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INTRODUCTION - J.C. Hardy

This is the ninth semi-annual report on the Physics section of Physics and
Health Sciences. It will be the last in this form. Physics and Health
Sciences, which was created 1986 February 1, ceases to exist as of 1990
July 1. From that date, Physics Division will be augmented by the
inclusion of Accelerator Physics Branch and, together with TASCC Division
and a newly established Chemistry Division, will constitute the Physical
Sciences Unit under Vice President Gerald Dolling.

Dr. J.C.D. (Doug) Milton, Vice President of Physics and Health Sciences
since its inception, retires on July 1 after a distinguished 39-year
career with AECL. Doug's many friends and admirers will be pleased to
learn that he has become AECL's first Researcher Emeritus, in which
position he will return to research, focussing his interests in
accelerator mass spectrometry.

In future, the three Divisions of Physical Sciences will issue separate
progress reports on a semi-annual basis.
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1.1 GENERAL

The past six months was the first full period in which the cyclotron has
been available for experiments since its intensive commissioning period
began in mid 1988. That the beam-development process also continued at a
barely abated pace is a tribute to the intense efforts of the
Commissioning Group and testimony to the fact that cyclotron operation is
becoming more and more reliable all the time. In all, cyclolron work
occupied more than six weeks of the report period, with three experiments
taking two weeks of scheduled time and eight beam-development runs
occupying the remainder. The experiments studied the interactions of
heavy ions with matter, and fragmentation yields as measured in the on-
line isotope separator. The development runs led to the acceleration and
extraction of ten new beams, bringing our total number of available beams
to 27.

This is now the fourth consecutive reporting period since the Phase II
shutdown in which our total experimental beam time has increased: the
availability of tandem or cyclotron beams has now reached 3309 hours, a
15% increase over the previous six months. The major experimental users
continue to be those associated with the 8w spectrometer; their work
included systematic studies of superdeformation in gadolinium isotopes,
and of high-spin states in f-shell nuclei, as well as charged-particle
studies involving the ALF mini-array used in conjunction with the 871. The
ISOL and its associated He-jet transport system were used extensively too,
with a particularly important series of half-life measurements having been
successfully completed. Finally, even nearly 20 years after it was first
installed and eight after it was shut down for TASCC construction, the Q3D
spectrometer has again proved its usefulness, having been used in the
study of radiative electron capture by highly stripped ions.

Between January and the end of June, tandem beams were used, either for
experiments or development purposes, for a total of 3806 hours. This beam
time was 98Z of the scheduled operating time and 88£ of the total time
available, both astonishingly impressive records. Cyclotron beams were
used for a total of 782 hours, which was 80Z of the time scheduled —
another excellent record.

Most of our experiments are collaborative efforts involving university and
other non-TASCC scientists as well as our own staff. This period, the
former contributed 41£ of the total laboratory research efforts and
figured prominently in 6 out of the 8 scientific publications. We welcome
and encourage a high level of participation by the Canadian and
international scientific communities.

1.2 RESEARCH

Spectroscopic studies have been carried out on a broad range of nuclei
with the 8JT spectrometer facility. The studies of the Gd isotopes of mass
145 through 149 have been strongly focussed on superdeformation. Multiple
bands were observed in 1*6 ,in ,HBQ^ an(j twinned bands in 149Gd
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(149Gd*/150Gd and 149Gd**/150Tb). A discrete transition observed in the
149Gd study is the highest spin discrete transition that has been reported
so far. 149Gd provides the first example of a nucleus exhibiting
superdeformed bands based on both excited-neutron and excited-proton
configurations. Other nuclei studied include 48Cr, 50Cr, 86Zr, 113Sb,
127Ba, 159Tm, 166Hf and 167Hf.

ALF, the particle detector mini-array has been used in conjunction with
the 8n spectrometer in studies of a4Zr, and analysis has been done of
particle angular correlations measured in earlier studies on 133Nd and
1 5 2Dy. It was found in these latter studies that the particle
correlations with respect to the nuclear spin axis show enhanced
anisotropy at energies below the Coulomb barrier, as expected for emission
from a deformed nucleus but that the enhancement is essentially the same
for particles populating superdeformed and normal residual nuclei.

The ISOL has been used in experiments in which the half-lives of 46V, 50Mn
and 54Co were re-measured with an improved counting set up. This study is
now complete and the work is being prepared for publication. The ISOL was
also used for a direct mass measurement of 107Sn and for a direct
measurement of the 152Er/153Er mass ratio. The lc7Sn mass was determined
to a precision of 0.5 parts per million. The 152Er-153Er doublet
measurement was the first mass measurement attempted with the He-jet ion
source and problems were encountered which indicated the need for an off-
line testing program to identify and quantify the origins and magnitudes
of various systematic errors.

Analysis of the ISOL experiment on 120Ba, which was done in collaboration
with scientists from the Institute of Modern Physics, Lanzhou, The
People's Republic of China, is now complete and a paper is in preparation.

Two exploratory experiments aimed at finding the cleanest way of studying
the weak 1-forbidden $ decay branch of 39Ca were completed. This work
benefits from the extensive experience with He-jet activity transport,
activity collection and counting that the ISOL collaborators bring to it.

The Q3D spectrometer saw use by the channeling group to select emergent
ions of specific charge state. In this instance, the interest was in the
study of radiative electron capture by highly stripped 79Sr ions channeled
5n a thin Si crystal. The technique worked well and will have a broad
range of applications in studies of the interactions of energetic heavy
ions with matter.

The collaborative search for resonances in the electron-position
annihilation-in-flight cross section, being carried out at Queen's
University, was completed. No evidence was found for resonances
corresponding to the correlated sharp lines in the electron and position
spectra from heavy-ion collisions, which have been observed at GSI.

Further work was done on the COG-sponsored studies of the effect of near-
surface Fe on deuterium ingress into Zr-2.5wt£Nb at room temperature.
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1.3 INSTRUMENTATION AMD FACILITY DEVELOPMENT

A second-generation helium-jet-coupled ion source for use in the ISOL
programs has been designed and is presently under construction. Design
changes have been made to address the operational problems experienced
with the existing source and to enhance overall source performance.

Extensive off-line testing was done of the gain stability of the counters
for the new phoswich particle-detector array. Manufacture of the support
structure for the array was completed by the main shop and the array has
been fully assembled and installed in the scattering chamber. First tests
of the whole array with beam are scheduled for September.

Additional software was developed to facilitate both the analysis of data
from the 8n spectrometer and the graphical presentation of results.

Figures of merit have been developed which provide an objective basis to
rank the relative performance of proposed third generation r-ray
spectrometer.

Significant progress was made toward a fully satisfactory detector system
for 36C1 dating. Results from a series of 36C1 sample measurement points
to problems with the techniques used in sample preparation. The
accelerator system was less stable than expected. Both problems are under
investigation.

Charge-state distribution measurements for multi-layered C/Au stripper
foils indicate that they do lead to a lower mean charge than that from
straight carbon foils and may play a useful role in enhancing cyclotron
current output for certain beams.

The Phase II Experimental Computing Facility is now being used extensively
for off-line data analysis. Data-acquisition hardware development has
been concentrated on the hardware additions needed for on-line data
acquisition with this system, all of which is now in place.

The capability is in place to copy data onto Exabyte tape during playback
and finds extensive use by the outside users. On-line data acquisition
directly onto Exabyte tape will begin within weeks.

The Q3D operated well at fields approaching its upper limit. It is being
operated under current control with NMR monitoring of field strengths in
the three dipole magnets. The detector system in use is a 17.5 cm
resistive-wire position sensitive gas counter backed by a scintillation
detector which itself exhibits some position sensitivity. A goniometer
has been mounted in the spectrometer target chamber and allows alignment
and orientation of single-crystal targets.

The target laboratory has continued to meet the target requirements of
internal experimental programs and has done pellet fabrication related to
an electron-source development for ISOL. Some commercial work has also
been done.



1-4

The work of the TASCC electronics group has centered on commissioning work
for the new ion injector, deck B, and on the development of electronics
for the liquefier system.

1.4 PHASE II

A final status report is given on the two large concrete shielding doors
in the experimental areas of TASCC II. All other work is complete.

1.5 ACCELERATORS

The cyclotron operated for three research experiments and eight beam-
development runs. The experiments utilized a bromine-79 beam at 15 MeV/u,
and a chlorine-35 beam at 30 MeV/u. The bromine beam is a medium energy
beam with the r.f. structure operating in 0-mode, the chlorine beam is a
high energy, n-mode beam. Providing beams for experiments has by now
become routine. However, as this balance shows, the commissioning of the
superconducting cyclotron, and with it the development of new beams, still
strongly outweighs its use as a tool to supply beams. This is expected to
change as the experimental use increases. For the first time, two runs of
four days total duration were set aside for the training of Tandem
operators at the cyclotron. This program component will be increased.

During the development runs, 10 new beams were developed:

C 12 at 40 MeV/u Cu 63 at 20 MeV/u
C 12 at 30 MeV/u Cu 63 at 18 MeV/u
Cl 35 at 30 MeV/u Cu 63 at 10 MeV/u
Cl 35 at 11 MeV/u Br 79 at 22.5 MeV/u
Cl 35 at 10.25 MeV/u Ag 107 at 4.7 MeV/u

Of greatest significance was the development of the C 12 beam at 40 MeV/u,
the beam with the highest specific energy produced to date. With this beam
we are approaching the focusing limit of the machine which is predicted to
be near 50 MeV/u. With 325 nA electrical (54 pnA) this fully stripped beam
is also the most intense beam we have produced. At the low energy side of
the spectrum, the new beam, Cl-35 at 10.25 MeV/u, is significant as the
beam utilizing the lowest mean magnetic field so far, at 2.76 T. At low
fields, beam extraction from the cyclotron becomes exceedingly difficult.
Of the other new beams, some were chosen in response to requests from
experimenters, others to map out systematically the machine's mass-energy
diagram.

