they appear
only at the higher bombarding energy, we would expect that they could be assigned to few
nucleon transfer products. However, no match to the cascade energies can be found in nearby
Th, U, or Pu isotopes given in the Nuclear Data base. Even though bands I and J are clearly
associated with U-X rays (c.f., Figure 3.1.24.3b) we have explored all nearby isotopes in the Data
Base. The energies of band J to spin (10+) are within 1 keV of 7MU but they differ sufficiently
at higher spin (e.g., 283 versus 286 keV, and 317 versus 324 keV) that we believe the band
cannot be assigned to 234U. Such near coincidences of transition energies (identical bands) are
common in the region near 238U. For example, the ground-band cascades of ^ U are identical
to those of mU to within 2 keV, from spin 2+ through spin 24+.

Since this experiment marks the first application of a large spectrometer array to the Coulomb
excitation method in deformed nuclei, some comments are in order. For low spins where
Doppler broadening is not a problem with a thick target (spin 10+ and lower in 238U) we would
expect a much better sensitivity than that achieved in previous particle-y coincidence experiments
with thin targets. This turns out to be the case; for example, comparing Figure 3.1.24.3a with
Figure 3.1.24.2 (E. Grosse et al, loc. cit.) we note that y 310 keV in band B (15" -» 13") appears
with a peak height of about 2000 counts on a near-zero background in Figure 3.1.24.3a, whereas
the same peak is barely discernible in the earlier work. In fact the K=0" octupole band was near
the limits of detection in previous experiments whereas, we see bands which are more than
twenty times weaker. What is surprising at first sight is that we see "sharp" peaks up to spin 30+

where Doppler broadening is extreme. We advance the following explanation. Firstly, the peaks
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at high spin (c.f, Figure 3.1.24.3c) are not completely sharp, they have a sharp (stopped)
component superposed on very broad symmetric tails. The tails from different peaks merge and
produce the "backgrounds" seen in the region around 500 keV in Figure 3.1.24.3c. Secondly, the
magnitude of the stopped component relative to its total broadened photopeak is enhanced in our
method by i) gating on the stopped components of lower cascades (which selects later decays out
of the total ensemble) and ii) by the multiplicity conditions on the BGO ball, which selects events
associated with the highest spins; the decay of the higher cascades then introduces a delay time
before the lower cascades are populated. For example, events in Figure 3.1.24.3c satisfy the
condition that at least eight y-rays be detected (i.e., K > 6 and K ^ > 2). Because of the strong
conversion of transitions below spin 8+, this condition is tantamount to applying a spin threshold
I > 24+ on the ground-state band.

TABLE 3.1.24.1

Relative Intensities of the bands seen in the present work.
Data taken from the sum of both bombarding energies with the condition KBGO > 3.

Band

A

B

C

D

E

F

G

H

I

J

Most Intense
y ray(s) (keV)

301

310+
544

296

250+
399

346+
800+

1203

383+
904

296+
755

277

303

286

Decay Intensity

s i 00

6.2(6)

0.32(6)

1.3(2)

0.65(15)

0.36(8)

0.65(15)

0.65(15)

0.16(4)

0.25(6)

Spin

12

15

15

12

16

18

13

12

12

12



35000

CD
c
c
25000 . J

o
(D
Q_

15000
Z5
oo

5000

Total
Projections

EB = 1330 MeV

EB = 1130 MeV

160 200

209Bj + 238y

Uji

240 280

(keV)
320 360

I
to

Figure 3.1.24.1 Portions of the total projections at two bombarding energies with the condition K £ 6. Peaks are labelled
according to the band assignments given in the level scheme (Figure 3.1.24.2). The spectrum for EB=1330 MeV has been moved
up by 8000 counts.



3-40

C
O

JO

o
•o
c
D

CO

45
19

40
19

CO I>

35
36

CN
^ CN

30
69

o
CN

0292

T3
C
o

37
75

43
2

o

33
68

40
5

29
91

37
7

26
4^

(0
— v - ^

•D

I
- S

1*1

err

2
CN

_3-»

s

—8

i n

CM o
CM

— C N *

J M O 00 tD * 1

^

t
f
I

t
t
i

m

oo
CN

1
I
I*

1
1



2500

150 250 350 450
(keV)

550 650

I

Figure 3.1.24.3a Coincidence y spectra. Transitions included in the coincidence gates are marked with an asterisk Neeat
parity bands. B \ive



- U X-rays

CO

180

20

CM s
CM Band A

Band I

Band J

200 300
(keV)

400

u>

Figure 3.1.24.3b Coincidence y spectra. Transitions included in the coincidence gates are marked with an asterisk. Positive parity
bands.



1100

900

700

500

! 300
c

O

5 250
o

O

150

Band A

50

Band B

400 440 480 520

Ev (keV)
560

Figure 3.1.24.3c Coincidence y spectra. Transitions included in the coincidence gates are marked with an asterisk. Details of
the highest spins seen in the ground state. (A) and K=€T octupole (B) bands.



3-44

3.1.25 Interplay of Octupole Correlations and Coriolis Alignment for High-Spin
States in 2MU

T. Nakatsukasa, D. Ward, H.R. Andrews, G.C. Ball, V.P. Janzen, D.C. Radford
and A. Galindo-Uribarri (Nuclear Physics Branch)
T.E. Drake and J. deGraaf (University of Toronto)
S. Pilotte (Universite Louis Pasteur)

In a recent experiment, several bands with both positive and negative parity were observed to
high spin (I«30 Tf) in ^ U (see 3.1.24). These data provide a good opportunity to investigate
the interplay of collective excitation modes with rotational alignment effects induced by the
Coriolis force. To understand this interplay, we need a microscopic theory which can describe
both aligned quasiparticles as well as collective boson excitations. In this study, we use the
random phase approximation (RPA) based on the cranked Nilsson model in which collective
states are described by superpositions of large numbers of two-quasiparticle configurations which
can be affected by the Coriolis field.

The K=0" octupole band (negative parity yrast band) in a 8 U has been known to 1=23" IT for
several years, and the effects of rapid rotation on the octupole correlations of this band have been
discussed earlier (P. Vogel, Phys. Lett. B60 (1976) 431 and L.M. Robledo et ah, Nucl. Phys.
A449 (1985) 201). However, the sharp alignment gain above spin 23' was not in evidence prior
to this experiment. In this report, we discuss both the negative parity yrast band, and the newly
observed negative parity excited bands. Our model is similar to the one of Robledo et ah, but
we adopt doubly-stretched multipole interactions which can be regarded as a generalized version
of ordinary multipole interactions, (H. Sakamoto and T. Kishimoto, Nucl. Phys. A510 (1989)
205), and calculations were carried out in the full model space. Octupole coupling constants
were determined by fitting the experimental band-head energies.

Figure 3.1.25.1 shows the results of the RPA calculations for the negative parity Routhians. The
lowest (Band B) and the second lowest (Band D) negative parity bands correspond to (K = 0",
a = 1) and (K = 1", a = 0) octupole states, respectively (see 3.1.24). Band C corresponds to
K=2", however, on the basis of this experiment the signature assignment is not firm.

Corresponding alignment plots are shown in Figure 3.1.25.2. A basic feature of the calculation
is the predicted crossing of the octupole Routhian by negative-parity 2-quasi particle states. The
resulting transition from collective octupole to aligned quasiparticles at high spin is a similar
phenomenon to the more familiar backbend or alignment gain exhibited by ground-state bands.
In our case, the octupole phonons play a similar role to that of Cooper pairs. The crossing
between an octupole phonon and a negative parity aligned two-quasiparticle state is expected at
© ~ Ep^/rT^jqp), where E ^ is the octupole correlation energy, and i ^ is the largest typical
alignment found for negative parity two-quasiparticles near the Fermi surface. In the ground-state
band the corresponding estimate would be © ~ Ep^ng/HXi^)- This simple argument explains
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the pronounced trend in the crossing frequencies which is to lower co with decreasing correlation
energy, i.e., increasing K.

A second feature of the calculations is the alignment of the phonon angular momentum (1=3) to
the rotation axis under the influence of the Coriolis force. For the K=0" band, this possibility was
discussed earlier by Grosse et al. (Phys. Rev. Lett. 3_5 (1975) 565). As seen in Figure 3.1.25.2,
the aligned spin of the phonon in Band B (K=0") does tend to the value ix = 2.5 TT with
increasing spin, but the trend is interrupted by the sharp alignment gain caused by the 2-
quasiparticle crossing. In Band D (K=l*) the phonon alignment is obscured by the 2-quasiparticle
crossing, which happens at a lower rotational frequency, and with a much stronger interaction
than in the K=0' band. The features are well reproduced by the calculation. Guided by the
calculation, it appears that the aligned spin in Band C (K=2') of approximately ix~3 If over the
range 100 < Tfco < 200 keV is not due to phonon alignment but comes from the 2-quasiparticle
bands which have crossed the K=2" band at frequency Tfffl ~ 100 keV.

A number of y-ray branching ratios were measured for the first time in these experiments.
Results are summarized in Figure 3.1.25.3. The y-ray branching between the K=0" decays to the
ground band (K=0+) allow us to extract the ratios:

B(E1; 0" J -» 0+ J-1)/B(E1; 0" J -> 0+ J+l)

as shown in Figure 3.1.25.3. Assuming a strong-coupling scheme in which RPA bosons
calculated at carot=0 may be considered in a particle-plus-rotor sense, then these B(E1) ratios are
given by the squares of appropriate Clebsh-Gordon coefficients. In this case, the predicted value
is 1.33 for J=3, and it rapidly asymptotically approaches unity with increasing J. Thus the
experimental values are in accordance with expectations for pure-K bands.

The y-ray branching between E2 decays down the K=0* band versus El decays across to the
ground band are expressed in Figure 3.1.25.3 as:

B(E1; 0- J ~» 0+ J-1)/B(E2; 0' J -> 0" J-2) fin"2

If we assume that the K=0* band behaves as a simple rotor with an intrinsic quadrupole moment
equal to that measured for the groundstate band we can convert these ratios to absolute B(E1)
strengths. A feature of the new data is that these B(E1) values increase by about a factor of five
between J=3" and J=13'. This feature cannot be reproduced by the strong-coupling theory which
predicts only a 50% increase even at very high spin. Unfortunately we do not have a similar set
of data for the K=l" band. The one value we were able to determine namely B(E1; 1"6" -» 0+

6+)/B(E2; 1"6* -» 1" 4") = 0.06(2) fin"2 x 10'9 is two orders of magnitude smaller than typically
found in the K=0* band (c.f. Figure 3.1.25.3). This feature also cannot be reproduced by the
theory which for Tf©=0 predicts the El strength should be approximately three times weaker than
that of the K=0" band. However, this preliminary calculation did not take into account effects
of spurious modes which might influence the B(E1) values.
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At low spins, the main deexcitation path of the K=l" and K=2" bands is by M1/E2 radiation to
the K=0" band. The branching ratios for the K=l" band are expressed as B(M1; 1" J ~> 0" J-
1)/B(E2; 1" J -> V J-2) in Figure 3.1.25.3 assuming that the <E2>/<M1> mixing ratio is zero.
For the K=2' band, only two values were measurable namely B(M1; 2" J -» 0" J)/B(E2; 2" J ~> 2"
J-2) for J= l l ' and 9' with the values 0.003(1) and 0.004(2) (uN/eb)2, respectively. For pure-K
bands these transitions (AK=2) would be forbidden.

In summary, a number of new features have been revealed by this experiment. The different
characteristics of the alignment gains in the K=0", 1' and 2' bands are well described by the
theory and can be understood from simple principles. The strong coupling theory predicts the
B(E1) values in the K=0" band at low spin; however, it cannot reproduce the rapid rise with
increasing spin, nor does it reproduce the large difference between the K=0" and K=l" B(E1)
values. Another feature of the data is the apparent absence of the K=l" ot=l band. Since we can
readily see bands which are five times weaker man the K=l* oc=0 band (c.f. Table 3.1.24.1 in
section 3.1.24) the missing signature partner is puzzling. Considering the signatures that we do
detect, there appears to be a decrease of roughly a factor of five in the population of the K=l '
to 0" bands and a further factor of five between K=l" and K=2" (c.f. Table 3.1.24.1 in section
3.1.24), therefore we would not expect to see the K=3' band if this trend were to continue.

3.1.26 Positive-Parity Rotational Bands in 338U

D. Ward, H.R. Andrews, G.C. Ball, V.P. Janzen, T. Nakatsukasa, DC. Radford
and A. Galindo-Uribarri (Nuclear Physics Branch)
Y.R. Shimizu (Kyushu University, Fukuoka)
T.E. Drake and J. deGraaf (University of Toronto)
S. Pilotte (Universite Louis Pasteur, Strasbourg)

In a companion paper (3.1.24) we have assigned four positive parity bands to 238U. Of these,
bands G and H are the two signatures of the previously known K=2 y-vibrational band now
observed to high spin. The Routhians and aligned spins are shown in Figures 3.1.26.1 and
3.1.26.2. Suggested spins for band F are based on the systematics of the transition energies to
the ground-state band which suggest a J-»J character. The band cannot be followed to low spin.
Extrapolating its Routhian plot to low rotational frequency suggests it is associated with the 2+

level with excitation 1037.3 keV, which was earlier assigned to the second K=0 P-vibrational
band (e.g. F.K. McGowan and W.T. Milner, Nucl. Phys. A571 (1994) 569). The Routhian for
band F lies considerably higher than that expected for the lowest K=0 3-vibrational band with
its 2+ level at 966.5 keV. We note that in (F.K. McGowan and W.T. Milner, loc. cit.) the B(E2;
0->966.5 keV) is 0.13 ± 0.08 Wu whereas B(E2; 0-»1037.3 keV) is 1.50 ± 0.20 Wu, and therefore
it is the higher lying 3-vibrational band that we would expect to see most strongly. Band E,
decays so strongly to the ground band that the cascade transitions are weak. The systematics of
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the transition energies to the ground band suggest the tentative spin assignments given.
Estimates from its Routhian suggest that band E could be associated either with the 2+ state
known at excitation energy 1414 keV or with the 2+ state at 1530 keV.