The Commissioning Group continued its tireless efforts to improve all
subsystems of the cyclotron. The r.f. group has begun to rebuild or
repackage many prototype circuits, which had been semi-permanently
incorporated into power amplifiers and control electronics; already this is
leading to more trouble-free operation. New circuits are presently being
designed that will eventually result in much higher system stability and in
simplified operational procedures. Progress has also been made in
installing devices that allow us to monitor (and later control) the
operation of the main magnet, the cooling of its leads, and the operation
of the entire cryogenic plant. The cyclotron's radial probes, our most
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important diagnostic tool, have been re-designed for higher beam loading
and a reduced failure rate due to r.f. heating. The new probe heads, to be
delivered soon, after a twelve month lead time, provide for five
individually water-cooled probe fingers capable of accepting 50 W of beam
power each.

The electrostatic deflector, the single most important performance-limiting
subsystem, is slowly being understood. In a major effort, three different
test stands are being built to allow us to investigate in detail discharge
characteristics as a function of geometrical constraints, material and
surface-treatment characteristics, and the presence or absence of magnetic
fields. Reliable performance near 70 kV across a gap of 5.5 or 7.0 mm
(corresponding to 127 kV/cm or 100 kV/cm respectively) appears to be within
reach with electropolished, all-stainless-steel electrodes, and we are
cautiously optimistic that subsequent cooling of the electrodes should
yield the design goals of 140 kV/cm.

Finally, a major effort has been initiated aimed both at obtaining proper
analytical representations of the magnetic field maps of the cyclotron and
at writing an improved beam-dynamics code based on differential algebra
formalism and utilizing these representations. A newly formed four-member
team has made substantial progress towards these two goals. The code is
expected to yield more reliable orbit predictions within 18 to 24 months.

The Tandem accelerator operated extremely well during the period, producing
beams for nuclear physics experiments in the Tandem-only mode, for beam-
development purposes with the cyclotron and for nuclear physics experiments
with the cyclotron. Experiments were carried out at terminal voltages up
to almost 15 MV. No technical changes have been introduced into the tandem
over the report period. However, some changes will be made soon; the
Tandem will be upgraded in the next few weeks by installing new chains and
conductive pulley sheaves. Table 1.5.1 shows the facility's operating
record. Note that the unscheduled down time for the whole facility is 1.5%
of the total time available, (24 hours a day, 365 days a year).

TABLE 1.5.1

TANDEM AND CYCLOTRON OPERATING RECORD
1990 JANUARY 01 - JUNE 30

USE Time (hours)
TANDEM CYCLOTRON

Beam Available 3308.7
Beam Setup/Beam Development 497.5
Scheduled Shutdown/Machine Development 470.7
Unscheduled Shutdown 67.1

Total elapsed time 4344.0 4344.0
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1.6 SEMINAR SPEAKERS

RELATIVISTIC HEAVY ION PHYSICS AT BROOKHAVEN NATIONAL LABORATORY; RESULTS
OF EXPERIMENT E8O2
Dr. S.G. Steadman
MIT
1990 February 16

STATUS ON DOUBLE BETA-DECAY
Professor V.A. Bashkirov
Moscow Institute of Physical Engineering
1990 April 19

PRECISION EXPERIMENTS IN PENNING TRAPS: MASS MEASUREMENTS ETC.
Prof. H.-J. Kluge
Mainz University
1990 April 30

ARE "LIFE" AND EARTHQUAKES CRITICAL PHENOMENA?
Dr. Per Bak
Brookhaven National Laboratory
1990 May 17

THE -n - ev BRANCHING RATIO MEASUREMENT AT TRIUMF
Dr. E.T.H. Clifford
Queen's University
1990 May 18

1.7 PUBLICATIONS. DOCUMENTS AND TALKS

Publications

ASTROPHYSICS AND WEAK INTERACTIONS IN NUCLEI

A summary of the presentations and consensus at the Planning "Town
Meeting" held in Ottawa, 90 January 6.
J.C. Hardy
RC-386

SUPERALLOWED 0+ - 0+ WUCLEAR /s-DECAYS: A CRITICAL SURVEY WITH TESTS OF
CVC AND THE STANDARD MODEL
J.C. Hardy, I.S. Towner, V.T. Koslowsky, E. Hagberg and H. Schmeing
Nuclear Physics A509 (1990) 429
(AECL-10113)

PRECISE 0-DECAY HALF-LIVES FOR THE DETERMINATION OF THE WEAK VECTOR
COUPLING CONSTANT
V.T. Koslowsky, E. Hagberg, J.C. Hardy, H. Schmeing, K.S. Sharma and
X.J. Sun
Conference proceedings of the XXIII Yamada Conference on Nuclear Weak
Process and Nuclear Structure, Osaka, Japan, 1989 June 12-15, World
Scientific 1989, p.70.
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DIRECT MASS MEASUREMENTS WITH RADIOACTIVE BEAMS
E. Hagberg, K.S. Sharna, G. Dyck, V.T. Koslovsky, H. Schmeing, J.C. Hardy,
S. Yuan and R.C. Barber
Radioactive Nuclear Beams - The First International Conference held in
Berkeley, CA, 1989 October 16-18, World Scientific 1990, p. 489.

Talks

SUPERALLOWED NUCLEAR fi DECAY AS A PROBE OF THE STANDARD MODEL
J.C. Hardy
Invited talk at the APS Spring Meeting, Washington, D.C., 1990 April 16-
19.
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*Deep River Science Academy

(1) Returned from maternity leave 1990 April 4.
(2) Temporary Branch Secretary; returned to Human Resources 1990 April

4.
(3) On sabbatical leave at Université de Caen, Laboratoire de Physique

Corpusculaire de CAEN, France; 1989 October 1 - 1990 September 30.
(4) Retired 1990 January 30.
(5) Transferred to Advanced Materials Research Branch 1990 June 4.
(6) Jointly supported by McMaster University and TASCC.
(7) Jointly supported by University of Manitoba and TASCC; Reported 1988

April 2; terminated 1990 March 31.
(8) Began 1990 June 1.
(9) Began 1990 January 2.
(10) Began 1990 May 1.
(11) Visiting Scientist, Centre de Recherches Nucléaires, Strasbourg,

France, 1990 May 1 - 1990 June 23.
(12) Terminated 1990 January 18.
(13) Hired 1990 June 22.
(14) Transferred from Accelerator Physics 1990 April 1.
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3.1 RESEARCH

3.1.1 Search for Resonances In the Electron-Positron Annihilation-in-
Flight Cross Section

T.K. Alexander and G.C. Ball (Nuclear Physics Branch)
T.J. Radcliffe, H.C. Evans, J.R. Leslie, H-B. Mak, V. McLatchie,
P. Skensved and A.T. Stewart (Queen's University)

Over the past seven years, correlated sharp lines in electron and positron
spectra from heavy-ion collisions near the Coulomb barrier have been
investigated in a number of different systems (T. Covan et al., Phys. Rev.
54 (1985) 1761, W. Koenig et al., Phys. Lett. B218 (1989) 12; for a review
see T. Cowan and J. Greenberg in Physics of Strong Fields, ed. V. Greiner,
(Plenum, New York, 1987)). They have yet to be satisfactorily explained.
The suggestion that there is a resonance in the e+e- system with an
invariant mass of around 1.8 MeV has led to investigations of e+e" elastic
(Bhabha) scattering. If only the e*e- decay mode is important, the limit
on the resonance width from these experiments stands at about 20 meV (K.
Maier et al., Z. Phys. A326 (1987) 527), except over a small region near an
invariant mass of 1.8 MtV, where the limit is ten times smaller (H.
Tsertos et al., Phys. Rev. D40 (19S9) 1397). We have undertaken to measure
the decay o£ such a possible resonance into two gammas, which is expected
to be the strongest decay mode for a composite particle with any spin
other than one (B. Miillei:, Quantum Electrodynamics (QED) in Strong Coulomb
Fields: Charged Vacuum, Atomic Clock, and Narrow Positron Lines, to
appear in Atomic Pnysics of Highly Charged Atoms (Plenum Press) ed.
R. Marrus)). Such a measurement has been reported previously
(3.H. Connell et al. Phys. Re1/. Lett. 60 (1988) 2242) only with a poor
resolution Mal(Tl) coincidence counting system, the response function of
which was dominated by ?.he Compton continuum, making it less than optimal
for detecting peaks that are expected to be very sharp, in the order of
10 keV FWHM. In the present experiment a planar intrinsic Ge detector was
used as an a;:tive target i.o Improve both the resolution and the response
function as ees<ilb.-d in PR-PHS-P-7: 3.1.5; AECL-9995.

The active Ge target••deted.or, DO, in which positrons are produced by
6.13 MeV 7 rays, is "viewed" by four 7.6 cm diameter by 7.6 cm long
Wal(Tl) detectors positioned at 90" with respect to the beam of 7 rays and
at 90° to each other. Triple coincidences between DO and any two of the
four Nal(Tl) detector tfere recorded.