The properties of the y-vibrational band can be compared to calculations with the cranked RPA
model similar to those described in section 3.1.25 for negative parity bands. An interesting
problem arises because these calculations predict that the y-band should be crossed by many
aligned two-quasiparticle levels for frequencies as low as "h~o - 100 keV. This would be
expected since the y band lies at relatively high excitation in 238U. In reality the behaviour of
the y band is smooth and relative to the ground-band reference, there is no sizeable alignment
gain until TTo ~ 200 keV. This may indicate that either the interband interactions in RPA theory
(typically 5-30 keV) are overestimated, or the aligned two quasiparticle spectra are predicted to
lie too low.

There are many features of the data to be explained. Amongst these are:

1) Although the signatures of the y band were populated with approximately
equal intensity, the E2 decays from the y band to the ground-state band can
be detected from the a=l signature only; presumably decays from the a=0
signature occur, but they must be much weaker.

2) The E2 strengths from the y band to the ground-state band rise sharply with
increasing spin which may indicate the breakdown of the y vibrational
collective mode.

Efforts are proceeding to understand the properties of these positive parity bands.

3.1.27 CAP-NSERC-AECL Summer Institute - Theoretical Approaches to Nuclear
Structure

V.P. Janzen and A.C. Hayes-Sterbenz

Thirty-two theoretical and experimental nuclear physicists met at Queen's University, Kingston
during the week of July 25-29, to discuss a broad range of current topics in nuclear structure.
Approximately half of the participants were Canadian, with the remainder coming from the U.S.,
Europe and Russia. The meeting was planned and directed by V. Janzen and A.C. Hayes-
Sterbenz, with local direction provided by B. Castel (Queen's University). Financial support was
provided by NSERC, as part of its continuing sponsorship of CAP-NSERC summer institutes,
and by AECL Research and Queen's University.

The aim of this particular institute was to bring together an international group of nuclear
theorists and experimentalists from a wide variety of backgrounds, with emphasis on nuclear
properties at high spin. The program, outlined below, included thirteen talks covering
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microscopic, group-theoretical and collective-model approaches, as well as descriptions of the
latest experimental advances. A good fraction of the time was left open for informal discussions,
which proved very fruitful. Many participants commented on the enjoyable and stimulating
atmosphere generated by the diversity of backgrounds, the informal nature of the institute and
the convivial atmosphere of Queen's University in the summer.

- SU(3) Shell Model in Light Nuclei

- Orbital Excitations and their Relation
to Nuclear Spin

- Collective Excitations (Pygmy Resonances)
in the Ca Isotopes

- Shell-Model Structure of Nuclei leading
up to 100Sn

- The Rise and Fall of Collectivity within
the Nilsson-Srrutinsky Cranking Approach

- The SNO Project

- Neutral-Current Processes in Nuclei

- Superdeformed Bands and Pairing in a
Microscopic Approach

J. Millener (Brookhaven National
Laboratory)

L. Zamick (Rutgers University)

E. Zaremba (Queen's University)

I. Johnstone (Queen's University)

I. Ragnarsson (University of Lund)

A. MacDonald (Queen's University)

S. Mintz (Florida International University)

P.-H. Heenen (Universite Libre Bruxelles)

- Time-Dependent Tunneling and Applications D. Strottman (Los Alamos National
to Alpha-Decay and Fission Laboratory)

- Algebraic Models of Nuclear Deformation

- What do we Learn Directly From High-Spin
Gamma-Ray Experiments

D. Rowe (University of Toronto)

J. Waddington (McMaster University)

- Capabilities of the New Gamma-Ray Detector D. Radford (AECL Research,
Arrays, and the Decay of Superdeformed Bands Chalk River Laboratories)

- Perspectives on Nuclear Structure and New
Possibilities Far From Stability

W. Nazarewicz (Oak Ridge
National Laboratory)
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3.1.28 Resonant Coherent Excitation of Hydrogen-like 28Si Ions Channeled in a
Thin Ti Crystal

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

The study of resonant coherent excitation (RCE) of hydrogen-like ^Si ions channeled in a thin
Si crystal (PR-TASCC-7: 3.1.32; AECL-11028) has continued. In the previous experiment we
used a 10 um thick crystal which resulted in a frozen charge state of only 37%. Also, the counter
gas pressure and bias voltage were not optimized for best energy resolution. In the present
experiment we used a 5 urn thick Si<lll> crystal which resulted in a frozen charge state
fraction of 52%. We also optimized the gas pressure and bias voltage of the resistive-wire, focal-
plane detectors in order to be able to set windows on the energy-loss spectra and thus choose
particles from different regions of the crystal channel. Finally, we checked the alignment of the
crystal at each energy as the results are critically dependent on having the beam well-aligned with
the crystal axis.

As before, a 274 MeV ^Si beam was stripped and degraded by Al foils allowing the energy to
be varied between 23,4 and 26.5A MeV. The weak k=8, n=l-»4 resonance along the <111> axis
at 25.8.4 MeV was clearly observed for the first time. Our intention was to measure all
resonances along the <111> axis between 26.5,4 MeV and 204 MeV but the run was cut short
because of cyclotron difficulties. The experiment will be repeated in the next schedule with
tighter beam collimation to reduce the sensitivity to crystal alignment. Detailed analysis of this
and our earlier data is in progress.

3.1.29 Progress in Accelerator Mass Spectrometry (AMS)

H.R. Andrews, W.G. Davies, V.T. Koslowsky, N.C. Bray, J.J. Hill, R.E. Howard,
P.J. Jones, B.V. Luloff, M.G. Moreau, L.V. Smith and T.G. Whan (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, S. Kramer-Tremlay and G.M. Milton (Environmental
Research Branch)
J.C.D. Milton (Physical Sciences)

During this reporting period there were 4 runs totalling 14 days of beam time, 8 days for ^Cl
AMS measurements and 6 days for 129I AMS development and measurements. Samples included
coniferous tree seeds, precipitation and surface/subsurface water samples. Some proprietary
commercial work was also performed. Detailed reports on a number of topics are given below.
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Ion Source and Injector

A new AMS ion source is presently under construction. It is designed to offer better sample
positioning which is critical for good measurement repeatability, simple sample exchange and
reduced sample-to-sample crosstalk. Since each sample will enter the ion source through a
vacuum lock, the ion source will not need to be shutdown for sample-magazine changes, as is
presently the case, thus improving throughput by up to 25%. In addition, greater flexibility in
the measurement sequence will be attainable. First tests are planned for the next quarter.

The ion-source deck was not equipped to control ion-source components, such as sample
positioners, that float at cathode potential. Consequently a new "mini" deck at cathode potential
has been installed on the main 200 kV platform. It is presently equipped with a 3-phase isolation
transformer and will soon be fitted with a CAMAC crate system that is coupled via fiber optics
to the main control computer. During this installation of the cathode-deck the extraction deck
was rebuilt and rewired to provide more convenient use.

A fiber-optic link from the ion-source high-voltage decks to the control room is under design.
It will provide real-time analogue signals from the ion-source slits and a future beam-profile
monitor to the operations staff. This information is vital for maintaining the stable and
reproducible ion-source/injector conditions required for good AMS measurement repeatability.

Ion Source Memory Effects

Ion-source memory effects are often a major limitation to the dynamic range of AMS
measurements. At TASCC this range of isotopic ratios is about a factor of 1000 for ^CI and 100
for 129I. There is a background current of CY or I" from the ion source in the absence of a Cl"
or I' beam sample that has an isotopic ratio that reflects some average of previous samples. This
current is from 0.1 to 1% of that typical of a soil sample and it persists for hours or until the
source is cleaned. In order to better understand this phenomena, preparations are under way to
measure the temperatures and distributions of sample materials on various ion-source surfaces.
In a proof-of-principle experiment, elastic recoil detection (ERD) (see 3.1.30) was used to assay
the surfaces of four set-screws that had been inserted at ion-source locations lying between the
sample and the rear of the source. The ion source had operated for about 12 hours, sputtering
an AgCl sample before disassembly and removal of the set screws. Copious quantities of
chlorine were seen on those screws that were located between the cathode (sample) and Cs
ionizer (anode); those mounted behind the ionizer showed none. In addition, surface coatings of
Ag or Cs, B and F were also clearly visible and sufficiently thick that the Fe/Cr signatures of the
stainless steel screws were significantly attenuated. The set screw from the rear of the source
showed little of Ag, Cs or F. We believe that the boron arises from the boron nitride insulator
that supports the ionizer heater. The source of fluorine is unknown. Further ERD measurements
are planned to study the rate of Cs deposition and Cl desorption as a function of substrate
temperature.
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A complimentary experiment is in preparation that will use 82Br(t1/2=35 hr) as a tracer to map
the distribution of sputtered LiBr in the ion source. A small beta detector has been constructed
for the measurement.

Tandem Accelerator

AMS isotope ratios are determined by comparing the fluxes of the trace isotope (36C1, 129I)
measured at the detector with the currents of the stable isotope(s) measured in small Faraday
cup(s) after the analyzing magnet. We have had trouble with reproducibility in transmission
through the Tandem for the various isotopes from sample load to sample load and sometimes
from sample to sample. We suspect that the various isotopes are being injected differently into
the accelerator. To study and to hopefully control this we have installed a set of slits at the
entrance of the Tandem. They will be computer controlled and each slit independently adjustable
so that asymmetric settings will be available if necessary.

Time-of-Flight fTOF^ Detector

Adjacent mass number peaks in the 129I TOF system are separated by about 2 ns and the overall
time resolution of the system has been limited to about 600 ps FWHM by energy straggling in
the start foil.

The inherent resolution of the start and stop detector have been measured to be about 250 ps by
timing measurements against an rf-bunched beam, by measurements with the detectors in close
proximity and by measurements with a light ion, low energy-loss beam.

The time resolutions have been found to depend upon the nature of the foils since simple scaling
with target thickness was not obtained. The following resolutions have been seen: 30 ug cm"2 C
(1000 ps), 20 ug cm"2 C (750 ps), 10 ug cm"2 C (630 ps), 10 ug cm"2 Al on 7 ug cm"2 VYNS
(570 ps), 10 ug cm'2 Al on 20 ug cm"2 polypropylene (1050 ps), 10 ug cm*2 Al on 20 ug cm'2

polycast (1200 ps), 5 ug cm"2 plus cellulose nitrate (710 ps). Further tests are planned with 5 ug
cm'2 channel-like C films that are claimed to be of better thickness uniformity and higher strength
than conventional C films.

Analysis

Present data analysis is cumbersome because the visual inspection of the data and the
computational analysis are two unrelated processes, occasionally leading to erroneous conclusions.
With the recently-introduced on-line graphics analysis (OLGA) system there is provision for
simultaneous data inspection and analysis. The computer software group at TASCC has
introduced new features into OLGA that enable on-line monitoring of isotopic ratios but not yet
any statistical analysis of these data. In the near future, it will be possible to process spectra with
user-supplied algorithms thus providing a method for complex analysis and for archiving data.
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System Performance

Experience during this period has reinforced the fact that the most critical factor in reliable
performance is accurate sample positioning. The sample position is set by balancing the current
on two slits that are installed in the ion source ahead of the extraction gap. With the system
functioning properly, typical reproducibility of standards is at the 1-2% level; in a set of
measurements during which they were not reading correctly, the performance was ~5 times
worse. A dilution series from 36C1 was measured in which the relative concentrations of 36C1
were 1, 11.35 and 60; the measured results were 1, 10.8 ± 0.5 and 60 ± 3. The effect of the
degree of filling of the sample well has been investigated. Measurements made when the source
slits were reading incorrectly suggested differences of up to several percent between filled and
partially filled wells; but more recent results show no such effect and values agree at the 1-2%
level independent of the degree of filling.

Lower limits for background originating from cross talk in the ion source have been set. We
have achieved <10"15 36Cl/Cl for 36Cl in one run in which the hottest sample was about 5xlO"13

^Cl/Cl. In the case of 129I, the best backgrounds are about 5x10"14 129I/I, due, we believe, to a
combination of sample contamination and ion source cross talk.

The preparation of I samples is proving to be more difficult than that of Cl samples. Purification
of I extracted from natural materials is more involved and purity is important in achieving good
ion-source output. Procedure blanks (i.e., Agl prepared for the ion source by following all of the
sample preparation procedures but without any raw sample material, the required mass of I" for
the ion source being added at the end as a carrier) have also proved to be variable and often
higher than actual samples. This has limited our sensitivity for some environmental samples.
Work is continuing to resolve this problem.

Applications

Much of the effort has been devoted to measurements of 36C1 and 129I in test samples submitted
by the IAEA to assess the usefulness of these isotopes for the detection of undeclared nuclear
activities. Further measurements have been made of 36C1 in spent-fuel leachates and a variety
of other environmental samples were studied.

3.1.30 Elastic Recoil Detection (ERD) Measurements Using a Large Solid-Angle,
Position-Sensitive Ionizaton Chamber

J.S. Forster and V.T. Koslowsky (Nuclear Physics Branch)
J.A. Davies, R. Siegele and S.G. Wallace (McMaster University)
W. Assmann (Universitat Munchen)
R Groetschel (Institut fuer Ionenstrahlphysik, Rossendorf)
G.A. Sims (Neutron and Condensed Matter Branch)

The large solid-angle, position-sensitive ionization detector described earlier (PR-TASCC-8,3.2.8;
AECL-11132) has been used for compositional measurements of a variety of samples. The
detector was modified from the earlier version to have a single dE electrode 12 cm long. Also,
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seven, equally-spaced, field-shaping wires were placed along the two sides and the back of the
detector to give a more uniform field near the edges of the detector electrodes.