The invariant mass of a resonance, Mx, or the total energy in the centre-
of-mass system, is ielated to the total energy of a positron in the lab
frame, E(e+), that Annihilated with an electron at rest by
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The total energy of a positron in the lab frame is Measured directly by

E(e+) = 6.13 - m.c2 - E(DO),

where E(DO) is the energy deposited in DO by the event and •#c
2=0.511 HeV.

Thus, by recording the DO spectrum obtained in coincidence with either
180° or 90° pairs of secondaries we can determine the number of positrons
created in DO and the spectrun of positron energies at the time of
annihilation in flight, respectively. The response of the Ge active
target-detector provides good resolution while the Nal(Tl) detectors
provide relatively high efficiency. This assumes that no photons escape
DO except the ones that trigger the secondary detectors. To account for
events in which this assumption is not true the response function of the
detector system must be known. The response function of the system is
determined by the DO spectrum obtained in coincidence with the 180* pairs
and by the effects of the momentum distribution of orbital electrons in
germanium. The response function for a particular peak energy is found by
shifting the 180°-pair spectrum by an amount depending on Mx, the
invariant mass of the resonance, and convoluting it with the Doppler-
shifted electron-momentum profile for the corresponding positron energy.
The resulting response function (30 keV FVHM) is dominated by Doppler
broadening because of the momentum distribution of orbital electrons in
germanium. The electron-momentum profile is determined from data of Reed
and Eisenberger (V.A. Reed and P. Eisenberger, Phys. Rev. B6 (1972) 4596).

A Monte Carlo simulation of the experiment used the EGS4 package
(V. Nelson, H. Hirayama and D. Rogers, The EGS4 Code System, SLAC-Report-
265 (Stanford University, Stanford, 1985) p. 34) to model DO and the
response-function tables of Seltzer and Berger (S. Seltzer and H. Berger,
Atomic and Nucl. Data Tables 35 (1986) 345) to model the Nal(Tl)
detectors.

The absolute agreement between the Monte Carlo and the data for 180*-pair
event rates per incident photon is good: they differ by about 10Z.
Normalizing to the 180°-pair data, the observed rate for 90*-pair events
also agrees with the Monte Carlo prediction within 13Z.

The upper limits on the strength r-+._ T77/r at the 2a level,
corresponding to the most common positron-electron peak energies
determined from heavy-ion collisions (T. Cowan et al., ibid), are given in
table 3.1.1.1. These limits are somewhat lower than those reported by
Connell et al. (S.H. Connell et al., ibid) and are consistent vith recent
work in which no resonances were seen in the annihilation in flight of
positrons interacting in either a scintillator target (F. Bosch et al., GSI
Scientific Report 1989, ISSN 0174-0814, March 1990, p. 132) or in an
Al/plastic sphere (J. Kramp et al., GSI Scientific Report 1989, ISSN 0174-
0814, March 1990, p. 133).

In summary, neither the present experiment nor other annihilation-in-
flight searches nor the several searches in Bhabha scattering have
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detected resonances that correspond to the e+e~ peaks observed in heavy-
ion reactions. The explanation of the peaks in terms of a composite
particle obeying known physics now seems remote and their explanation
remains an open question.

TABLE

UPPER LIMITS (2a) on

r
M, (k«T) -

1920
1830
1720
1660
1540

The Gamow-Teller Decav of

3.1.1.1

IT P

r AT c

fmoV\

70
36
20
30
24

39Ca3.1.2

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

Two short exploratory experiments aimed at finding the best way of
detecting the weak 1-forbidden decay branch from 39Ca (PR-PHS-P-8: 3.1.3;
AECL-10102) were performed. A major goal in these experiments vas to
reduce the most intense sources of activities other than 39Ca, vhich can
be produced by the proton beam striking our KF targets, Ag target
backings, V entrance window, Cu target chamber, salt aerosol and He
carrier gas. The two most intense contaminants found in the first
experiment, 23Mg and 38R, were reduced or eliminated in the second
experiment. The 23Mg activity, produced by the 23Na(p,n) reaction vas
reduced by changing the salt aerosol from NaCl to KC1. The 3<K activity
originating from the 39K(p,pn) reaction was eliminated by reducing the
proton beam energy from 17 MeV to 13 HeV. The largest remaining
contaminants, 2SA1 and 29P, both originating from reactions on Si
isotopes, are below the one-percent level. The presence of Si in our
target chamber most likely comes from etching of the quartz-tube
container, which is kept at 570*C and filled vith KC1 to generate
aerosols.

Another major goal of these experiments was to reduce the continuous
background seen at 2.5 MeV in the HPGe counter. The front of this counter
was shielded by a 15 mm thick Al positron stopper followed by 15 ma of Pb,
and the snout was surrounded by 25 mm of Pb. The 7-ray spectra taken vith
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the passive shielding in place show a sizeable, continuous background
originating from bremsstrahlung and annihilation-in-flight processes,
which take place when the energetic positrons from the strong ground-state
decay branch interact in the Al stopper. In order to reduce these events,
the 39Ca sample was positioned between two thin plastic scintillators.
The scintillator situated between the sample and the HPGe detector is
labelled the 0R, or "reject" counter, whereas the one situated on the
other side of the sample from the HPGe detector is the 0A>

 o r "accept"
counter. The continuous background seen in the HPGe detector is
substantially reduced if the observed 7 rays are required to be in
coincidence with a positron event in the pK counter, thus ensuring that
the positron headed away from the HPGe counter. The background can be
further reduced if the y-fik coincident events are vetoed when there is a
simultaneous event in the fim counter. This requirement rejects those
events where a positron backscatters in the Al stopper and then traverses
both scintillators. Our ̂ ests show that the background reduction in the
2.5 MeV region for 7-/SA-0R events, compared to 7 singles, is about a
a factor of 100 for a high-rate source.

The trigger efficiency for 7«/JA-^ events was determined with a 22iTh
source and found to be 30Z when compared to 7-singles events. This
efficiency was verified with samples of 38K produced and transported in
the same way as 39Ca, the only change required being an increase in beam
energy from 13 MeV to 17 MeV. Sources of 38K are ideal for in-situ
determination of the trigger efficiency since the 7 rays produced,
2168 keV, and the Q^-value associated with this transition, 2.7 MeV, are
very close to the corresponding values in 39Ca: viz E7 * 2522 keV,
0.0=3.0 MeV.

The experimental set-up envisaged for this experiment has the 39Ca-loaded
aerosols being collected for 2 s on an aluminized-mylar tape. The sample
on the tape is moved through a differentially pumped interlock system to
the HPGe-0-scintillator counting station. After a sample has been counted
for 2 s, the tape moves again and this sample is now introduced into the
middle of a An gas counter with nearly 100Z efficiency (PR-P-125: 2.23;
AECL-6956). The total 39Ca activity is determined with this counter.
Since we are using two different counting locations to establish the 39Ca
branching ratio, we must verify that no activity-laden salt falls off the
tape as it is moved from the HPGe detector to the 4x fi counter. Several
tests with long-lived 38K sources indicate that the salt loss from the
tape is below 2%. The detailed analysis of our test experiments
continues.

3.1.3 Precise Half-life Determinations of Superallowed B Emitters

V.T. Koslowsky, E. Hagberg, V.L. Perry and M.J. Vatson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
G. Dyck (TASCC/University of Manitoba)

The half-lives of 46V, 50Mn and 54Co were measured in the previous report
period but the results were limited in accuracy by systematic
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uncertainties. The x2 distribution of the fitted half-lives was displaced
to higher values by about 10Z, although not distorted in shape, and the
half-lives were biased slightly to longer values. These effects are now
known to be caused by the discriminator.

The busy period of the discriminator has been monitored vith a TAC.
Saturating, unipolar amplifier signals vere observed to cause long
discriminator dead-times, exceeding 3 /is, a few percent of the time. This
introduces a substantial series dead-time that occasionally exceeds that
of a following gate generator, which was deliberately introduced to
provide a dominant, non-extendable, well-defined dead-time. Estimates
with hypothetical data, generated to simulate closely these experimental
conditions, substantiate the bias observed in the half-life measurements
but do not reproduce any bias in the x2 distribution.

Tests with a double pulser have elucidated the cause of the shifted x2

distribution. Saturating amplifier pulses that occur less than 5 /is apart
cause the discriminator to multiple pulse approximately 10 to 15 /is after
the fir<?t pair of events. The degree of multiple pulsing depends on the
pulse a slitude, width and temporal separation. Multiple pulsing inflates
the counting statistics without improving the precision of the
measurement, consequently explaining the cause of the shifted x2

distribution. It also accounts for the observation that all residuals
from the fitted decay curves contributed equally to the x2 value; that is,
the multiple pulsing is not time dependent but proportional to true decay
rate.

Multiple pulsing was eliminated and discriminator dead-time significantly
reduced by providing fast bipolar signals to the discriminator. Now the
trailing lobe of the bipolar signal can introduce counting losses if a
small-amplitude pulse occurs during the lobe and consequently does not
trigger the discriminator. These losses, however, are small and can be
further minimized by diode clipping the lobe at the first stage of
amplification in the pulse-shaping amplifier.

The half-lives of 46V, 50Mn and 54Co have been re-measured with the
altered electronics. All results are now statistically distributed with a
reduced x2 of unity. Remaining analysis involves our setting
contamination limits on the isotopically enriched samples by using 7-ray
spectra collected during the half-life measurements. This work is being
prepared for publication.

3.1.4 High-spin Spectroscopy in the f7/; Shell

J. Rodriguez, J.A. Cameron, J.K. Johansson, J.A. Ruehner,
A. Omar, D. Prevost and J.C. Vaddington (McMaster University)
V.P. Janzen (TASCC/McMaster University)
A. Galindo-Uribarri, T.B. Drake and G. Zwartz (University of
Toronto)
H.R. Andrews, G.C. Ball and D. Ward (Nuclear Physics Branch)

A systematic study of high-spin states in f-shell nuclei has been
undertaken. Two specific goals are to search for termination of the band
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of states, which can be attributed to alignment of the f7/2 nucleons, and
to study what appear to be collective properties near Bid-shell. In 51Cr,
studied at McHaster, the f-band termination was found at J=23/2 and
transitions feeding this state from higher (fp) states were seen. In
49Cr, studied at Daresbury, low-lying states appear to be rotational, with
a band-crossing or backbend at J=19/2, well below the f-band termination
at 31/2.

At Chalk River, the 8* spectrometer, with the particle-detector Array for
Light Fragments (ALF), is being used to examine 4'Cr and 50Cr. Both have
a rotor-like appearance at low spin, though 4SCr is known only to 8+ and
50Cr to 12+.

The reactions 40Ca(12C,anr) and 40Ca(10B,pn-y) were used in the search for
48Cr. The former yielded no recognizable trace of 48Cr, whereas the
latter revealed all the known 48Cr yrast states, amongst a very large
background of transitions from other reaction residues. The reaction
40Ca(12C,2p7) produced 50Cr strongly and allowed levels up to the f-band
termination at J=14+ to be observed for the first time ((10+, 6755 keV;
13+, 9633 keV; 14+, 9907 keV). The spins of these new levels were
confirmed from directional correlation (DCO) ratios. Further high-energy
transitions, feeding the 13+ and 14+ levels, were observed but have not
yet been placed. Since the (f 7 / 2)

1 0 configuration contains only one 13+
and one 14+, T = 1 state, the higher levels must arise from particle-hole
excitations involving the fp shell. Their nature has yet to be
determined.

The spectroscopy of such light nuclei is attended by a number of
experimental difficulties. Among these are high transition energies with
consequently large Doppler broadening and a diversity of strong reaction
channels. The use of a charged-particle array with the gamma spectrometer
is essential to reduce the background from contaminating transitions in
the case of low cross-section reaction channels, such as that leading to
48Cr. From the data already accumulated, it is clear that channel
selection is possible with not only the charge discrimination but also the
energy discrimination of the charged-particle detectors of ALF. These
studies will be continued when the charged-particle array, presently being
upgraded to increase the solid angle from 30 to 90Z, (PR-PBS-P-8: 3.2.8;
AECL-10102) is available.

3.1.5 Charged-Particle and Gamma-rav Spectroscopv of **Zr

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

The N=44 isotones have attracted interest, both because of a recent report
of structure-dependent charged-particle emission in their population
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(D.G. Sarantites et a!., Phys. Rev. Lett. 64 (1990) 2129), and because of
predictions of superdeformed bands (I. Ragnarsson and T. Bengtsson, Conf.
on Nuclear Structure of the Zirconium Region, Ed. J. Ebeth, Publ. Springer
1988, p. 193). We have investigated both aspects of the structure of 84Zr
using the reaction 58Ni(29Si,2pn)8«Zr at 110 MeV. The Chalk River 8*
spectrometer was used in conjunction with the ALF array of 16 Csl charged-
particle detectors. The experiment had high statistics (7xlO7 proton-7-7
events vith BGO multiplicity > 5) and revealed discrepancies vith the
previously published decay scheme (H.G. Price et d., Phys. Rev. Lett. 51
(1983) 1842) at the highest spins. Aspects of discrete-line, continuum
and charged-particle data are being analysed at Tale University.

3.1.6 Lifetime Measurements in 8<Zr

D. Ward, H.R. Andrews and D.C. Radford (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake and A. Galindo-Uribarri (University of Toronto)
J. Johansson, A. Omar and D. Prevost (HcMaster University)
C.J. Lister, P. Chovdhury, P. Ennis and B. Crovell (Yale
University)

Our earlier study of the spectroscopy of 86Zr (PR-PHS-P-6: 3.1.7; AECL-
9859) produced evidence for unusual features in the level scheme (c.f.
Figure 3.1.6.1). At low spin, the nucleus 86Zr exhibits non-collective
behaviour at the yrast line. For example, the B(E2; 2-»0) is only 14±3 VU
(E.R. Warburton et cd. Phys. Rev. C3J, (1985) 1211) and the spacing of the
yrast sequence is contracted at the 8+ level, characteristic of a ( g 9 / 2 )

2

spherical configuration. Between spin 14+ and 20+ we found a sequence of
cascade and cross-over transitions characteristic of a strongly-coupled
rotational band with a large signature splitting. Analysis of the 7-ray
branching ratios and mixing ratios gave the B(M1)/B(E2) ratios shown in
Figure 3.1.6.2. The overall magnitude and the size of the staggering
exhibited by these ratios is unusually large.

To investigate the collectivity of 86Zr, ve have performed a DSAH
measurement. The reaction populating high-spin states was 60Ni (30Si, 2p
2n)86Zr at 135 MeV. The target was an evaporated layer of isotopically
enriched nickel (500 /ig/cnr2) deposited on a gold foil of 12.5 mgcm 2.
Approximately 10s events were recorded for an event trigger comprised of a
2-fold Compton-suppressed HPGe coincidence vith a BGO ball multiplicity
>7.

Analysis of this data is in progress at Yale University.

3.1.7 Radiative Electron Capture into Highly-Stripped 79Br Ions
Channeled in a Thin Si Crystal

J.S. Forster, T.K. Alexander, G.C. Ball, V.G. Davies and
J.S. Geiger

Radiative Electron Capture (REC) occurs when a free or weakly bound target
electron is captured into an inner-shell vacancy of a projectile ion vith
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Figure 3.1.6.1 Partial level scheme for KZr from this work.
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Figure 3.1.6.2 Ratios of B(M1)/B(E2), ns/eb2, for the strongly coupled band
in *«Zr.

the subsequent emission of an x-ray photon. The resulting photon energy
and lineshape give details about the electron binding energy of the
highly-stripped ion and the aoaentua distribution (Coapton profile) of the
target electrons, respectively. For highly-stripped projectile ions,
which are channeled in crystals, REC is the only radiative capture process
available because saall-iapact-paraaeter collisions are greatly reduced
over those in aaorphous foils.

Ve have aeasured x-ray spectra for 15 MeV/u 19Br ions incident on a 2 pa
thick Si crystal. The 79Br20+ beaa froa the cyclotron was stripped in a
1.2 Bg/ca2 carbon foil placed aid-way between the cyclotron and the
energy-analyzing aagnet, BE1; BB1 selected the portion of the beaa in the
charge state of interest. The charge-state distribution was Measured and
the equilibriua charge state, at 15 MeV/u, deterained to be 33+; however,
beaas of 34+ (Hydrogen-like) and 35+ (fully stripped) ions had sufficient
intensity to aake the REC aeasureaents. The energy of the beaa, after
traversing the 1.2 ag/ca2 carbon foil, was 14.55 MeV/u.

Measureaents of the x-ray spectra, for incident beaas of 34+ and 35+ ions
channeled along the <112> axis in Si, clearly showed REC into the Br K-
shell. Also, a shift in the energy of the centroid of the REC line
wasobserved corresponding to the change in binding energy for Ions In a
33+ (He-like) or 34+ (H-like) state.
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The major problems with detailed analysis of these data result from
uncertainty In the absolute energy of the beam (an accuracy of 0.1Z in
energy is required) and from contamination in the x-ray spectra from two-
electron as veil as one-electron capture. Plans to measure the energy
accurately are being formulated while the problem of knowing how many
electrons have been captured will be solved by a coincidence between the
x-ray detector and charge-state-selected ions in the Q3D spectrometer (see
PR-PHS-P-9: 3.2.10; AECL-10196).

3.1.8 Direct Mass Measurement of 107Sn

G.R. Dyck, K.S. Sharma and R.C. Barber (University of Manitoba)
E. Hagberg, V.T. Koslovsky, V.L. Perry and M.J. Vatson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

A direct measurement of the mass ratios of the isotopic triplet, 106Sn-
107Sn-108Sn, was made with the on-line isotope separator. The activity
under study was produced with a 98 MeV, 3.5 *tA 19F7+ beam incident on a
2.2 mg/cm2 thick 92Mo target, and ionized in the FEBIAD ion source.
Fourteen scans were made over the triplet. The data have been analyzed
both as fourteen triplet measurements and as twenty-eight doublet
measurements (viz., fourteen 106Sn : 107Sn mass ratios and fourteen 101Sn
: 108Sn mass ratios). These analyses have yielded preliminary masses for
107Sn of 106.915 594 (43) u and 106.915 593 (60) u, respectively. These
results are somewhat lower than the value predicted by systematics
(106.915 762 (108) u).