Beams of 200 MeV 197Au and 230 MeV ^ i were used as projectiles. The detector was
positioned at 45.5° to the beam direction and the target at 22° to the beam. The x-y position
spectrum was calibrated using a mask with a 5x5 array of holes, 1 mm in diameter separated by
3 mm.

Samples measured included 100 ug/cm2 Cu on a thick Al backing, thin TiN on Si, a thin film
YCBO high Tc crystal on a thick Si backing, a 12C target used for pionic fusion studies, samples
of contaminants in the AMS sputter source and dinosaur egg shells. As well, a blocking pattern
was observed, in transmission geometry, for a 1.5 \im thick Si crystal with a <110> axis normal
to its surface.

We achieved excellent elemental resolution and could clearly resolve C, N and O on the surface
of the Si crystal as well as Mg and Al from the thick Al backing which was fabricated from dural
(95% Al and 5% Mg).

Detailed analysis of the data to correct the total energy spectra for the kinematic spread resulting
from such a large opening angle in the scattering plane (5°) and thence to generate the
compositional profiles, is in progress.

3.131 Radiolysis of Water

A.J. Elliot and DC. Ouellette (System Chemistry and Corrosion Branch)
J. LaVerne (University of Notre Dame)
V.T. Koslowsky (Nuclear Physics Branch)

The yield of Fe3+ from the radiolysis of a 540 MeV 12C beam in an oxygen-saturated H2SO4

solution containing Fe2+, as measured at TASCC, differs by about 15% from the yield measured
by Jay LaVerne at Michigan State University. Since the experimental techniques also differ
significantly, the two groups recently collaborated in a TASCC experiment to reconcile this
problem.

The Notre Dame technique is a commonly-used and widely-accepted method that involves
irradiating an unsealed, large, well-stirred sample cell while measuring the beam current through
a wire immersed in the electrolyte. The beam-current density is typically 1 nA over 30 mm2.
The Chalk River technique irradiates a sealed, small, spun ampoule while inferring the beam
current from a calibrated, transmission-mounted ion chamber. The beam-current density is less
than 0.1 nA over a 2 mm2 area and the sample is not grounded. The sealed sample permits
sample heating to temperatures above 200°C.
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The experiment involved (i) each group repeating measurements with their original equipment
and (ii) measuring yields with the Notre Dame cell against the Chalk River dosimeter (ion
chamber).

Our conclusions are that (i) beam focussing had no detrimental effect on Fe3+ yields provided that
the beam current was below 0.5 nA; (ii) grounded and ungrounded samples yielded the same
result; and (iii) yields deduced with the calibrated ion chamber were identical to those deduced
with direct electrical current readings.

Factors that were not eliminated include: insufficient mixing in the small ampoule and sample
degradation in the small sealed ampoules. The quandary is that these two factors were believed,
from earlier radiolysis studies with a low-energy deuteron beam, not to be a cause of concern.

Radiolysis studies with a y cell are presently underway to check if any degradation of title sealed
solutions takes place.

3.1.32 Radiation Damage in Metals Caused by High Energy Ions

M.L. Swanson (University of North Carolina, Chapel Hill)
J.S. Forster and J.S. Geiger (Nuclear Physics Branch)
J.A. Davies (McMaster University)
L.M. Howe (Reactor Materials Research Branch)

Recent experiments using GeV ions have shown that damage in metals can arise from the
electronic stopping which dominates at these energies. Two basic mechanisms have been used
to explain this damage: 1) ion-induced thermal spikes, where the ion tracks form heated or molten
cylinders of metal; 2) ion-created Coulomb explosions or shock waves, caused by mutual
repulsion of target ions along the projectile path.

We performed the first experiments at TASCC to study these effects, using a beam of 10A MeV
197Au. We used electrical resistivity and electron microscopy as analytical tools. The microscopy
will be done on samples of Zr3Fe, Zr-2.5%Nb and Zr-20%Nb, which were irradiated at 40K and
300K with 10n ions/cm2

Resistivity data were obtained for Ti, Zr-2.5%Nb and Zr-20%Nb samples in the form of 4
micrometer thick foils. The damage rate for Ti at 40K was high, as was also observed by Dunlop
et al. (A. Dunlop, D. Lesueur and A. Barbu, Journal of Nucl. Mat. 205 (1993) 424) using other
projectiles. However, up to 160K there was about 40% recovery of the radiation-induced
resistivity change in our Ti sample, which indicates that simple defects were responsible for the
resistivity change, rather than regions of a different Ti crystal phase, as predicted by the shock
wave model. For the Zr alloys, the resistivity DECREASED during irradiation at 40K. This
unusual effect could be due to redissolution of precipitates via a thermal spike mechanism. These
results were plagued by problems in the reproducibiliry of resistivity measurements, indicating
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that a resistance standard should be used in future experiments. Other desired improvements in
the experimental setup are for a simpler and more reliable sample mounting, and a more stable
beam. A more uniform beam and/or beam rastering would also be very desirable.

In future experiments, we plan to study other materials, like Hf, which by the thermal spike
model should show strong damage effects. We shall also consider other analysis methods, such
as marker measurements and resistivity-temperature data.

3.133 Fission-Fragment Radiation Damage Simulation with TASCC Tandem Beams

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

The high-temperature oven described previously (PR-TASCC-8: 3.1.30; AECL-11132) was
modified to give more uniform heating over the sample surface. Its performance was verified
through observations with an optical pyrometer. We performed two experiments during this
period. In both runs, the beam was 72 MeV iodine, used to simulate in-reactor fission-fragment
radiation. The experiments were designed to study gas release from Kr-implanted UO2 and
SIMFUEL and to study radiation damage in UO2 and SiC; both as a function of dose and
temperature. SiC is a candidate carrier material for the burning of Pu or acrinides in a CANDU
reactor. This advanced fuel will be used to aid overseas marketing of CANDU. Analysis of the
results is in progress.

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 Target Laboratory

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

In the second 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. Stretched polypropylene films were fabricated
and subsequently aluminized or coated with conductive and resistive films for the Bragg detector.
VYNS and cast polypropylene films were also fabricated and aluminized for detectors used in
AMS runs. Other branches were provided with film coatings and sample reductions.
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Targets and Coatings Prepared for Nuclear Physics Experiments

Natural materials: Al, Au, B, C, Ca, Cr, Mo, Pb, U.

Stable isotope targets: 12C, 52Cr, 54*56Fe, 98-100Mo, 148<150Nd, 104'105Pd, ^ u , 28Si, 115-116Sn.

Services Provided to Other Branches

A Zr.Nb disc was coated with palladium for deuterium permeation studies carried out by System
Chemistry and Corrosion.

An atomic force microscope component was coated with Fe for Physical Chemistry Branch.

A stainless steel screen was coated with Au for General Chemistry Branch.

A total of 32 samples were reduced on the rolling mill with reduction ranging from 11% to 22%
for System Chemistry and Corrosion Branch.

3.2.2 TASCC Experimental Computing Facility

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

The Concurrent CCUR 3230 and CCUR 3280 computer systems continued to be used extensively
for data acquisition and analysis. In December, a used CCUR 3280 computer was purchased to
replace the existing CCUR 3230; it will be installed early in the new year. This upgrade will
meet the increased demand for on-line experimental data acquisition computing power at a very
affordable capital cost while taking full advantage of the many man years of hardware and
software development.

Documentation of the CCUR data-analysis software has been completed. However, software
development was seriously curtailed during the last quarter because our real-time software
personnel from the Mathematics and Computation Branch were required to work on commercial
projects.

Preliminary testing of a SCSI CAMAC crate controller that will be used to provide a faster
method of transferring on-line data to the SUN workstations has been completed. A Weitek CPU
upgrade chip was installed on one SPARC2 workstation. Benchmark tests showed performance
improvements of up to 50%; similar upgrade chips will be purchased for the other two
workstations.

A committee was formed to determine the future experimental computing requirements for
TASCC. This committee has already identified the highest priority to be a replacement for the
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existing data scanner. A new design, based on CAMAC ADC's is presently being investigated
since the prototype replacement built by F.J. Sharp before retirement is not suitable for future
requirements and requires major modifications to correct known technical problems (see 3.2.3).

3.2JS TASCC Experimental Electronics

G.A. Tapp and R.E. Howard

SUN Workstations

A Jorway SCSI CAMAC controller was tested on the SUN SPARC-2 station CU49. This was
done using an SCSI bus extender which consisted of two receiver/transmitter modules and two
coax cables. These units allowed the SCSI bus from the SUN stations to be extended up to 500
feet (-170 m). The modules will be used to provide a direct high speed path for data transfer
between the SUNs and the CCUR computers. Data is currently being transferred to the SUN
stations via an 8 bit Centronics parallel port.

CU49 has had a second internal disk drive installed as well as a new microprocessor and boot
PROM. The new CPU, a Weitek 'Power-Up' IC, provides substantial increase in system
processor power.

A spare 2.4GByte external SCSI hard drive has been purchased and tested on CU49. The unit
is a spare disk drive for the SUN workstations.

New Data Scanner

Debugging of the data scanner histogram memory was suspended in late October when it became
clear that the histogram memory would have to undergo a complete redesign to make it operate
properly with the FPP display, which itself is obsolete. Since the microprocessor controller
already had to be reworked because it was too slow, it was decided that a system using
commercially available units be investigated. On the recommendation of a committee set up to
discuss alternate solutions, a Bi-Ra model 1600 Smart Crate Controller with a built-in list
processor is being evaluated as a possible replacement. Timing tests will be performed in early
1995 to assess its suitability.

Microstrip Detectors

Parts have been ordered and received for a pre-amp to be used with microstrip detectors. The
unit is based on an 8-channel LeCroy HQV810 incorporated into a design built at Argonne
National Lab.
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Miscellaneous Electronics

New circuit boards for the 32K CAMAC auxilliary controllers have been completed and are ready
for assembly and testing.

The LeCroy CABs continue to require frequent servicing. Obsolete AMD parts used in the CAB
and the LeCroy 4302 triple port memories have been stocked. The flaw found in one of the CAB
sequencer boards which allowed the +6 volts to connect directly to the +5 volt power rail was
also found in the remaining two CABs and has been corrected. All three CABs are now
operational, however, one of the CABs does not load properly when installed in the 8ft crate
controlled by a SCSI crate controller connected to a VAX station. Further investigation is
pending.

A 4301 FERA driver was repaired.

The Chromatics terminal connected to the 3230 was also repaired.

3.2.4 Tests of Prototype Csl Detectors

D.R. Bowman, G.C. Ball, D. Fox, A. Galindo-Uribarri, J. Lori, E. Hagberg,
D. Horn, and M.G. Steer

The Reactions group has decided to fabricate two dedicated arrays of Csl detectors. These arrays
will utilize the existing 48 electronic channels of the 87t's Miniball. A 48-element "ball" is under
construction which will augment the coverage of the CRL/Laval Forward Array from 46 to 140
degrees. A compact array for small-angle light-charged-particle correlation studies is also being
designed. Prototype tests of Csl detectors were performed in order to select the supplier of the
array elements and to determine the optimum electronics circuit.

Experiments were performed with a 26 MeV 2H beam from the Tandem and an E/A = 36.5 MeV
18O beam from the Cyclotron. Csl detectors with photodiode readout are known to have excellent
energy resolution (approximately 1%) and long term stability against gain drifts. Therefore, the
experiments were designed primarily to test the particle-identification capability of the crystals.
The following variables were investigated:

1) Manufacturer
2) Crystal/Photodiode size
3) Triggering Condition
4) Particle Identification Technique

Cubic crystals of 3 x 3 x 3 cm3 intended as prototypes for the "ball" elements were provided by
Bicron Corporation and by Hilger Analytical. The crystals were machined to allow a better
coupling with the 2 x 2 cm2 photodiodes (Hamamatsu #3204-03). After machining, the crystals
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had trapezoidal cross-sections with sides of length 3 cm (front), 2 cm (sides), and 2 cm (back).
The crystals from the two manufacturers were found to have very similiar responses. Slightly
better discrimination between hydrogen isotopes was obtained with the Bicron crystal, whereas
slightly better discrimination between alpha particles and heavy ions was obtained with the Hilger
crystal. Since the price of the two crystals was similiar, it was decided for convenience to obtain
the material for both arrays from a single supplier. Hilger Analytical was chosen to be the
supplier.

A 2 x 2 x 3 cm3 rectangular crystal was also provided by Hilger Analytical. This crystal was
machined to a size of 1 x 1 x 2 cm3 and coupled to a 1 x 1 cm2 photodiode (Hamamatsu
#1723-06). Better particle discrimination was obtained with the smaller crystal/photodiode
configuration. Detector elements of nearly this geometry (1 x 1 x 2.5 cm3) have been purchased
for the light-particle correlation array.

Tests were performed with the zero-crossover time of the Csl detectors measured relative to the
prompt time signal (100 ns rise time) of the Csl itself. The particle-identification capability was
similar to that obtained with the 871 miniball detectors when the zero-crossover time was
measured relative to the fast (1 ns rise time) Forward Array elements. Hence it was determined
that self-triggering a correlation array with the miniball electronics is feasible.

The most detailed tests concerned the technique used for particle discrimination. Three different
methods were investigated: pulse height vs. zero-crossover time (PH-Zcross: standard Miniball
technique), pulse height vs. pulse height with two different shaping times (PH-PH), and charge
integration vs. charge integration with two different integration gates (Charge-Charge).

The PH-Zcross and PH-PH gave qualitatively similiar particle-identification capabilities; the
Charge-Charge technique was poorer. Optimal discrimination was obtained with a shaping
constant of 6 usec with the PH-Zcross technique (longer than the standard Miniball shaping time
of 3 usec), and with shaping constants of 0.5 usec and 6 usec with the PH-PH technique.
However, neither of these techniques could provide resolution for hydrogen isotopes below about
20 MeV.

To obtain the necessary proton-deuteron discrimination for light-particle correlation experiments
at TASCC (approximately 6 MeV), a multistrip Si delta-E detector located in front of the Csl
detectors is necessary. Prototype testing of readout techniques for this type of detector is now
under way. Miniball electronics with a modified shaping time of 6 usec will be used for the Csl
elements in the correlation array.
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3.2.5 A Penning Trap Mass Spectrometer for Short-lived Isotopes at TASCC

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

The work towards the completion of the Penning trap mass spectrometer to be installed at
TASCC (PR-TASCC-8: 3.2.6; AECL-11132) has continued during the present reporting period.
A new clean-room with all services required for the lasers has been built beside room 204C. The
lasers have been received and installed. A selection of optical components has been ordered and
received and holders have been machined at McGill University. All vacuum equipment required
for the operation of the laser ion source has been purchased and delivered. The vacuum chambers
and the sample wheel with the differential pumping mechanism have been machined at University
of Manitoba and are now ready for assembly at TASCC. The ion optics for the transport from
the laser ion source to the bunching RFQ trap have been designed and the drawings transfered
to University of Manitoba where machining is well underway. The drawings of the superstructure
were completed and the machining was separated among the three institutions for completion in
early February 1995. Calculations of the detailed ion optics for the transport between the RFQ
and Penning traps are progressing and should be completed in the beginning of the next reporting
period. Design of the precision Penning trap itself is completed and machining has started on the
CNC machines at Chalk River. The superconducting magnet has been selected and an order
placed for an April 1995 delivery. The computer control/data acquisition system has been
specified and hardware development has started at TASCC. The software development is to be
done at University of Manitoba. Design of the ion diagnostics in the bunching trap region is
nearing completion at McGill University.

The project is now about 40% completed, and is on schedule. An application was submitted to
NSERC in the fall of 1994 for an infrastructure grant to operate the proposed mass spectrometer.

3.2.6 A Simplified Ray Tracing Program for Q3D Spectrometer

W.G. Davies

A simplified ray tracing program has been written to calculate often-required information for
running experiments on the Q3D magnetic spectrometer, namely, the position of a ray along the
focal plane, its focal-plane tilt angle, the first-order dispersion and time of flight through the
spectrometer. The local first-order transfer matrices are also computed for each ray, allowing the
resolution and magnifications to be obtained.

The program makes a fifth-order computation in the sharp-cutoff approximation (fringing fields
neglected), so no numerical integration is required. Although a fifth order code in the sharp-
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cutoff approximation may seem an oxymoron, we are really only interested in first order
properties for rays that have potentially large deviations from the central value. The program
traces the local on-axis ray with the specified momentum through all of the magnetic elements;
the effective-field boundaries of each of the dipoles is computed to fifth order. Finally, the
program solves for the intersection of this ray with the focal surface. At each stage, the local
first-order properties, such as the effective pole-face rotation angles of the entrance and exit pole
faces of each dipole are computed along with the intra-element distances. These parameters are
used to generate the first order transfer matrix for the system. This information is then used to
compute the dispersion, focal-plane tilt angle, and the length of the ray and hence the time-of-
flight through the system. The properties of locally off-axis rays are computed making use of
the first-order transfer matrices.

3.2.7 Application of Lie-algebraic Maps to the Orbit Dynamics of Cyclotrons

W.G. Davies

One of the positive consequences of the development of analytic formulas for the global
parameters for the TASCC cyclotron, as discussed in (PR-TASCC-7: 3.2.8; AECL-11028), is that
one gains a greater understanding of the origins and subtleties underlying these parameters.
Similar advantages accrue from the study of resonances and aberrations.

For example, one consequence of obtaining analytic results for the radial and vertical tunes is that
the rather subtle differences in the origin of radial and vertical focusing have also been
elucidated; the radial focusing is mainly a first-order effect, while the vertical focusing arises
entirely from the feed-down of the sextupole (and higher order) component of the Hamiltonian.
This feed-down is caused by the perturbation, generated by the flutter, of the original circular
central trajectory to a sinusoidal trajectory. This leads to an M factor in the map. Removal of the
M factor is effected by transforming to the fixed point at the origin. This transformation generates
further tune shifts, especially in the vertical plane.

In addition, the powerful normal form methods have been used to investigate both non-resonant
and resonant behaviour. It has been demonstrated that for n = 1, all (x,pj non-linearities vanish,
leaving only the chromaticities and the (z,pz) aberrations. Because the radial tune-shift due to the
flutter in a 4-sector cyclotron is about 1/2 that of a 3-sector machine, the effects of 3rd-order
non-linearities are greatly reduced in 4-sector cyclotrons. In fact, it is not possible to approach
n = 1 too closely in 3-sector cyclotrons because this excites the "one-third integer resonance",
which can cause loss of beam-intensity. The driving term for this resonance is large, proportional
to the b component of the flutter.
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Finally, analytic results have been obtained for the decentering resonance, which although
generally pathological, is universally used in compact cyclotrons as an aid to extracting the beam.
This resonance, driven by a Fourier term b in the magnetic field, is the result of unwanted errors
in the magnetic field (except when introduced locally for resonant extraction) and is a larger
problem in 4-sector cyclotrons for precisely the same reason that the 3rd-order non-linearities are
reduced; n is very close to unity.

A paper describing this work was presented at the Fourth International Conference on Charged
Particle Optics, held in Tsukuba Japan, October 3-6, 1994.
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4- l CYCLOTRON

4.1.1 Operation

H. Schmeing

Cyclotron operation over the report period was uncharacteristically difficult. Starting sometime
during the previous period, the beam stability deteriorated slowly over many months to the point
where it became insufficient for some types of experiments. Simultaneously, the voltage-holding
capability and the meantime between failure of the deflector decreased; at its worst, the midplane
had to be opened for deflector maintenance three times during one cyclotron run, causing a loss
of 8 days of beam time. In the previous progress report, we had ascribed this deterioration to "an
increase in midplane hydrocarbon contamination, the precise reason for which is unclear at this
time".

Eventually, on September 19, a partially molten MACOR insulator in the r.f. drive line was
identified as the root cause of the problem. Although the insulator had been inspected repeatedly
with a horoscope, its damaged struts were so inaccessible that they had escaped detection in-situ.
Only when the insulator was removed the damage became obvious. Shortly after the insulator
was replaced, two other failures occurred causing identical symptoms. A partially burnt-up
coaxial copper tube in probe 3 and the main vacuum insulator in the r.f. drive line caused
evaporation residue in the midplane, and associated r.f. and deflector sparking problems. After
these problems had been addressed as well, the midplane was thoroughly cleaned and the
deflector electrodes better shielded against deposition of vapour condensates and particulate
matter. Since then, in early 1995, operation of the cyclotron has been nearly trouble-free.

In spite of these difficulties, many things were achieved over the report period. The cyclotron
was scheduled for 16 runs, for a total of 73 days of operation. The respective numbers for the
previous report period were 9 and 47. The breakdown of days into production runs (including
setup and training) and development runs was 50:23, versus 22:25 for the preceding period.
Production runs usually begin with a one or two day period for setup and continuing operator
training. After uncharacteristically low demand in the previous period, demand for cyclotron
beams now almost equals demand for Tandem-only beams. The schedules for the following
report period, 1995 January to July, show a similarly high demand for cyclotron beams.

In all, nine midplane openings were required (versus seven in the previous period) to service the
deflector and do midplane maintenance work. Of these nine openings, only two affected the
experimental program.

Five new cyclotron beams were developed, bringing the total number of beams available to
experimenters to 87 (see Table 4.1.1.1). Of these five, the beams 197Au at 14 MeV/nucleon and
^'Bi at 10 MeV/nucleon are of particular interest because of their high energies. We have also
established that the new cyclotron injection steerers required for the production of high-energy
uranium beams do not have to be superconducting, as previously thought; the design of new
room-temperature steerers has begun.
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TABLE 4.1.1.1

CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1994 DECEMBER 31

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
32
33
34
35
36

Ion

3He
*Li
7Li
7Li
lOg
I2C
12C
12C
12C
12C
12C
12C
12C
14N
14N
i « 0

u Q

" 0
2 4 M g
2 4 Mg

2 8Si
2 8Si
28Si
2 8Si
2 8Si
2 8Si
3SC1
35C1
3$C1
3SC1
35C1
35C1
3SC1
35C1
35C1
3SC1

E n e r g y
MeV/nucleon

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
11
10.25
9.5
8.5
6

R.F. Mode

7C

%

71

7C

7t

7C

71

n
n
7t

7C

0
0
7t
7C

n
71

71

71

7C

7C

7C

7t
0
0
0
71

7t
7t
7t
7C

0
0
0
0
0

Intensity
nA

14
14
17
20
30
<1

140
260
325

23
250

10
4.5

45
20
90
52

500
22

150
60
9

400
45
10
70
<1
13

140
130
260

32
24
45
39
5.5
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T A B L E 4.1.1.1 (CONTINUED)

N u m b e r

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
65
66
67
68
69
70
71
72
73
74

Ion

37C1
37C1
37C1
48T i

63Cu
63Cu
63Cu
7 0Ge
7 0Ge
7 4Ge
7 4Ge
7 6Ge
7 6Ge
7 6Ge
79Br
^Br
"Br
"Br
79Br
79Br
79Br
7 9Br
"Br
81Br
81Br
81Br

107Ag
107Ag
107Ag
107Ag
107Ag

127j
127I
127I
127J

127j

127J

127J

Energy
MeV/nucleon

35
22.5

5.5
25
20
18
10
35
22.5
4.03
4.2
4.45
4.35
4.2

27
22.5
20
18
15
13
10
6.5

25
18
4.37
4.17

13
10
6.5
5.6
4.7

21
19
15
11
10
5.6
5.12

R.F. Mode

7t
71

0
0
0
0
0
71

%

n
K

71

7t
7C

71

0
0
0
0
0
0
0
7t
0
7C

%

0
0
0
0
71

0
0
0
0
0
0
%

Intensity
nA

520
100
33
80
33
50
33

1
20
25
18
60
95
75

6
7

<1
120
60
35
55
6

130
125
80
50

8
8

20
<1

1.3
<1
42
63
<1
70
10
6
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TABLE 4.1.1.1 (CONCLUDED)

Number

* 75
* 76
* 77

78
79

* 80
* 81

82
83
84
85
86
87

Ion

197Au
I97Au
197Au
197Au
197Au
20SBi
209Bi
209Bi
^ i
20SBi
23STJ

2 3 8 u2"U

Energy
MeV/nucleon

14
12
10
8
5.6

10
8
6.7
6.35
5.4
5.25
3.3
3

R.F. Mode

71

n
0
0
0
0
0
0
0
0
0
71

7C

Intensity
nA

6.5
<1
15
13
10
10
<1
10
12
90

70 pA
4.5

300 pA

* new oeams

Our ECR source development, aimed at producing bismuth beams of high intensity, as well as
many other difficult-to-produce ion species, is making good progress. We have succeeded to
inject beams of higher intensity into the cyclotron, 500 nA, than the cyclotron stripper foils are
capable of handling. The same source has also produced 10 (jA of 4He\

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 was fully implemented in 1994 December.

4.1.2 Electrostatic Deflector Development

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

During this report period there were several highlights in deflector development. These included:
satisfactory testing of a copper high-voltage electrode, fabrication of an aluminum high-voltage
electrode, use of oxygen gas to reduce electron emission from the copper high-voltage electrode
and extraction of a gold beam at 14 MeV/nucleon, which required a record deflector field of
180 kV/cm. These successes were tempered by generally poorer operation than during 1992 and
1993.

Deflector operation is influenced by both the electrostatic design and the environment in which
it operates. The electrostatic design has been based on many experiments. In the test stand, we
have routinely demonstrated gradients of 400 to 500 kV/cm over a gap of 5 mm compared to a
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maximum gradient of 180 kV/cm over 5 mm for the cyclotron deflector. The operational
environment of the cyclotron includes many conditions not encountered in the test stand that
make reaching and maintaining the required gradients more challenging. Some of the important
environmental considerations are: r.f.-induced heating of components, effects of the strong
magnetic field, carbon contamination from r.f.-induced breakdown of residual hydrocarbons and
particulate contamination.

The movable septum described in previous progress reports was used throughout 1994. The
important features of this development are the variable gap and the ability to handle high beam
power. However, this deflector does not use one feature of the older design that may be quite
significant—a stationary upper rail. This rail provided extra shielding between the high-voltage
electrode and the rest of the dee in which the deflector was mounted. We now postulate that
both particulate and vapour film contamination can reach the high-voltage electrode more readily
when there is no upper rail installed. The operational statistics for 1994 support this. There were
significantly more openings in both halves of 1994 attributable to a contaminated high-voltage
electrode than during 1992 and 1993 (with the old-style deflector in use all year). We therefore
began operation at the beginning of 1995 with the older design to see if improved operation could
be achieved again.

Deflector developments included the installation and testing of a copper high-voltage electrode
and the installation of a copper line to feed oxygen from the top of the cyclotron into the
deflector. Oxygen flow into the deflector was used to aid extraction of a gold beam at
12 MeV/nucleon with a deflector field greater than 170 kV/cm. There was only a small loss in
transmission of the beam from the increased midplane pressure. Oxygen was also used during
a cyclotron run in December to decrease the deflector leakage so that beam production for a
physics experiment was able to continue without a midplane opening.