The measurement precision is by far the highest (0.5 parts per million)
that we have yet assigned to a direct mass measurement with the ISOL. A
re-design of the image slit to prevent charge buildup on surrounding
surfaces from scattered beams is believed to be, in part, responsible for
this increase in precision. In an effort to support the precision claimed
for this measurement, a measurement of the stable-mass triplet, 129Xe-
131Xe-132Xe, was made. A preliminary analysis of fifty scans of this
triplet gives a mass of 130.905 016 (40) for 131Xe. This is a precision
of 0.31 parts per million and is within 0.41 parts per million of the
accepted value (130.905 069 5 (042) u). This suggests that systematic and
statistical effects are now of approximately equal importance to the
uncertainty of our mass-measurement results.

3.1.9 Structure of the Strongly-deformed *h11/7 Band in
 113Sb

V.P. Janzen (TASCC/McMaster University)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
J.K. Johansson, A. Omar, D. Prevost, J.C. Waddington, M. Savicki
and P. Unrau (McMaster University)
S. Flibotte (Universite de Montreal)
T.E. Drake and A. Galindo-Uribarri (University of Toronto)
B. Haas (CRN, Strasbourg)

Subsequent to the analysis of data from the 94Mo(23Na,xn yp za) reaction
at 95 MeV, in which the 113Sb nucleus vas a byproduct, a xh11/2 band vas
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discovered extending to high spin (see PR-PBS-P-8: 3.1.7; AECL-10102). The
moments of inertia of that band, shown in Figure 3.1.9.1, point to an
unusually large deformation, comparable, in fact, to the known fi2 -0.4
bands in the A = 130 region. Although 113Sb is known to be spherical in
its ground state, as are the neighbouring even-even Sn "core" nuclei,
there have been calculations that predict that well-deformed (£2~0.3) or
superdeformed shapes (^2~0-6) should become energetically favoured at high
spins in the Sn isotopes.

Accordingly, two additional experiments were undertaken in order to study
the 1 1 3Sb nucleus in more detail. The population of high-spin states in
1 1 3Sb was enhanced over that in the previous experiment by use of the same
94Mo(23Na,2p2n) reaction at a beam energy of 117 MeV. Data were collected
from both unbacked and Au-backed targets, in two separate experiments.
Approximately 202 x 10* (317 x 106) 7-7 events meeting a 7-ray fold in the
BG0 ball of K>8 were recorded from the unbacked (backed) target. The
latter set of data is being analysed to obtain lifetime information on the
highest-spin states with the Doppler Shift Attenuation Method, which gives
a much more precise indication of the collectivity of the deformed nucleus
than do the moments of inertia. In addition, the backed-target data have
been reduced by means of the MATFIT and LF8R procedures to give high-
resolution low-spin information on the level schemes of 1 1 3Sb and the
byproduct nuclei 110Sn and 1 1 3Te (PR-PHS-P-9: 3.1.10; AECL-10196).
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Figure 3.1.9.1 Static (j(V) and dynamic (J<2>) moments of inertia for the
nhji/2 band in 113Sb, and the vij$j2 band in 13SSm (S. Mullins et al. J.
Phys. Gil (1987) L201). The moments of inertia and the rotational frequency
have been scaled in order to account for the difference in mass between the
two nuclei.
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Based on the new unbacked-target data, the 113Sb xh11/2 band has been
extended considerably, to a probable spin of 75/2 ft. Froa the DSAM
spectra gated on 7-ray transitions at low spin, the fractional shifts of
the high-spin transition-energy centroids were obtained for the detector
rings situated at ±37°.

As shown in Fig. 3.1.9.2, the resulting shifts plotted as a function of 7-
ray energy match the predicted distribution for an average quadrupole
moment of Qo - 4 eb. This implies a prolate quadrupole deformation of fi2
-0.3, which is certainly large for nuclei in this "spherical" region but
is much smaller than the fi2

 f o r superdeformed ainiaa predicted to occur at
very high spins.

This result is consistent, though, with the calculations for 112Sn by
Iwasaki at intermediate spins (Prog. Theor. Phys. 79 (1988) 730). Note
that a ft2 deformation of 0.3 is significantly smaller than that suggested
by the moments of inertia obtained froa the 7-ray energies. The reason for
this discepancy is not yet clear.

1.20

0.00
0.50 1.00 1.50 2.00

Energy (MeV)

Figure 3.1.9.2 Measured fractional Doppler shift of gamma rays belonging to
the well-deformed band in 113Sb. The long-dashed, short-dashedt and solid
curves correspond to calculated values with a constant quadrupole moment of
Qo=S, 4 and 3 eb, respectively. The horizontal dashed tine represents the
calculated full shift (v/c = 1.86%).
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Analysis of DSAM data for the *h11/2 band is still in progress, with final
values for the centroid shifts yet to be determined. We hope to obtain
some individual state lifetimes by fitting peak shapes. In addition, DSAM
analysis of the known rotational band in the even-even 110Sn nucleus is
underway.

A comparison between the quadrupole moments of that band and the 113Sb
3ih11/2 band could allow us to understand what effect the deforaation-
driving *h11/2 orbital has with respect to the rather substantial shape
fluctuations in this region.

3.1.10 Rotational Bands in 113Sb

V.P. Janzen (TASCC/McMaster University)
H.R. Andrews, D.C. Radford, D. Vard (Nuclear Physics Branch)
J.K. Johansson, A. Omar, D. Prevost, J.C. Vaddington, M. Sawicki
and P. Unrau (McMaster University)
S. Plibotte (Universite de Montreal)
T.E. Drake and A. Galindo-Uribarri (University of Toronto)
B. Haas (CRN, Strasbourg)

The experiments described in the previous section (PR-PHS-P-9: 3.1.9;
AEC1-10196) have yielded a considerable amount of information on the
nuclear structure of a number of nuclei. The dominant exit channels
observed following the 94Mo(23Na,xn yp za) reaction at 117 MeV were 2p2n,
ap2n and p3n, populating 113Sb, 110Sn and 113Te, respectively. All three
of these residual nuclei are populated following the emission of four
particles from the compound nucleus, and it is impossible to distinguish
among them with the total-energy (H) and 7-ray-fold (K) information from
the 871 spectrometer BGO ball. With the H and K selection used in the
current analysis (HBin = 14 MeV, K^,, = 15), the relative strengths of
these reaction channels obtained from the coincidence matrix were found to
be approximately 85 (113Sb): 100 (110Sn): 68 (113Te).

With the aid of MATFIT and LF8R analysis programs, and data from both
backed and unbacked targets, the known level scheme of 113Sb has been
greatly extended. Tentative spin and parity assignments for many of the
states have been obtained, based on a preliminary analysis of the
directional correlation (DCO) ratios.

The nh11/2 band is observed up to spin (75/2-); the measured decay out of
this structure, at spin 19/2- and 15/2-, proceeds entirely to the known
spherical *h 1 1 / 2 states. The ratio of the in-band to out-of-band
intensities at spin 19/2- implies an Interaction between the spherical and
well-deformed configurations of approximately 60-70 keV. In principal,
this is a measure of the spherical-to-deforaed proton h11/3 interaction
alone, if, as the theoretical calculations of Iwasaki suggest, the
spherical and deformed states of the 112Sn core are virtually orthogonal
(S. Iwasaki, Prog. Theor. Phys. 79 (1988) 730).
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The previously known strongly coupled band, built on a 9/2* *g9/2 state
having a moderate prolate deformation (Shroy et al, Phys. Rev. C19 (1979)
1324), has been extended to spin 43/2+. There are a number of features
that have not yet been explained, such as a sharp decrease in the in-band
intensities above spin 37/2, and the rather irregular sequence of 7-ray
energies making up this structure.

In addition to the known bands, there are a number of states that are not
easily grouped into either veil-deformed, moderately-deformed or spherical
structures. The level scheme is not yet complete and further analysis of
the standard 7-7 coincidence data is required.

Analysis of the DCO data is also continuing, as is the analysis of the
DSAM matrices for the 113Sb *g9/2 band and the

 110Sn well-deformed band.

3.1.11 The Decay of 120Ba

S. Xu, J. Guo, S. Yuan and N. Liu (Institute of Modern Physics,
Lanzhou, The People's Republic of China)
E. Hagberg, V.T. Koslowsky (Nuclear Physics Branch)
G. Dyck (University of Manitoba)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

The analysis of our experiment on the decay of 120Ba (PR-PHS-P-7: 3.1.7;
AECL-9995) is now complete. The half-life of this nucleus was determined
to be 24±2 s. Sixteen 7 rays were assigned to the decay of 120Ba and they
could all be placed in a level scheme constructed on the basis of our
coincidence data. The level scheme contains 10 levels, subdivided into
two groups. Most 7-ray transitions take place between members of the same
group and only two transitions connect a level in one group with a level
in the other group.

The decay energy of 120Ba was determined from p-y coincidences. The
positrons were detected in a thick plastic scintillator and their endpoint
energy was determined. Coincidences were obtained for three different 7
rays, and the deduced QEC values were consistent for the three cases. Our
final result for the QEC value of

 120Ba is 4.98±0.30 MeV.

Our results are now being written up for publication.

3.1.12 Spectroscopy of 127Ba

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

As part of our program to study detailed spectroscopy in the mass-130
region we have initiated a new series of experiments on 127Ba vith the 8x
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spectrometer. To obtain the best data for low-spin states (I < 20H) ve
used the reaction 117Sn(13C,3n)127Ba at 60 MeV with a gold-backed target.
The competing 4n channel to 126Ba was suppressed by a gate on events in
the BGO ball having total 7-ray energy greater than 12 MeV and fold
greater than 12. Approximately 160 x 106 Compton-suppressed 7-7
coincidence events were recorded.