The cyclotron midplane was opened nine times during this reporting period. Four of these
openings were for scheduled maintenance and development of the deflector while the other
unscheduled five occurred during cyclotron operation, with a loss of nearly ten days of beam
time. Three openings during a one-week cyclotron run were required because an insulator in the
r.f. drive line failed. This insulator was mounted in the valley below the deflector in a location
that was rather inaccessible to inspection. Sparks at the interface between the insulator and the
copper conductor produced particulate contamination of the deflector that led to high leakage
current and sparking. Deflector operation improved after the r.f. insulator was replaced. One
midplane opening was required to repair a water leak in the high-purity water system. Two
midplane openings were needed for a general cleanup of deflector components and the dees in
preparation for development of gold beams at 12 and 14 MeV/nucteon. These beams and others
with high mass and energy require voltage gradients that are well beyond the original design
estimate of 140 kV/cm. Gold at 14 MeV/nucleon required a gradient of 180 kV/cm, the highest
ever used in a superconducting cyclotron. Although these very high fields have been used to
extract cyclotron beams, they are not reliable at mis time. Several design changes will be tested
during the next report period in an attempt to reach these high fields more reliably.
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4.13 Electrostatic Deflector Workshop

W.T. Diamond

TASCC hosted the Third Annual Workshop on Electrostatic Deflectors on October 3 and 4.
Delegates from Catania and Milan (Italy) Texas A&M and Michigan State University (USA)
attended the two-day meeting. Many design and operations issues were covered during mis
meeting. The representative from Michigan State University reported on the successful use of
oxygen to reduce field emission from their deflector, permitting operation at 80 kV over 6 mm
(133 kV/cm). Their high-voltage electrode is made from anodized aluminum. An anodized
aluminum deflector will be tested in our cyclotron in the near future.

4.1.4 High-Voltage Test Stand Experiments

W.T. Diamond

On the high-voltage test stand, work aimed at improving our understanding of the complex
phenomena that lead to electrical breakdown in vacuum was continued. Previously, we had
reported on our tentative conclusion that routine metal machining and polishing increases the
work function of the metal compared to the published values for a clean metal surface. An
experiment was set up to verify this.

A mercury-argon lamp that provides a strong ultraviolet line at 4.9 eV was used to produce
photoemission from a variety of metal discs used for high-voltage tests. The lamp was mounted
in air inside a quartz tube that was inserted into the test stand. The metal discs were mounted
on an electrically-insulated and movable metal tube so that they could be situated either near the
lamp or retracted into a second chamber equipped with a small evaporator. The sample tube was
biased at -12 V^ with respect to the test chamber so mat photoelectrons leaving the metal sample
would be collected on the walls of the chamber. The photocurrent was measured with a digital
voltmeter. Thin metal films of silicon (<J> = 4.85 eV), copper (<{> = 4.65 eV), aluminum (<|> = 4.28
eV), indium (<t> = 4.12 eV) and magnesium (<|> = 3.66 eV) were evaporated on to the metal discs
and the discs were immediately moved, under vacuum, to a fixed location near the UV light
source. The photoelectron current was then measured for each sample. Figure 1 shows the
results.

The film is sufficiently thick to produce a reflective coating on a glass window about twice as
far from the evaporation boat as the disc. Reproducibility of the photocurrent for repeated
evaporations is about 20%. The photocurrents displayed in Figure 1 increase as expected. The
lowest photocurrents measured for a calibration experiment was above 100 nA. This is in stark
contrast to a second series of measurements on well polished and cleaned metal discs of
aluminum (<J) = 4.28 eV), copper (<|> = 4.65 eV), titanium (<|> = 4.33 eV), niobium (<j> = 4.3 eV)
and stainless steel (<J> unknown). For these discs, photocurrents of between 2 and 10 nA were
measured. This indicates an effective work function of ~4.9 eV for all mechanically polished
discs, significantly higher than for freshly evaporated surfaces. Since deflector components are
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made from polished metal components, and furthermore, operate in a rather dirty environment,
we conclude that work function values given in the literature provide little guidance as to which
materials to select.

3000

CO

0.5 1.0
(4.9 - WF) (eV)

Figure 4.1.4.1 Photocurrent produced by a mercury-argon lamp (E — 4.9 eV) from metal
discs onto which thin metal films were evaporated. The difference between 4.9 eV and the
published value of the work function for films of (from left to right ) silicon, copper,
aluminum, indium and magnesium, is plotted against the photocurrent
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4.1.5 Main-Magnet Control

G.L. Backmeier and B.F. Greiner

Work continued on replacement of the existing voltage-tap monitor. Circuit boards for
monitoring the voltage-tap pancakes, coil-sum and difference voltages, vapour-cooled lead
voltages, and coil currents have been received. Bench testing of these circuits has begun.
Preliminary designs are complete on circuits for lead temperatures and hardware interlocks.
Maintenance and calibration were carried out on the voltage-tap monitor to replace oxidized
relays and repair several intermittent connections.

The LSI-11 controller has failed to boot on a few occasions. It was repaired and has operated
reliably during the last few months of the reporting period. The non-availability of a commercial
replacement unit continues to motivate the development of software for an auxiliary crate
controller to be used as part of the interlock system. Progress on this front has been slow.

4.1.6 Main-Magnet Power Supply

N.A. Towne and G.L. Backmeier

The main-magnet power supply continued to be plagued by failures of various components. The
most serious were the failures, at different times, of the two 20-bit BCD digital-to-analogue
converters (DACs). One DAC was repaired, but it was necessary to replace the second with a
precision reference supply. Replacement of the 18-bit binary DACs is nearing completion. Both
will soon be installed, along with CAMAC-mediated control of the DACs. This will
simultaneously solve the DAC problems and provide long-awaited console control of the magnet
currents.

Two new dc current transducers (DCCTs) were ordered to monitor the inner and outer coil
currents. One was received and installed. These transducers will operate in parallel with the
original DCCTs used to control the power supply. Comparison of the outputs of the new and
the original DCCTs has shown an agreement to better than 0.005% of the reading, giving us
confidence in the absolute accuracy of the original transducers. The original DCCTs were
installed during or before 1978.

Various voltage offsets originating in poorly-controlled ground and signal return paths were
understood and rectified, resulting in much better accuracy of the output currents and readbacks.
The down-side is that previous calibrations of the power supply included these offsets, so we now
cannot reproduce setups done prior to the changes to better than about 0.04%.
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4.1.7 Foil Changer

C.R. Hoffmann (Accelerator Physics Branch)

In order to produce helium beams with the cyclotron, the foils must be positioned at radial
positions beyond 265 mm. Modifications to components mounted in the dee interior have been
identified which would extend the range outwards by 17 mm. The detailed design is completed
and fabrication will begin early in 1995.

4.1.8 Radial Probes

R.R. Tremblay and G.L. Caldwell

Radial probes 1 and 2 continue to be the most important diagnostic tools for cyclotron beam
development. Over the report period, they performed well. Only two problems needed to be
addressed.

The first problem was that an excessive amount of r.f., picked up by the probe-head elements,
caused the r.f. load resistors in the signal filter units to fail. The filter system has since been
redesigned by the r.f. group. A new filter box was installed on one of the probe-2 fingers and
has operated for numerous runs troublefree. The remaining 31 filter boxes for the other probe
elements are now being assembled. Installation will take place in the next period.

The second problem is related to software. The computer-controlled vacuum interlock system
has proven, over the years, not to be reliable. New control logic has been laid out and a relay-
ladder logic controller has been designed. One of four controllers is now built.

The beryllium insulators of the extraction-channel 5-finger array required cleaning once during
this period. We modified the design of the array at that time to make installation easier. We
also expect the new design to require less maintenance.

Probe-3 was removed since some of the probe components had failed from r.f. overheating. The
probe design is currently being reviewed.

4.1.9 Cyclotron Vacuum Systems

R.R. Tremblay and G.L. Caldwell

The gas-powered backup generator for the cryostat vacuum controller has finally been
commissioned, after many attempts. The system operated as designed during the last power
outage.

The sliding vacuum seals on the upper-tuner were replaced with seals of the same type used on
the lower tuner for a couple of years. No problems have been observed since.
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During the previous report period, we had introduced a new midplane venting procedure, with
the cryopumps still rather cold. This allows midplane access within three hours of shutting down
the cryopumps, as compared to the previous nine hours. This procedure is only used when
midplane access becomes necessary during a cyclotron run. However, it was repeated many
during during this period.

4.1.10 Cyclotron Openings

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

The lower pole of the cyclotron was lowered and raised a total of nine times over the report
period. Table 4.1.10.1 lists the dates and reasons for the openings.

4.1.11 Trim Rods

R.R. Tremblay and G.L. Caldwell

There were very few trim-rod and trim-rod drive-related problems during this period. None of
these affected cyclotron operation, and all were easily repaired in maintenance periods.

Discrepancies were found in measurements of the mechanical-zero settings for some of the 40-
mm trim-rods. These discrepancies were traced to the (wrong) assumption that all these trim-rods
were identical within close tolerances. It was concluded that the position as measured by the
linear potentiometers is correct. If needed, absolute confirmation of trim rod position is always
possible using eddy current technology.

4.1.12 2x Injection Steerers

GX. Caldwell

Previously we had reported mat the bending radius required to direct high-energy uranium beams
to the stripper foil of the cyclotron could not be achieved by the present 2x injection steerer. At
that time, we had concluded that a superconducting steerer might be required for the cyclotron
to produce uranium beams of energies higher than 5 MeV/nucleon. We have now conducted a
series of measurements which show that the proper injection radius for these beams can be
achieved by a new room temperature steerer. The solution will be to install an iron magnetic
shield on the injection beam pipe between the lx and 2y steerers. In addition, hollow-core
copper conductor will be used to wind a redesigned 2x steerer that is capable of producing
25 000 A-turns with a new 200 A power supply. The present 2x steerer trips on overtemperature
with a current of more than 8.0 A (8 800 A-turns). The design of this steerer was begun.
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TABLE 4.1.10.1

REASONS FOR LOWERING THE BOTTOM POLE

Date

1994 August 25

1994 August 29

1994 September 14

1994 September 15

1994 September 19

1994 September 28

1994 October 14

1994 October 26

1994 November 26

Reason/Action

High deflector leakage current. Cleaned all deflector components
and midplane copper liner.

High deflector leakage current. Cleaned all deflector components,
midplane copper liner and vacuum lines. Replaced all vacuum
pumps' foreline traps to reduce hydrocarbon contamination.

Deflector did not recover from a 50-minute power outage.
Movable lower septum rail removed. Electrode and feed insulator
replaced and new stainless-steel septum upper and lower rails
installed.

High deflector leakage current. Probe-3 limit switches and coaxial
lines overheated. New deflector electrode and water-cooled copper
septum installed.

High deflector leakage current. The r.f. drive capacitor insulator
replaced. Water leak in the probe-3 replacement cooling loop
repaired. Deflector components cleaned.

Water leak at high-voltage feed insulator flange. Water-cooled
copper electrode installed.

High deflector leakage current. Cleaned all deflector components,
and midplane copper liner, probe ports and vacuum lines.
Stainless-steel water-cooled electrode installed.

High deflector leakage current. Cleaned all deflector components,
water-cooled copper electrode installed.

Oxygen-gas purge line installed and 5-flnger array beryllia insulator
cleaned. Deflector rebuilt and midplane cleaned.
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4-2 RADIO-FREQUENCY SYSTEM

4.2.1 Power-Amplifier

P.J. Bunge and S.G. Whittle

The 100 kW power amplifier performed reliably, with the exception of one failure of the AC
power controller. This controller slowly ramps the screen supply to full voltage when turned on
to prevent unnecessary stress on the tetrode. The faulty controller was repaired by the
manufacturer and returned to service. A spare controller has been ordered.

4.2.2 Cyclotron R.F. System

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

The cyclotron r.f. system performed well, with one exception: a Macor insulator in the drive-
capacitor assembly failed. The insulator had been in place for over 10 years. The failure first
affected the dee voltage stability, and then the deflector performance (section 4.1.2). The
insulator was replaced.

Two improvements were made to the r.f. structure: limit switches were added to the balance-
capacitor drive assemblies to prevent the balance capacitors from jamming, and a new drive-
capacitor drive assembly was built and commissioned.

The main development on the electronics front is the construction of new automatic frequency-
control electronics. A number of printed-circuit boards to be housed in a Eurocard-style chassis
were built and tested. The chassis should be constructed and the system commissioned early in
the next report period.

4.23 Bunchers and Injection Beamline Control Systems

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

The bunching and phase-control systems have continued to perform reliably over the report
period. Most beam setups are now done by operations crews, with occasional help from r.f.
specialists.

New control electronics for the low energy buncher (LEB) has been assembled using new
electronics modules developed in the last report period (PR-TASCC-8: 4.2.3.1; AECL-11132).
The main improvement to the performance of the LEB will be in the levelling of both the If and
2f cavity voltages, which fluctuate with the beam loading of the gap. The new electronics will
also provide better control of harmonic generation. The commissioning tests are not yet complete
because of difficulties with the hardware and a CAMAC auxiliary crate controller.
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4.2.4 Bunched-Beam Diagnostics

G.R. Mitchel and J.W. McKay (TASCC Accelerators and Development Branch)
J.J. Hill and P.J. 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 report period, we measured
the beams given 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 two
energies. The measured energies are average values obtained by sweeping the wires of pairs of
beam pulse detectors (BPDs) independently across the beam.

As well, Tandem-only beams can be bunched and their energies measured with the same time-of-
flight system (PR-TASCC-8: 4.2.4; 4.2.5; AECL-11132). During this report period, a
measurement was done on 24Mg at a nominal 138 MeV. The result was 138.1 ± 0.3 MeV.

With Bi-5.4 and Bi-6.35 MeV/nucleon, measurements were done to explore the detailed time
structure of the beam. The BPD4 and BPD5 wires were placed at varying distance from the
center of the beam. A time shift of the order of 300 ps was seen as the wires were moved a total
of 8 mm across the beam, numerically equivalent to a 0.02 MeV/nucleon energy change. This
sets an upper limit of AE/E < 3x10'3 on the energy spread of the beam.

TABLE 4.2.4.1

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

Beam

2 8Si

2 0 9 Bi

2 0 9Bi

127j

12C

74Ge

I97Au

Nominal
Energy

MeV/nucleon

27

5.4

6.35

15

23

4.03

10

Calculated
Energy

MeV/nucleon

26.88

5.287

6.250

14.87

22.95

4.027

9.830

Measured
Energy

MeV/nucleon

26.76 ± 0.03

5.295 ± 0.01

6.265 ± 0.007

15.10 ±0.03

22.85 ±0.07

3.950 ±0.005

9.825 ± 0.02

Energy
Difference

%

-0.4 ± 0.1

+0.1 ± 0.2

+0.2 ±0.1

+1.5 ± 0.2

-0.4 ± 0.3

-1.9 ± 0.1

-0.1 ± 0.2
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The wires can be positioned with a reproducibility of 0.1 mm or ±30 ps, equivalent to an
uncertainty in energy of 0.002 MeV/nucleon or ~3xl0"4. Thus, while systematic errors in the
absolute energy calibration may be as large as 3xlO3 (PR-TASCC-8: 4.2.4; AECL-11132),
these measurements establish our ability to detect relative energy changes in the order of
3x10"4.

Finally, two investigations were done to measure the extracted beam energy as a function of
dee-voltage, or number of turns in the cyclotron. A first study with Bi-6.35 MeV/nucleon
with only one pair of BPD's, separated by 7 m, showed fractional variations in E ^ of the
order of l.SxlO"3 as the dee voltage (and number of turns) was varied by more than 40%.
The small detector separation and the fact that only one pair of detectors was available at that
time limited the accuracy of the measurements.

A more extensive study was done on "7Au-10 MeV/nucleon. The average energy was 9.825
± 0.020 MeV/nucleon. Variations in average extracted energy were seen up to 3x10'3 (as a
function of dee voltage and dee phase). Under some conditions, multiple beamlets (several
different turns) were extracted simultaneously. These secondary beams contained up to 25%
of the total current, at energies differing by as much as 3x10"3 from the energy of the main
beam. Again, only one pair of detectors was available at the time.

4.2.5 Commercialization of R.F. Products

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

TASCC Accelerators and Development Branch continues to market specialty products under the
brand name TASCC RF Engineering". The product line now consists of: 360-degree linear
phase shifters spanning 7-180 MHz (greater than one octave per model); a programmable-gain
amplifier; a phase detector; a linear r.f. level modulator; and a frequency doubler. All devices
but one are active and all have features that make them unique. New products under
development include:

• An r.f. splitter/switch.
• An automatic frequency control (AFC module).
• A levelling r.f. amplifier.

Over two hundred packages of six brochures each giving the specifications of these modules have
been sent out, mostly to accelerator laboratories.

Marketing of these products is done within TASCC Division, in close co-operation with the
AECL Commercial Office. An advertisement for these modules and other TASCC services has
appeared in the "CERN Courier" (1994 July/August issue), albeit with disappointing results. Two
"new product announcements" that appeared in the U.S. trade journals, "RF and Microwaves" and
"Microwave Journal", have produced far more inquiries through the "reader service card" system.
We have also done product demonstrations for visitors to TASCC.
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We are also developing a series of hypertext documents to be accessible through the World Wide
Web using the program MOSAIC and its commercial cousins. These documents will provide
basic specifications of the various modules, block diagrams, and graphical test data. The home
page will be accessible through a link from the TASCC Division home page (also under
development), or directly using the document's URL (universal resource locator).

4-3 BEAM DYNAMICS

4.3.1 A Feasibility Study of a Second Deflector

E.H. Lindqvist

For heavy high-energy beams, the required deflector voltage is very high. A way to reduce the
voltage (to achieve more reliable operation) is to add a second deflector upstream of the existing
one.

Three locations for a second, 20-degree deflector were investigated, the first and second hills and
the first dee upstream of the existing deflector. Calculations show mat only the first hill
upstream of the existing deflector is useful. For a beam requiring a main magnetic field of 4.9 T,
the voltage of the existing deflector would be reduced by 20% if the new deflector is set to 50%
of the voltage of the single deflector. The new deflector has to be movable over approximately
a 1-cm range if all main magnetic fields are to be covered. The existing deflector would not
need to be redesigned, only a minor relocation of its exit is required for high magnetic fields.

Because operation with two deflectors is much more demanding, the additional deflector should
only be used when necessary. When not in use, it should either be withdrawn so as not to
intercept the last turn or be removed completely from the midplane. As there is very little space
in the hills, the mechanical difficulties of locating a deflector there are challenging.

43.2 A Feasibility Study of a Stripper Foil at Extraction

E.H. Lindqvist

For beams requiring a main magnetic field lower than 3 T, the current of superconducting
extraction-channel 1 cannot be set to the desired value because this would exceed the critical-
current limit. In addition, for a field lower than 2.6 T, the current of extraction-channel 2A
cannot be set to the optimal value. In spite of this, a beam requiring a main magnetic field as
low as 2.27 T (12C at 18 MeV/nucIeon) has been extracted, although with low extraction
efficiency. In order to reduce the required currents in the extraction channels, a foil could be
placed just in front of the first channel. This would increase the bending of the beam and
decrease the optimum extraction-channel currents. This scheme has been investigated and found
to be useful in certain circumstances. It is useful for beams which are lighter than oxygen and
not already fully stripped. Beams heavier than oxygen would not be fully stripped after passing
through the foil. The result would be beam loss and activation of components. For nC at
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18 MeV/nucleon, which would be stripped from 5+ to 6+, the optimum current in channel 1 would
decrease from 246 A to 1 A and the optimum current in channel 2A would decrease from 224
A to 18 A. These are significant reductions.

In constrast, placing a stripping foil in front of the deflector is not useful to reduce the deflector
voltage. To the contrary, the higher charge state leads to increased bending in the magnetic field,
which in turn requires higher voltage to guide the beam back to the axis of the deflector.

433 Stability Calculations

E.H. Lindqvist

To investigate the stability of various cyclotron sub-systems required to achieve a steady beam,
a number of calculations for 12C at 45 MeV/nucleon and '"Au at 14 MeV/nucleon were done.
They show that ±0.1% ripple on the dee-voltage or ±2 degrees shift on the r.f. phase would result
in displacements of the beam of ±3.5 mm and -2 mm, respectively, at the entrance to the
deflector. A shift of ±0.03 degree in phase angle or ±1 mm in beam position in the middle of
the last horizontal steerer (2x) would result in displacements of the beam of ±2.2 mm and ±1.5
mm, respectively, at the stripper foil. For 197Au at 14 MeV/nucleon, where the energy loss in a
20 microgram/cm2 carbon foil is 1.96 MeV, a doubling of the foil thickness would result in a -3
mm displacement at the entrance of the deflector. The above variations are about a factor of 3
greater than what is acceptable for a steady extracted beam.

43.4 Continuation of the Feasibility Study of Beam Capture by Mass Change
Instead of Charge Change for Injection

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

The cyclotron is designed to capture injected ion beams by passing them through a thin carbon
foil to change the charge state of the ions. The charge-to-mass ratio must change by a factor of
approximately 2.5 to 3.5. The lightest ion considered in the original cyclotron design was 6Li.

Recent calculations with IONSC AN and SUPERGOBLIN show that He also can be captured and
accelerated within a limited extraction-energy range. In general, the foil position required for
these beams is slightly beyond the limit of 265 mm. Nevertheless, by manually moving the foil
to 270 mm, 5 mm beyond the presumed limit, 3He, with a charge-state ratio of 2, was easily
injected, accelerated to 50 MeV/nucleon and extracted.

However, the lightest ions, H* and D+, are fully stripped before hitting the foil and consequently
cannot be captured by stripping. An alternative method is being explored for these ions which
involves injecting singly-charged molecular ion beams that would result in singly-charged atomic
ion beams after passing through the foil. The effect would be a mass decrease of the injected
particles instead of a charge increase. A study to explore the feasibility and requirements of the
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mass-change scheme shows that D+ could be accelerated to between 25 and 40 MeV/nucleon
using an injected beam of D3

+ at a Tandem voltage between 8.1 and 14.6 MV. At lower
energies, the main magnetic field in the cyclotron would be too low and at higher energies, the
Tandem voltage would be above IS MV. Injecting D2

+ would not increase the energy range and
would be difficult because of magnetic-field and Tandem-voltage limitations.

The analogous production of a cyclotron proton beam, after H3
+ injection, is not feasible.

Acceleration of IT would require such a large gradient in the main magnetic field that the outer
main-coil current would have to be reversed. This situation is prohibited because it results in
forces on the coils that they are not designed to support.

Implementation of this injection method, with molecular-ion beams, would require the
development of an appropriate ion source located in the terminal of the Tandem.

4.3.5 Code Development

C.R. Hoffmann (Accelerator Physics Branch)

For some combinations of inner- and outer-coil currents, the code TRIUMF2 failed to calculate
correct values of lattice parameters that logically represent the operating area of the cyclotron
magnet. This situation arose because the default floating-point word size became 32 bits when
the code was transferred from the CYBER 990 to the PC. Satisfactory results were restored
when the appropriate variables were incremented in steps that were sufficiently larger than the
intrinsic precision limits.

Code that allowed magnetic fields to be calculated for coil currents outside the mapped region
was inadvertently omitted from the version of TRIUMF2 that was transferred from the CYBER
990 to the PC. This code was installed in the PC version and was debugged and commissioned.

The code EXMAP, which is used to calculate extraction-channel magnetic-field maps, was
successfully set up on the PC to operate under the WATCOM77/386 compiler.

SUPERGOBLIN was modified to model mass change at the stripper foil as follows. Upon
encountering the foil, an injected molecular ion breaks up into N atomic ions of equal mass and
charge. Each atomic ion has kinetic energy E/N and momentum P/N, where E and P are the
kinetic energy and total linear momentum of the injected particles. However, in SUPERGOBLIN
momentum is embedded in the code in units of moc (product of rest mass and speed of light).
Consequently, this stripping process caused a change in the units of momentum but not the
numerical magnitude. Revisions were made to use only the momentum units associated with the
particle mass after stripping. Coulomb explosion effects were neglected.
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4,3.6 Orbit Centering

N.A. Towne

Currently, orbit centering in the cyclotron is accomplished by adjusting trim rods in such a way
as to reduce the decentering as seen by the two radial probes. Tuning ordinarily progresses from
inner to outer radii, one trim rod at a time, while acquiring turn patterns each iteration.
Depending on the beam, the process can converge very slowly.

During the report period, new software was developed to aid in orbit centering. The goals are
to reduce the number of interactions required to center The beam and produce better final results,
all in an easy-to-use graphical environment.

The program integrates a differential equation, with terms for precession and first-harmonic
amplitude, to generate simulated graphical displays of the probe 2-minus-probe 1 measure of
decentering and the turn-separations measure of decentering. By varying trim-rod settings and
initial decentering manually, one obtains from the program close fits of simulated data to
turn-pattern derived data, including the matching of trim rod-to-trim rod fluctuations of turn
separations. In this way, the first harmonic as a function of radius, in terms of approximately
equivalent trim-rod settings, is determined.

With the initial decentering known, one then determines first or second trim settings that steer
the initial decentering back to the center of the cyclotron. This is done in the simulation with
all other trim rods set to zero. Finally, using these two sets of settings and the settings in the
cyclotron, the program is used to calculate a new set of settings to be entered into the cyclotron.

Tests of the method and software were done with a bismuth S.4 MeV/nucleon beam. The results
were mixed. In the first iteration, remarkable improvement in the decentering to a radius of
about 450 mm was obtained; at larger radii, the decentering was wildly worse. The cause of mis
is that trim rods 9 and 10 (and perhaps others) had much stronger effect on the beam than
expected. In the case of trim rod 9, this effect was measured and found to be a factor of three
greater. This effect had been seen previously, at least qualitatively, and may partially account
for the limited effectiveness of earlier methods of orbit centering. An effort is underway to find
the source of the problem.

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 10 000-hour and 2 500-hour scheduled maintenance was completed on engines 5 and 7.
A number of unscheduled repairs were also required. The most significant failure was that
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engine-7 piston "A" froze in twice. As a result, the o-ring seal which isolates the cylinder from
the coldbox also froze, causing air to leak into the coldbox. This reduced the liquid-helium
production rate unacceptably. The refrigerator was warmed up to room temperature in order to
pump the coldbox out. A number of ice plugs formed inside the refrigerator during subsequent
cooldown. Partial warmup of certain heat exchangers was required. The cyclotron helium can
warmed up to 22 K, before liquid-helium transfer could be resumed.

Many maintenance items were completed to take advantage of this temporary warmup. Since
the incident, a hardware interlock has been designed (and will be installed in the next period) to
close the cold-gas supply valve automatically in the event that one of the engines ices up. This
will reduce the risk of venting the coldbox.

The cryogenic system was also shut down for an 8-hour power shutdown of electrical feeders 13
and 27.

A total of 234 cylinders of helium were purchased, compared to 132 cylinders in the last report
period. In total, there were 11 power outages, the longest lasting 50 minutes. At least 70
cylinders were used during the refrigerator warmup incident.

A total of 343 616 litres of liquid nitrogen was purchased for liquefier precooling, compared to
412 713 litres in the previous report period.

The cryogenic system was declared fully automated under steady-state operation prior to 1994
December 25. The cryogenics VAX computer utilizes PH> (proportional-integral-differential)
control and logic software to match automatically the liquid-helium production rate to the load
at any given time. This is accomplished by properly controlling the:

(a) liquid level in the cyclotron helium can,
(b) cryostat radiation-shield cooling flow,
(c) speed of engines 5 and 7, and
(d) four model-1400 helium compressors.

The control system proved to be versatile and relatively easy to interface. It is quite reliable and
has greatly reduced the frequency of operator actions required. Installation of additional
controlled devices is currently being planned in order to reduce further the need for human action
during power failures.

4.4.2 Helium Compressors

R.R. Tremblay and G.L. Caldwell

The new model 1400 compressor 2, which had failed in the previous report period, was repaired
under warranty, and is currently in use.