The level scheme for 127Ba deduced from this work is shown in Figure
3.1.12.1. It differs from that derived by Gizon et al. (Zeit. fur Phys.
A281 (1977) 99) in several respects. We propose that the strongly
populated negative-parity band (bands 2,3) is yh11/2 which is crossed at
Muc = 0.45 MeV by a 3-quasi-particle (vhll/2)(*h11/2)

2 structure (bands
4,5). These assignments are supported by analysis of the B(M1)/B(E2)
ratios between signature partners (V. Janzen and F. Donau, work in
progress, and F. Donau, Nucl. Phys. A471 (1987) 469) both below and above
the crossing. The same analysis applied to the strongly populated
positive-parity band (bands 7,8) indicates that the structure is vd5/2

(not vgS/2 as proposed by Gizon, ibid), which is crossed at Mwc = 0.36 MeV
by the 3-quasi-particle structure (»d5/2)(jrh11/2)

2 (band 9,10) (cf Figure
3.1.12.2).

127 Ba

Figure 3.1.12.1 The level scheme for J27Ba determined in this work.
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Figure 3.1.12.2 Experimental B(M1)/B(E2) ratios (nfi/eb2) for bands 7,8 and
9,10 compared with values calculated under various assumed configurations.

The (*h11/2)
2 crossings in 126Ba and 128Ba are, respectively, Muc - 0.39

and M«c = 0.41 MeV. We suggest that the observed shifts in
 ia7Ba are in

part a consequence of shape polarization (S. Frauendorf and F.R. Hay,
Phys. Lett. 125B (1983) 245 and 6.A. Leander, S. Frauendorf and F.R. Hay
in Proceedings of the Conference on High Angular Homentun Properties of
Nuclei, Oak Ridge 1982 ed. N.R. Johnson (Harvood Academic, New York 1983)
p. 281). The vh11/2 quasi-particle tends to direct the core towards
7=-60", creating a situation unfavourable to (*h11/2)

2 alignment, which
prefers 7=0". Occupation of the vd5,2 orbital is apparently favourable to
(*h11/2)

2 alignment, but whether this is because of shape polarization or
some other effect will require further analysis.

3.1.13 Angular Correlations in 133Nd and 152Dv

A. Galindo-Uribarri, T.E. Drake and G. Zwartz (University of
Toronto)
T.K. Alexander , B.R. Andrews, G.C. B a l l , J . S . F o r s t e r ,
D.C. Radford and D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McHaster University)
J.K. Johansson, D. Prevost and J .C. Vaddington (HcHaster
University)
S. Fl ibotte , N. Nadon, S. Pi lotte and P. Taras (University de
Montreal)

In the experiments previously reported (PR-PHS-P-8: 3.1.11,3.1.13; AECL-
10102) we studied the reactions 32S+105Pd at 155 MeV and 37Cl+120Sn at
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187 MeV and measured the gamma, proton and alpha-particle angular
correlations vith respect to the spin axis of the residual nucleus, which
in turn is correlated vith the spin of the compound nucleus. For heavy-
ion-induced fusion reactions, the nuclear spin is oriented in a plane
perpendicular to the beam direction, and the spin direction can be
determined from the BGO ball "hit" pattern. The method (Jaaskelainen
et al. Nucl. Instr. and Meth. 204 (1982) 385) is based on there being a
preponderance of stretched E2 transitions vith a pattern about the spin
axis given by W(/J) - l-cos40. To optimize the conditions for determining
the spin direction, one selects the energy vindov on the 7 rays detected
by the BGO ball that shovs the maximum anisotropy. Gamma-ray angular
distributions vith respect to the nuclear spin vere obtained vith the tvo
rings of HPGe situated at 0=79* and 0*101*. Figure 3.1.13.1 (top) shovs a
7-ray spectrum from the 37C1 + 120Sn reaction detected vith the HPGe 79"
and 101° rings. Figure 3.1.13.1 (bottom) shovs the ratio betveen the
yields obtained for events in vhich the 7-ray in the HPGe vas observed at
0=90" and 0=0° vith respect to the spin direction. The energy region that
shovs the maximum anisotropy in this reaction extends from about 0.6 MeV
to 1.7 MeV.

Particle angular distributions vith respect to the nuclear spin vere
obtained from the 8 equivalent Csl detectors located at 0=90°. Figure
3.1.13.2 (top) shovs the proton energy spectra observed for the 3 iS +
105Pd reaction for 10 bins in 0, and Figure 3.1.13.2 (bottom) shovs the
ratio of the proton yields at fi=90° and 0=0" vith respect to the nuclear
spin. The anisotropy as a function of energy shovs similar features to
those found in the study of the angular distribution of a particles vith
respect to the spin direction from the reaction 20Ne + 150Nd at 176 HeV
(Majka et al. Phys. Rev. Lett. 58 (1987) 322), i.e. stronger anisotropy at
energies belov the Coulomb barrier, a result vhich vas attributed to
deformation. The anisotropy for protons increases from about 1.2 to 1.4
in ihe region belov the barrier.

With the present data, ve can obtain the charged-particle angular
correlation vith respect to the spin for events gated by discrete 7-ray
transitions in the residues. The observed proton angular distributions
vere fitted vith the function V(0)=Ao(l+A2P2cos0), and Figure 3.1.13.3
shovs the A2 coefficients for protons leading to the SD band in 133Nd and
for any proton from the reaction 3 2S + 105Pd, for four different energy
bins.
There is a hint of enhancement of the anisotropy for lov-energy protons
associated vith the SD band.

In conclusion, the proton angular distributions measured vith respect to
the nuclear spin axis shov an enhanced anisotropy for protons emitted
belov the Coulomb barrier, consistent vith deformed proton-emitting
nuclei. However, the observed anisotropy vas very similar for
superdeformed and normal final states in 133Nd.
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Figure 3.1.13.1 The top panel shows the spectrum of 7 rays detected in the
HPGe at 79' and 101' from the reaction 187 MeV 37C/ + l l 0S«. The
bottom panel shows the t-ray anisotropy (see text).
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Figure 3.1.13.2 Energy spectra (lab) for protons detected at LAB
for 10 equal bins in fi (top) from the reaction, 155 MeV &S + l9SPd.
Anisotropy of the protons with respect to the spin direction (bottom).
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Figure 3.1.13.3 Ai coefficients as a function of proton energy (lab) for any
proton, and for a proton associated with the SD band in l33Nd.

Systematic Study of Superdeformed Rotational Bands in
145.146,147.14S.149Gd

3.1.14

B. Haas (CRN, Strasbourg)
S. Flibotte and P. Taras (Universite de Montreal)
D. Prevost, A. Omar, J.C. Waddington (McMaster University)
H.R. Andrews, D.C. Radford and D. Ward (Nuclear Physics Branch)
V.P. Janzen (TASCC/McMaster University)
T.E. Drake, G. Zwartz and A. Galindo-Uribarri (University of
Toronto)
M. Sawicki and P. Unrau (McMaster University)

We have performed experiments to study systematically the properties of
superdeformed bands in Gd isotopes. Beams of either 29Si or 30Si at
155 MeV bombarded the appropriate Sn isotope to produce
i45,i46,n7,i4B,i49Gd isotOpes for study in the 5n-reaction channel. The
targets comprised two stacked isotopically-separated tin foils of 300-
400 /ig cnr2 thickness. In each case, a short run was performed with a
gold-backed target. For 145Gd, we recorded approximately 100 x 106

Compton-suppressed HPGe coincidence events with a trigger K>12 on the BGO
ball of the 8JI spectrometer. In all the other cases, more than 500 x 106

events were recorded. A summary of transition energies for superdeformed
bands observed in this work is shown in Table 3.1.14.1. Results of the
149Gd experiment are described in a separate note in this report (PR-PHS-
P-8; 3.1.15; AECL-10102).
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148Gd

Two superdeformed bands were observed in 148Gd. The yrast band was
originally reported by Deleplanque et al. (Fhys. Rev. Lett. 60 (1988)
1626); however, we see an additional four cascades above the last one that
they identified. The intensity of the band compared vith the total
population of the channel is 0.7±0.1Z.

The intensity of the newly discovered excited band is -0.4Z. However, the
transition energies of the excited band do not correspond with aid-points
of the yrast transitions; therefore it is not the signature partner of the
yrast band. The absence of a signature partner to the yrast band has been
a long-standing theoretical problem since several different calculations
predict the structure of the lowest superdeformed states in 14lGd to be
*(6)2 vij)1 (6)1. Because the neutron N=6 orbital [642]5/2 is calculated
to have almost no signature splitting, there should be two dose-lying
bands of opposite signature for that configuration. Although we can shed
no new light on this theoretical problem, we can say with some confidence
that the signature partner, if it exists, has a population of less than
0.2Z of the channel.

Two superdeformed bands were observed in 147Gd. These are the bands
previously identified by Haas et al. ("Nuclear Structure in the Nineties",
ORNL, April 1990, to be published in Nuclear Physics) and we can extend
each of them by two cascades. In the present experiment, we measured the
intensities to be 1.3±0.2Z and 0.5±0.1Z of the channel. By tagging on the
49/2 isomer in 147Gd, we determined that band 1 passes through the isomer
in 50±5Z of its decays, whereas band 2 does so in 75±10Z of its decays.