4-20

The second model 1400 compressor 3, which also failed in the previous report period, was also
repaired under warranty. Upon receipt of the repaired unit, the compressor was partially
disassembled to ensure that mis Canadian compressor was identical to those supplied by the
original American manufacturer. No differences were found and the compressor was returned
to service.

The absorber medium and oil were replaced in screw compressor 1. Screw compressor 2 tripped
several times on overtemperature as a result of having partially-plugged sand filters on the
building fire-water circuit. The filter medium has since been replaced in both sand filters.

The permanent 100-amp power-feed line from electrical feeder 9 was the only power source
available for a helium compressor during an 8-hour power shutdown of feeders 13 and 27.
Although the cryogenic system still had to be shut down, all the helium boiloff was recovered
by having one compressor operational.

4-5 TASCC COMPUTER CONTROL

4.5.1 Main Control System

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

Additions and upgrades to the databases on the main (PDP-11) control system continued at a high
rate in the second half of 1994. The availability of the control desk was very high and total
beam outages attributable to control-system failures v/as less than one hour during the entire
report period.

4.5.1.1 Control-System Hardware

One CAMAC crate was added to the main CAMAC serial highway, bringing the total to 31. All
35 database entries for the low-energy buncher were upgraded to operate from the new crate and
most of the commissioning work was completed during the report period. In addition, design
work and component procurement were completed for the addition of a third electrically isolated
instrument platform, called the cathode deck, inside the A injector. The extraction-deck crate,
spark-protection chassis and cabling were removed and reinstalled on the new cathode deck inside
the injector.

After initial indications of success, local refurbishment of worn touch-panel screens was found
not to last very long, and inquiries to the Danish manufacturer of the discontinued touch-sensitive
assemblies were initiated. This problem was still unresolved at the end of the report period.



4-21

4.5.1.2 Control-System Software

The databases and special-purpose programs of the control system continue to be updated to
reflect additions to the beamline and increased functionality for the operations staff and
control-system users.

Accelerator-mass-spectrometry (AMS) measurements are now highly automated and the control
program has been extended to facilitate measurement of iodine-129 in relation to iodine-127. The
ability to measure accurately very small quantities (one part in 1015) of the isotopes iodine-129
and chlorine-36, which are by-products of nuclear installations, is very promising as a possible
commercial service for certain specialized customers.

In order to produce more stable beams for AMS measurements, new electric quadrupole (ESAG)
lens power supplies were purchased. A method was developed to control these. The operational
problem is that the steering and focusing of each lens are coupled, and one set of four electrodes
is used to achieve both. In the original system, the ability to adjust the steering and focusing
independently was achieved by having the steering power supplies electrically float on the
high-voltage output of the focusing supply, using fibre-optics to transmit control voltages to the
floating supplies. In the new system, we are controlling groups of four power supplies, all
referenced to ground potential. The ability to steer a beam by altering the balance of voltages
on the X- or Y-electrode pair without altering the average voltage on the electrodes will now be
accomplished by computation on the control computer. The simple arithmetic required to control
the ESAG electrodes in this way is only worthy of mention because of the very limited capability
of the PDP-11 to accept special software for control functions through the generic 'system
variables' or control channels. Instead of new software, a complex set of many interconnected
system variables provides separate focusing and steering control through four 30-kV power
supplies. The connection of the new system to a lens in the beamline is planned for the near
future.

The continuous upgrading of equipment throughout the facility and the addition of
special-purpose devices to the beamline resulted in approximately one request per week for
software or database upgrades. The largest of these changes was the configuration and
commissioning of three additional control channels and five readback channels for operation of
the ECR source in the B injector. Several of the changes provide additional diagnostic
information to the operations crews.

4.5.2 Control-System Upgrade

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

The creation and off-line verification of active Vsystem (trademark of VISTA Control Systems
Inc., Los Alamos) displays of sections of the TASCC beamline were completed in 1994. All
beamline magnets, steerers, vacuum devices and diagnostic elements are now represented on one
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of 20 facility diagrams. The final activity of the report period in connection with this project was
an on-line test of generic aspects of the displays and approximately 80% of the actual devices.
This phase of the conversion of the control system to Vsystem software provides
operator access to approximately 75% of the 800 device-control channels and 3000 readback
channels of the TASCC database.

Additional operator displays are required to make the sequence of operator actions followed
during development of an ion beam down the beamline as efficient as possible. In addition,
operational diagrams for cyclotron subsystems will be required in order to operate the complete
facility through Vsystem. Detailed planning of the work still remaining to be done, including the
conversion of special-purpose software, will be carried out early in 1995.

4.5.3 Automation of the Cryogenic Plant

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

The application of Vsystem software to regulate automatically the production of liquid helium
for the cyclotron (PR-TASCC-8: 4.5.3; AECL-11132) was successfully completed. The new
controller runs on a stand-alone VAXstation with CAMAC instrumentation. The functionality
of Vsystem coupled with in-house programmable-integral-differential (PID) control software far
exceeds the versatility available in commercial programmable-logic control (PLC) systems.

The major components of the cryogenic plant are:

• a KOCH model-2800 helium refrigerator,
• a 1 000-litre liquid-helium dewar,
• a cryostat containing the superconducting coils of the cyclotron,
• two helium screw compressors,
• four helium reciprocating compressors, and
• two liquid-helium cryopumps in the midplane of the cyclotron.

The control hardware consists of:

• a VAXstation 3100/30 computer,
• a Kinetic Systems Corp. SCSI/CAMAC crate controller,
• one CAMAC crate,
• two 32-channel scanning ADC modules,
• one 16-channel cryogenic-temperature module,
• one control-pulse/status-bit-input module,
• status/pulse-output,
• four stepping-motor-control modules, and
• two digital-I/O modules.
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Vsystem, the host software for the control system, provided the tools for us to develop the
data-gathering and operator-interface software. A simple program that gathers data at a frequency
of 2 Hz from approximately 80 analog and binary instrument channels was implemented, a few
channels at a time, through use of Vsystem's database features. Other tools provided within
Vsystem made it easy for us to develop well-engineered operator-interface diagrams very quickly,
and to update the diagrams easily as the need arose. Our installation's design and ease of use are
judged to be much superior to those found in commercially available PLC systems. PLCs, some
of which we assessed at the start of the project, also have severe limitations in the area of
machine-to-machine communications.

The largest component of the project was the development and tuning of six PID-control
processes, some of which have time constants of many hours. By contrast, regular logging of
most of the data channels was provided in a matter of hours through the use of standard software
included in Vsystem. The final stage of the project was the development and commissioning of
software that copes with cooling load changes in the cryogenic system by adjusting the number
of operating compressors in a time-managed sequence. The project was completed during a
nine-month period in 1994 without compromising the availability of the cyclotron for production
of heavy-ion beams.

One principal benefit of the automation is a drastic reduction in the requirement for routine
monitoring and adjustment of the cryogenic plant by operations staff. Continuous adjustment of
operating parameters by software also results in much smoother control of the process than was
possible by operators. The main justification for automation is minimization of wear and tear
on the helium refrigerator and compressors, which are high-maintenance machines.

During the initial study of this project, it was determined mat a common practice among
cryogenic plant operators is to set helium production at the level which satisfies the greatest
consumption rate. Excess liquid production is simply boiled away by a heater located in the
dewar, and automation of such a plant consists of regulating the heater, typically by a PLC. We
feel that our solution of regulating production to match the demand was easily incorporated and
is, without question, more cost effective.

4.5.4 Voltage-Tap Monitoring for the Superconducting Cyclotron

B.F. Greiner and S. Cecco

The replacement of the computer and instrumentation that monitor the coils of the cyclotron
magnet for loss of superconductivity (PR-TASCC-8: 4.5.4; AECL-11132) was 60% complete at
the end of 1994. The software and test hardware described below were 90% complete at the end
of the report period.

Protection of the cyclotron-magnet coils after localized loss of superconductivity is performed by
a small computer, CAMAC instrumentation in a single CAMAC crate, and a collection of
sensitive differential amplifiers. The computer, software, scanning-ADC modules and amplifiers
are all being replaced for higher reliability and ease of servicing.
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The new software was written in BASIC on one of the TASCC intelligent auxiliary-controller
modules. A chassis that produces a set of voltage signals equivalent to those expected from the
amplifier chassis was also designed and constructed. The test chassis will be connected to the
scanning-ADC modules and individual channels can then be switched from normal to fault
conditions in any combination.

Since 1994 September, debugging and testing of the coil-monitoring software has been on hold
because of higher-priority work.

NEGATIVE-ION INJECTORS

4.6.1 Ion-Source Operation

J.W. McKay

Twenty-three ion species were produced for injection into the Tandem during this report period
(see Table 4.7.1.2). The standard model-860 sputter source was used 69% of the beam time,
while the conical-ionizer version of the model-860 was used 16% of the time. The AMS
(accelerator mass spectrometry) multi-sample sputter source, the duoplasmatron (D/P) source and
the ECR (electron-cyclotron resonance) source were used during the remaining 15% of the beam
time.

The 860-style sputter-ion sources were quite reliable. They provide a wide variety of negative-
ion species. The available beam current has increased for many ions. These sources run for
about 500 hours before being removed for cleaning. We experienced lost beam time due to
failure only once in the last six months.

Significant progress has been made with bismuth beams. After a number of experiments with
different mixtures, a cone produced by melting 2O9Bi in a tantalum blank produced a steady beam
of up to 3.6 uA at Cupl_Ad from a "standard" 860 source. Cone lifetimes typically exceed 24
hours.

Six of the 23 beams were produced at significantly higher intensities than previously. Four of
these more-intense beams were produced from the "standard" 860 source and one each from the
D/P and ECR source.

Beams of 3He, deuterons, "0 , 3 6 S, and 74Ge were all produced in the last six months from
separated isotopic materials. In addition, small beams of 129I and 36C1 have been produced for
AMS measurements.
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4.6.2 Ion-Source Development

Y. Imahori

Our investigation of the effect of cooling the source cone on sputter-source yield continued.
More than a dozen cathode samples were tested at low and high (>4 mA) cathode currents. No
significant effect was observed at low cathode currents, but beam output increased 15-20% when
the cathode coolant temperature was lowered from 20°C to 8°C with protons from a titanium
hydride compound, Al~ from pure aluminum, In" from indium phosphate and Mg~ from
magnesium hydride.

A 45-degree analyzing magnet (on loan from the National Research Council) and an adjustable
slit assembly were installed to upgrade the ion source test stand for heavy-ion beam development.
The mass resolution of the system is now about 1/110. A matching Einzel lens is being
fabricated.

The multi-sample AMS ion source continued to operate satisfactorily for chlorine-36 and iodine-
129 counting.

Design work on a new AMS source was completed and the source is being fabricated. The
extraction deck in Cage A was also modified to accommodate this ion source.

4.6.3 Microwave Ion-Source Development

J.S.C. Wills

4.6.3.1 Negative Ion Beams from Non-Volatile Feeds

The range of ions available from the permanent-magnet microwave ion source has been extended
to include non-volatile species. The plasma generator was equipped with an oven capable of
operation at temperatures up to 1 000°C. Condensation of feedstock on the interior surfaces of
the plasma chamber was prevented by the introduction of liners heated, at first, by the source
plasma, but later directly by a tantalum winding embedded in the liner. Direct electrical heating
of the liner allows decoupling of the liner temperature from the plasma density, resulting in much
greater flexibility in source operation.

A recirculating charge-exchange canal was purchased from High Voltage Engineering Europa to
allow prolonged negative ion operation with a variety of charge-exchange media.

The source was extensively tested on the ion source test stand (ISTS) prior to installation at
TASCC. A mixed Xe/Bi positive-ion beam with up to 70% Bi+ fraction was extracted.
Approximately 1 mA total beam current was transported through the unheated charge-exchange
canal. A Bi+/Bi" conversion ratio of 10-15% was measured with the charge-exchange canal
operating (with Cs), consistent with published data for Pb on Cs.
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The source was then moved to Cage B. After about five days of installation and debugging, a
Bi~ beam was extracted and developed through Tandem and cyclotron on 1994 December 11.
The beam currents in Table 4.6.3.1 were measured with 6-mm source-slit settings.

The Bi~ beam was available for 18 hours until depletion of the Cs charge in the charge-exchange
canal caused a reduction in beam current. After reloading the charge-exchange canal with fresh
Cs, a 10 uA Bi~ beam (measured at l_b) was available for a further 16 hours. Failure of the
source liner and several auxiliary systems prevented continued Bi" production before the run
ended.

TABLE 4.6.3.1

Br BEAM CURRENTS

Location

Injector Output
Tandem Input
Analyzed Tandem Output
Cyclotron Injection
Cyclotron Output

Faraday Cup

1 b
1 ad
l_lf
l_2i
l_lo

Beam
Current (nA)

6000
2600
340
180
40

4.6.3.2 Direct Extraction of Negative Ions

Direct extraction of negative beams from the ECR source promises a dramatic reduction in the
complexity of the present positive-ion source/charge-exchange canal system. By combining the
proven Chalk River microwave plasma-generator technology with a negative-ion extraction
system, a very simple, long-lifetime source should result. Successful demonstration of this
concept would constitute a significant advance over the state of the art, which relies on inherently
short-lived arc-discharge plasma generators.

A plasma generator that combines the solenoidal field of the standard Chalk River microwave
ion source (necessary for efficient plasma production) with a magnetic bucket (to provide a field-
free volume near the extraction aperture) has been designed and fabricated. At first, the
solenoidal field will be generated by coils surrounding the plasma generator. The coils will be
replaced by a permanent-magnet solenoid when the optimum field configuration has been
determined. The production of negative ions will be enhanced by the incorporation of a
transverse 'filter field' inside the bucket volume.
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For initial extraction tests, the new plasma generator will be mated with the existing accelerating-
decelerating extraction column. Electrons co-extracted with negative ions will be deflected onto
a cooled surface by a magnetic deflector embedded in the extraction electrodes.

4.6.3.3 Prototype Permanent-Magnet Source

The current version of the permanent-magnet source has been extensively redesigned for greater
compactness and improved serviceability. The new design also incorporates a permanent-magnet
array that provides a much more homogeneous magnetic field over the entire source volume.

Working drawings are essentially complete. Fabrication should start early in 199S, with initial
testing expected by June. It is anticipated that the new source will be handed over to TASCC
operations personnel late in 1995 for routine high-current beam production.

4.7 TANDEM ACCELERATOR

4.7.1 Operation

J.W. McKay

The performance of the Tandem has been improving consistently over the past few years. The
percentage of time during which the Tandem ran at high voltage also continues to grow (see
Table 4.7.1.1).

Beam availability and machine reliability remain high. Note that development of new beams
and beam-available times are now listed separately. Scheduled shutdown includes the laboratory-
wide Christmas shutdown.

Beams accelerated by the MP Tandem are listed in Table 4.7.1.2.

4.7.2 Generator

J.W. McKay

There were five tank openings in the past six months, one scheduled and four unscheduled (see
Table 4.7.2.1).

The scheduled opening in November was used for general cleaning, replacement of corona points
and Ti-balls, installation of additional Ti-ball pumping at the ends of the terminal and charging-
system maintenance. An optical-fibre communications link to and from the terminal was also
installed at that time.
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TABLE 4.7.1.1

OPERATING STATISTICS - 1989 TO 1994

Use

Beam Availability

Beam Development

Beam Preparation

Scheduled Shutdown

Unscheduled Shutdown

TOTAL
SHUTDOWN
TIME

Days 14.5 to 15 MV

Days Above 15 MV

Total Days

Maximum Volts with
Beam (MV)

Time (percent)

1989

61.7

15.8

16.9

5.6

22.5

5

1

6

15.0

1990

71.8

10.8

15.1

2.4

17.5

0

0

0

14.3

1991

62.4

13.2

16.3

8.1

24.4

8

0

8

14.8

1992

70.8

13.4

9.7

6.1

15.8

2

0

2

14.7

1993

74.6

10.7

12.1

2.6

14.7

19

8

27

15.27

1994

66.4 *

4.7

11.4

12.9

4.6

17.5

28

4

32

* Before 1994, beam development time was included in beam availability.

Tube-resistor springs in a short test section of tube four were replaced with solid connectors in
June. Inspection of this section in November showed no deleterious effects, so we can proceed
with this modification throughout the machine. As mentioned in the last progress report, this will
reduce vibration in the system which can lead to failure of the resistor mounts and will also make
it easier to maintain proper spacing along the resistor chain.
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TABLE 4.7.1.2

BEAMS ACCELERATED BY THE MP TANDEM, 1994 JULY TO DECEMBER

Isotope

Protons

Deuterons

Helium-3

Carbon-12

Oxygen-16

Oxygen-18

Sodium-23

Magnesium-24

Aluminum-27

Silicon-28

Silicon-30

Sulphur-32

Sulphur-36

Chlorine-37

Calcium -40

Titanium -48

Nickel-58

Germanium-74

Bromine-79

Bromine-81

Iodine-127

Gold-197

Bismuth-209

Maximum
Current

Injected
(nA)

3 700

24

2 000

6 200

600
l) 2 600

61

85

500

2 400

100

" 2 600

58

320

320

" 1 600
1} 1 600

1 500

100

3 700

2 900

'> 7 500

" 5 600

Maximum
Current

Analyzed (nA)

1 600

4

1 200

4 400

60

1 000

21

27

40

2 000

2 000

31

21

54

76

400

400

350

15

410

580

360

710

Maximum
Energy
(MeV)

14

26

11

65

30

56

120

138

150

125

125

145

160

165

165

54.8
2) 270

18.3

100

121.5

152.4

230
2)230

Charge
State

1+

1+

2+

5+

4+

3+

8+

9+

10+

9+

9+

10+

10+

9+/13+

9+/13+

5+

11+/20+

4+

8+

8+

11+

16+

15+
l) New maximum source current
2) New maximum energy

NOTES:
a) Small quantities of 36C1 and 129I were also accelerated in the Accelerator Mass Spectrometry
program,
b) Maximums for each beam parameter were not simultaneous.
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TABLE 4.7.2.1

TANK OPENINGS

Date

1994 July 20

1994 August 1

1994 September 1

1994 November 19

1994 November 25

Time

~36 hours

-36 hours

AVx days

~40 hours

7 days

Reason

Repair vacuum leak and replace Ti-ball
pumps.

Repair loose hoop.

Replace broken charging chain.

Repair broken tube resistor, section 8.

Scheduled maintenance:
(1) general maintenance, repairs and cleaning;
(2) installation of fibre-optic link to terminal;
and (3) installation of additional terminal
pumping.

4.73 Sulphur Hexafluoride (SF6) Gas System

J.W. McKay

No SF6 was added to the system in the past six months. The total SF6 inventory is about
16 000 kg, which allows an operating pressure in the Tandem of 790 kPa (7.8 atmospheres).

4.8 BEAM TRANSPORT SYSTEM

4.8.1 Beamline Magnets

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

The beamline magnets and power supplies continue to perform well, in spite of advancing age,
because of the well-established program of regular monthly maintenance. No unexpected
problems have materialized during the second half of 1994 and the reduction of oxygen gas
dissolved in the cooling-water is expected to reduce the rate of metal corrosion in the cooling
tubes.
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The two complex switches that were installed to minimize the number of power supplies in the
facility both experienced failures of 100 A contactors. During the wait for replacement parts,
switching of magnet leads had to be carried out by manually unbolting one set of leads and
reconnecting different leads, with appropriate safety precautions. A replacement contactor for
the newer of the two switches was obtained relatively easily, but the older contactor was much
more difficult to find. The cost of spare contactors has, so far, inhibited a decision to purchase
spare parts to have on hand.

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. Ion pump 3.2p was replaced with a 200-litre/s turbo pump.

4.83 Beam Diagnostic Devices

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

The beam diagnostic devices continue to operate reliably, requiring only minor servicing and
routine maintenance. Slits were installed in Section 1 ad.

BUILDING SERVICES

4.9.1 Support Services

G.D. Reynolds

The new deionized-water system extension to the ion cages has been commissioned, but is
awaiting the arrival and installation of a final flow-switch interlock to the 440-V mains before
it can be put into routine service.

Plans have been made to replace the 400-ton chiller, which uses 438 kg of R-11 refrigerant, with
several smaller R-22 units totalling slightly more than 100 tons of cooling capacity. The
proposed reduction of capacity is justified by a long-term study that found that the 400-ton chiller
could not be operated at more man 150-200 tons capacity without freeze-up, and that the original
design specifications were based on scenarios that, in practice, rarely if ever existed. In addition,
newly specified and installed plate-and-frame heat exchangers and new operating procedures have
increased the overall heat-transfer efficiency, further reducing cooling requirements. Calculations
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indicate that further cooling capacity required beyond the proposed 105 tons will likely fall in
the 10-30 ton range, requiring minimal effort and expense to install. Existing and pending
provincial legislation requires an $8 000 purge-capture system to be retrofitted to the 400-ton
chiller if it is to operate from 1995 July to 1996 July, after which it cannot be operated legally.

Plans have been made to install instrument transformers for power measurement on all incoming
2.5-kV feeders. The planned power-measurement system will use revenue-quality current
transformers and power meters obtained from surplus, and purchased voltage transformers. Initial
tests were performed using a variety of clamp-on current probes and power meters to determine,
within an order of magnitude, the power and currents to be metered.

A 4-inch service-water main, which feeds Building 137, froze and burst just before Christmas.
It was repaired in 1995 January.

Plans have been made to install steam meters on all entry points to the facility. Flange-mounted
orifice plates, which develop a pressure differential proportional to the square of the flow, will
likely be used as meters. They will, in turn, be connected to local differential-pressure gauges,
each with a square-root extracting scale and a transducer to feed the steam-consumption signal
to the main computer.

The instrumentation that measures and controls the raw-water system temperature and flow has
been completely upgraded with modern reliable instrumentation.

Tests were performed to determine air consumption for the entire facility under average operating
parameters using several industrial compressed-air tanks in parallel. The tests indicated an
approximate consumption rate of less than 20 CFM at 100 psi. The tests also showed that air
cylinders are not viable as a backup air supply; the regulators were not able to keep up and
eventually iced up.

Several service-water outages occurred throughout the report period as a result of a plant-wide
water usage audit. In all cases, scheduled operations were allowed to continue after installing a
raw-water/service-water emergency cross-connection.

The commissioning of flow-measuring instrumentation on the service water, raw water and
service air systems was completed.

4.9.2 Deionized-Water System

G.D. Reynolds

The commissioning of flow-measuring instrumentation was completed.

The instrumentation that measures and controls the deionized-water-system temperature has been
completely upgraded with modern, reliable instrumentation.
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The instrumentation that develops and transmits level signals, interlocks and alarms for the
deionized-water-system surge tank has been completely replaced with modern, reliable and
maintainable units.

4.93 Other Services

J.C. McKay

There were power outages on 11 occasions over the report period. This set a new record of 16
outages in one year.

4-10 FEASIBILITY STUDY OF A RADIOACTIVE BEAM FACILITY

4.10.1 Choice of Primary-Beam Accelerator

EH. Lindqvist

Three main concepts to produce radioactive beams with the Isotope Separator On-Line (ISOL)
method are under investigation. These involve: a small, commercial, isochronous cyclotron; a
larger, isochronous cyclotron; and the existing TASCC superconducting cyclotron. Only the first
concept has been studied in any detail. The cheapest and safest choice would be a 30 MeV H"
cyclotron bought from a commercial source. Among the larger cyclotrons, a ISO MeV H" or I F
cyclotron appears to be a good choice. Both the cost of the larger cyclotron and the building to
house it would be significantly higher than for the smaller cyclotron. The TASCC
superconducting cyclotron would most likely not be able to produce a sufficiently intense beam
without a major redesign of the injection and extraction system.

4.10.2 Possible Sites

E.H. Lindqvist

Possible sites for a small commercial cyclotron and the accompanying ISOL have been studied
in some detail. Optimization of costs, easy operation and maintenance were important factors
in the choice of the site and the design of the building. Several preliminary layouts have been
produced.

The most promising options include the cyclotron and ISOL located in two separate rooms,
underground beside the outer wall of the Tandem building. The radioactive beam would be
transported either in a trench in the Tandem basement or along the inner wall of the Tandem hall.
These options require the partial demolition of a small building.
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Another possible option would be to locate the cyclotron and ISOL at ground level beside the
outer wall at the west end of the Tandem hall. The radioactive beam transport would be the
same as above. This option requires the relocation of an SF6 tank.

4.11 PUBLIC AFFAIRS

4.11.1 Public Image Work and Participation in AECL's
Educational Partnerships Program

D.J. Caswell and G.R. Mitchel

A team of five people from the TASCC Public Image Working Party (D.J. Caswell,
G.R. Mitchel, G.L. Caldwell, L.W. Thomson and J.W. McKay) presented public demonstrations
on cryogenics at the International Plowing Match held in Pembroke 1994 September 20 to 24.
The demonstrations were based on a prototype performed earlier in the year for a group of
students touring TASCC as part of the Educational Partnerships Program.

We demonstrated some of the properties and effects of liquid nitrogen, including the liquefaction
of air, the decreasing resistance of copper conductors with temperature, and the freezing of plant
tissue. The demonstrations were 10-15 minutes in length and were performed in front of the
AECL display tent about four times an hour to audiences of between 25 and 50 people. A
number of visitors had questions after the demonstrations. We were, in effect, a means of
drawing a crowd and capturing their interest in AECL. This theme was evident in the front-page
photo and story, headlined "AECL Exhibit at IPM Fires Up Curiosity", which appeared in the
1994 September 24 edition of the Pembroke Observer.

All of the feedback we received was very positive. Several teachers asked to bring our
demonstration to their schools. Also, our cryogenics demonstration was frequently reported as
the highlight of the entire match in exit polls.

The TASCC Public Image Working Party subsequently considered presenting our cryogenics
demonstration in schools. It was decided to use Keys School in Deep River as a testing ground.
On 1994 December 15 and 16, we demonstrated to the Grade 6, 7 and 8 classes in the school—a
total of eight separate sessions. The demonstrations were then expanded to 40 minutes to
include: the liquefaction of air, decreasing resistance of ordinary copper conductors with
temperature, a "high-temperature" superconductor exhibiting magnetic levitation, material property
changes, discussion of the scientific method, and the interdisciplinary nature of science.

There was plenty of opportunity for students to ask questions. The event attracted (with help
from John Perehenic, Public Affairs) a considerable amount of media attention. Articles that
appeared in the media included, a three-minute clip on CHRO Television Evening News, an
article and picture on page 1 of the Pembroke Observer, and a feature article in the North
Renfrew Times.
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We intend to take this science demonstration to other schools as time permits. There is a real
desire on the part of the schools for this sort of interaction between themselves and AECL, to
serve as an example to the students of modern science. In addition to stirring the imagination
of the students, this is a welcome opportunity to enhance our corporate citizenship.

4.12 REPORTS

L.W. Thomson

Twelve SCC Notes (Series n ) have been written and distributed and four TASCC Instructions
have been written or revised. In addition, several notes and instructions were prepared but not
issued by the end of the reporting period.

The project to convert all TASCC Instructions and facility emergency procedures for input into
a program readable on the Control Room 486-personal computer is 85% complete.

Monthly issues of the TASCC Newsletter continue to be written, with a current mailing list of
about 240 recipients, 140 of whom are off-site.

A paper on microwave-driven negative-ion sources was presented at the LINAC '94 Conference,
Tsukuba, Japan, by T. Taylor, Accelerator Physics Branch (section 4.6.3).
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