146Gd for 145Gd)

A superdeformed band was identified by Hebbinghaus et al. ("Nuclear
Structure in the Nineties", ORNL, April 1990, to be published in Nuclear
Physics) in the reaction 110Pd (40Ar,4n) at 175 HeV with a quoted
intensity of -1Z of the reaction channel as seen in a coincidence matrix
gated by high-fold events in their BGO ball. We used the reaction 123Sn
(29Si,5n) at 155 HeV and found this band with an intensity 0.3±0.1Z of the
channel. A second band was observed in our experiment with an intensity
0.25±0.10Z of the channel.

It is surprising that we observed these bands so weakly in a reaction that
we considered a priori to be more favourable than that chosen by
Hebbinghaus. Previous experiments have shown that the cross-section for
population of superdeformed bands is largest where there are cold entry
states (c.f. Taras et al., Phys. Rev. Lett. 61 (1988) 1348) which for most
projectile-target combinations require a 5n or 6n channel. Two possible
explanations are: 1) that the excitation energy of the superdeformed band
(and the normal yrast states) at about spin 55 ft is higher by a
significant fraction of the one-neutron binding energy in 146Gd than it is
in i47.i4«.i4'Gd, or 2) that these bands should be assigned to 145Gd made
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in (*°Ar,5n) by Hebbinghaus et al. and by 122Sn (29Si,6n) in our
experiment. We therefore performed a short experiment to clarify this
situation by studying a20Sn + 30Si at 155 MeV. In this reaction, 145Gd
was made much more strongly (5n channel) than in the 122Sn + 29Si reaction
(6n channel). We observed that the yield of the superdeforaed bands
assigned to 146Gd was also strongly increased. Further analysis is
required to come to a definite assignment.

This data set should add considerably to our understanding of the quasi-
particle structure of superdeformed bands. The yrast band of 14SGd has a
dynamical moment of inertia very similar to those of the excited bands in
i46Gd (i«5Gdj a n d n 7 G d > whereas the yrast bands in 14«Gd (145Gd) and
147Gd exhibit an alignment gain of about 2h at rotational frequency,
h-0.67 MeV. Analysis is in progress.

TABLE 3.1.14.1

TRANSITION ENERGIES (keV) IN SUPERDEFORMED
ROTATIONAL BANDS OBSERVED IN THESE EXPERIMENTS

148Gd
Band 1

699.7
747.3
796.7
846.6
897.9
950.1
1003.9
1058.4
1114.3
1170.6
1227.6
1285.2
1343.6
1402.9
1461.7
1520.0
1580.0

Band 2

742.5
788.6
837.6
888.9
939.2
989.3
1039.1
1089.0
1134.5
1182.0
1231.8
1281.5
1331.1
1384.0
1439.0

147Gd
Band 1

696.9
745.0
795.4
846.7
899.8
954.4
1008.9
1064.6
1121.2
1175.0
1228.6
1277.4
1323.4
1367.8
1414.3
1462.9
1516.0

Band 2

731.2
778.6
827.7
877.4
928.8
981.0
1035.0
1089.9
1146.1
1203.3
1261.3
1319.5
1380.0
1439.0
1500.5
1559.0

146Gd
Band 1

825.9
878.8
930.3
983.3
1038.2
1093.3
1148.3
1201.0
1250.5
1299.0
1343.0
1395.0
1440.0

(or 145Gd)
Band 2

806.7
855.7
907.6
963.0
1016.9
1072.1
1127.6
1186.1
1242.2
1299.5
1360.2
1417.2
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3.1.15 Observation of Excited Proton and Neutron Configurations In the
Superdeformed 149Gd Nucleus

B. Haas and J.P. Vivien (CRN, Strasbourg)
H. Kluge (HMI Berlin)
H.R. Andrews, G.C. Ball, D.C. Radford and D. Vard (Nuclear Physics
Branch)
V.P. Janzen (TASCC/McMaster University)
S. Flibotte, P. Taras and S. Pilotte (Universite de Montreal)
J.K. Johansson, J. Kuehner, A. Omar,.D. Prevost and J.C. Waddington
(McHaster University)
T.E. Drake and A. Galindo-Uribarri (University of Toronto)
S. Aberg (Lund Institute of Technology)

The reactions populating superdeforned states vere 124Sn (30Si, Sn) 149Gd
at 155 MeV incident energy, and 124Sn (31P, 5n) 150Tb at 156 MeV incident
energy. The target was a pair of tin foils (-400 tig cm'2) separated by
about 1 mm. Gamma-ray spectroscopy was performed with the 8*
spectrometer. Data vere acquired with a trigger made up of a two-fold
coincidence in the suppressed array and a fold of K>10 in the BGO array.
Approximately 500 million events vere recorded in each experiment. The
data vere replayed into 4k * 4k matrices for the energies of coincident y-
ray pairs registered in the suppressed array. On replay, ve selected
events vith K z 21, vhich resulted in the best peak-to-background ratio
for the superdeformed bands. These matrices vere symmetrized and could be
sliced to generate gated spectra. Ve also performed the background-
subtraction procedure of G. Palameta and J.C. Vaddington (Nucl. Inst. and
Meth. A234 (1985) 476), vhich puts the matrices in a more convenient form
for searching for nev superdeformed bands.

Energies and intensities are given in Table 3.1.15.1 for 7-rays associated
vith the three superdeformed bands assigned to 149Gd and those ve obtained
for the knovn band in 1 S 0Tb. Examples of spectra are shown in
Figure 3.1.15.1; relative intensities and dynamical moments of inertia are
shown in Figure 3.1.15.2.

The yrast superdeformed band in 149Gd has a strength of approximately 2.5Z
of the total 149Gd channel as determined in the E-y * E7 matrix gated vith
fold K i 21. The excited bands have 40(5)Z and 13(2)Z of the
superdeformed yrast intensity. The first excited band vas also seen, but
not previously reported, in our earlier experiment at 150 HeV bombarding
energy (B. Baas et al., Phys. Rev. Lett. 60 (1988) 503) vhere its strength
vas 36(5)Z of the yrast superdeformed band. Thus, the relative feeding
strength of this band does not appear to be a sharp function of bombarding
energy.

Bengsston et al. (Phys. Lett. B2O8 (1988) 39) and more recently
V. Nazarevicz et al. (Nucl. Phys. A503 (1989) 285) have shown that the
behaviour of dynamical moments of inertia J(2) in superdeformed bands is a
strong indicator of their nuclear structure, particularly vith regard to
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TABLE 3.1.15.1

TRANSITION ENERGIES AND RELATIVE INTENSITIES OF SDPERDEFORHED
BANDS OBSERVED IN THIS EXPERIMENT

Note that these values vere derived from
coincidence spectra gated only by clean gates.

149Gd
E7 (kev)

617.4(3)
664.4(2)
711.7(3)
759.9(2)
808.0(2)
857.0(2)
906.5(2)
957.3(2)
1008.8(3)
1060.7(3)
1113.7(3)
1166.8(3)
1221.5(3)
1276.2(3)
1331.9(3)
1387.8(4)
1444.3(4)
1500.5(4)
1557.8(4)
1613.2(5)
1672.9(5)

16(3)
68(7)
--
88(9)
96(10)
100
105(10)
98(10)
95(10)
90(9)
83(8)

80(8)
72(7)
60(6)
51(5)
38(5)
28(4)
19(3)
10(2)
6(2)

1<9Gd*
E7 (kev)

877.0(3)
900.6(3)
941.0(5)
986.7(3)
1032.8(3)
1081.1(5)
1131.1(4)
1181.0(4)
1232.7(4)
1285.7(4)
1340.6(4)
1395.1(4)
1450.7(5)
1506.3(5)

17

20(3)
22(3)

--
43(6)
--
50(7)
51(7)
29(5)
33(5)
28(5)
26(5)
21(4)
13(3)

i«9Gd**
E7 (kev)

895.9(4)
952.0(6)
1004.4(4)
1056.4(4)
1108.6(4)
1162.0(4)
1215.3(4)
1268.5(4)
1322.5(4)
1376.8(5)
1431.2(5)
1484.9(5)

17

8(2)
--
8(2)
8(2)
10(2)
12(2)
12(2)
12(2)
15(3)
14(3)
7(2)
7(2)

isoTb

E7 (kev)

598.0(3)
647.8(3)
697.6(2)
748.2(2)
799.3(2)
850.6(2)
902.1(2)
954.8(2)
1006.3(3)
1059.2(3)
1111.6(3)
1165.3(3)
1218.1(3)
1271.5(3)
1325.0(4)
1379.3(4)
1433.2(4)
1486.6(5)

17

20(3)
38(4)
100(10)
98(10)
100
100(10)
104(10)
99(10)
98(10)
89(9)
88(9)
87(9)
88(9)
68(7)
35(5)
32(4)
20(4)

the number of particles in intruder orbitals. The steep fall of J(2) with
rotational frequency, observed for 149Gd*, is characteristic of 150Gd (cf
Figure 2) where it is understood to be a consequence of the intruder
configuration ( J U 1 3 / 2 )

2 (v)15/2)
2> V e propose that 149Gd* has the same

intruder configuration as 150Gd with a neutron hole in soiie lover orbital,
probably [642]5/2. In the case of 149Gd**, the assignment can be made
directly since the band is a twin to the superdeforaed band in 1 5 0Tb, and
therefore has the configuration (xii 3 / 2)

3 ("J15/2)1 vith a proton hole in
some lover orbital. This case is alaost certainly parallel to those
observed by Byrski et al. (Fhys. Rev. Lett, in press 1990) so the proton
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hole is likely [301]1/2. This orbital is predicted (T. Bengtsson, loc cit
and V. Nazarewicz, loc cit) to lie just below the intruder orbitals at
deformation 0 = 0.6 over a vide range of rotational frequency and,
further, has the special property that its decoupling parameter is at or
very near unity, a necessary condition for twinned bands (V. Nazarewicz et
al., Phys. Rev. Lett, in press 1990). This band has positive parity and
signature a = +1/2. The occurrence of a proton excitation of sufficiently
low energy to be observable suggests that the Z=64 gap, calculated with
standard parameters in the Nilsson model (S. Aberg et al., Proceedings of
the XXVI International Bormio Conference 1988, p. 546), is too large.

The twinning between 149Gd** and 150Tb, and the lack of it between 149Gd*
and 150Gd, can be explained in part by differences in the deformation-
driving effect of the respective hole states. On the one hand, in 149Gd**
the [301]1/2 orbital is up-sloping in the Nilsson diagram, and a hole in
that state increases the deformation, thus cancelling to some extent the
effect of the change in nuclear size (which scales as A5/3) on the moment
of inertia. On the other hand, the neutron hole in 149Gd* is [642]5,2,
which is strongly down-sloping in the Nilsson diagram. A hole in this
orbital will cause a decrease in deformation, thus reinforcing the change
in nuclear size. Ve should expect that the corresponding decrease in the
moment of inertia would be larger than the average scaling, and indeed
this is what we observe. Recent calculations by Ragnarsson (Contribution
to "Nuclear Structure in the Nineties", ORNL, April 1990, to be published
in Nuclear Physics) substantiate these simple arguments.

Although 149Gd**, being more weakly populated than 149Gd*, must lie at
higher excitation energy in the feeding region around spin 55 ft, 149Gd**
does have the smaller J(2) values, and therefore a crossing of the bands
might occur at lower spin. Such a crossing should exhibit an interaction,
since these bands have the same parity and signature. Ve can speculate
that the sharp deviation of the energy of the lowest transitions from the
systematic trends, namely E7=877 keV in Gd* (higher than expected), and
E7=896 keV in Gd** (lower than expected), is an indication of the
crossing. That is, the level fed by the 877 keV transition is pushed down
by the interaction and the level fed by the 896 keV transition is pushed
up. The assumption that these levels are essentially degenerate fixes the
relative excitation energy of 149Gd* and 149Gd**, and we find that, in the
feeding region, the bands would be approximately 700 keV apart. This
conclusion is very tentative since, on the basis of this experiment, we
cannot be sure that the key transitions, with 877 and 896 keV, are truly
members of their respective bands. Nevertheless, we present the argument
since it is the first clue as to the dependence of population intensity on
excitation energy in the second well.

Since in this experiment we have observed the highest-spin discrete
transition known so far (E7-1673 keV, I - 135/2 -» 131/2; cf Figure
3.1.15.3) it is worthwhile to extrapolate the measured feeding intensities
for 149Gd, shown in Table 3.1.15.1, to estimate how the population of even
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Figure 3.1.15.2 Relative intensities and dynamical moments of inertia, J ,
observed in this work (P. Fallon, et al., Phys. Lett. B 212. (1989) 13?) for the
case of 1S0Gd. Solid tines are drawn to link the data points and are not fits.
The J<2> plot for 150Gd is irregular beyond the uncertainty (P. Fallon, he cit)
and the inflections may have significance considering that 149Gd* shows a
similar pattern. The J<2> for 149Gd is very regular except for the last two
transitions, an effect that can be seen by eye in Figure 3.1.153. The bottom
right panel contains an inset detailing the transition-energy differences between
the twinned bands, ^Gd**/t50Tb.
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13NNVH0 d3d SINOOO Q31V0S

Figure 3.1.15.3 Spectrum showing the highest-spin discrete tines observed in
the yrast superde formed band in 149Gd. This spectrum was obtained by our
summing appropriate gates in the background-subtracted efficiency-corrected
matrix. Acceptance of the assignments given by B. Haas et al. (Phys. Rev.
Lett. £0 (1988) 503) leads to a spin 135/2 -» 131/2 assignment for the 1673
keV i-ray.
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higher-spin states might look. The slope corresponds to a decrease in
population by a factor of approximately 1.8 per transition. This estimate
is of interest in connection with the detection of hyperdeformed nuclei
(3:1 axis ratio), which are predicted (J. Dudek, T Verner and L.L.
Riedinger, Phys. Lett. B211 (1988) 252) to lie near the yrast line at
spins in excess of 70 li. For example, according to our extrapolation, a
discrete transition of, say, spin 74-»72 would be approximately ten tines
weaker than the weakest transition assigned in this experiment. The
spectroscopy of such weakly populated bands should be possible with the
next generation of 7-ray instrumentation.

3.1.16 Direct Measurement of the 152Er/153Er Mass Ratio

E. Hagberg and V.T. Koslowsky (Nuclear Physics Branch)
6.R. Dyck (University of Manitoba)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
K.S. Sharma (University of Manitoba)

The 152Er-153Er mass doublet was directly measured with the on-line
isotope separator. For the first time, the activities to be measured were
ionized and extracted with the Be-jet ion source. In the analysis of the
data obtained during this experiment, it became apparent that this ion
source is not as suitable for direct mass measurements as the FEBIAD
source. The sparks from the He-jet source are more frequent and powerful
than those of the FEBIAD source. They severely disturb the voltage-
measuring system, and large amounts of data are lost. In addition, there
appears to be a large offset voltage in the beams extracted froa this
source, i.e. the extracted beam may have an energy of 40 015 eV although
the extraction voltage is 40 000 V.

Further direct-mass measurements with the He-jet ion source will be put on
hold until these problems have been sorted out. An off-line test with
beams of the stable isotopes, 129Xe, 131Xe and 132Xe, which have well-
known masses, will be used to investigate the offset voltage, the
seriousness of the sparking and the accuracy to which we can measure mass
ratios with this ion source.

3.1.17 Study of High-Spin States in 159Tm

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

High-spin states in the N=90 nucleus, 1S9Tm, have been studied with the 8x
spectrometer, and the 126Te(37Cl,4n) reaction at 170 MeV. Two stacked
thin targets (-350 fig/cm2) were used; each target was sandwiched between
two thin (50 fig/cm2) layers of gold.

A total of 250 x 106 events were collected on magnetic tape. Analysis is
underway to extract an extended level scheme, mixing ratios and
transition-strength ratios.
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3.1.18 Search for Large-deformation Triaxialitv in the Hf Region

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

Data from the 142Ce(29Si,5n)166Hf reaction at 160 HeV has been analysed
further, principally with a viev to searching for proposed rotational
bands having very large triaxial deformations (see PR-PHS-P-8: 3.1.14;
AECL-10102 and refs. therein). So far, both the study of continuum ridge-
valley structures and a search for two-dimensional discrete-line
structures with the "Band-Aid" technique of Kuehner et al. (V.P. Janzen et
al., Proc. of the A.C.S. Symp. on Exotic Nucl. Spectroscopy, Miami Beach,
1989, in press) have turned up only very weak evidence of any such
structure.

Analysis of the yrast high-spin rotational bands in 166Hf is still
proceeding. In addition, we have data from the 4n exit channel leading to
167Hf, which is of much higher quality than has been published previously;
this analysis is also in progress.

Recent more detailed calculations by Ragnarsson and co-workers (Bengtsson
et al., to be published) suggest that the nucleus 169Hf may in fact be a
more likely candidate than 166Hf to have a large-deformation triaxial
band. This interpretation is based largely on the energy gap between
yrast and yrare triaxial configurations at high spin, which is predicted
to be much larger in 169Hf than in 166Hf. It may thus be possible to
isolate more intensity in one triaxial band in the 169Hf isotope. A
proposal has been submitted to study this nucleus at the TASCC facility.

3.1.19 The Effect of Near-Surface Fe on Deuterium Ingress into Zr-
2.5wtZNb at Room Temperature

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

We recently reported (PR-PHS-P-8: 3.1.15; AECL-10102) preliminary results
on deuterium ingress into thin foils of Zr-2.5wtZNb which had been
implanted with 40 keV 5 6Fe ions with doses between 1015 and
1017 atoms/cm2. Ve have continued these experiments and now have
measurements for nine different foils.

The measurements were carried out as described earlier (PR-PHS-P-8:
3.1.15; AECL-10102). Ve introduced deuterium into the foils by etching
the native oxide with a solution of 0.1Z NH4HF2 in D20. After etching, we
flushed the cell thoroughly with H20 and left it filled with H20. The D
content was measured, in situ, by observation of protons, at 170° to the
beam direction, from the D(3He,p)*He reaction. A separate measurement was



made with a 0.8 MeV 3He beam, after the cell was emptied and the foil
mount reversed, so that the original liquid side of the foil faced the
beam.

Each foil was then examined for the Fe content with Secondary Ion Mass
Spectrometry (SIMS). The amount of deuterium taken up by the foil was
plotted as a function of Fe content, as determined from the SIHS
measurement. The results for both the in-situ measurement, and for the
measurement with the foil reversed, shoved that the amount of deuterium
that penetrated the foil increased from -4 x 1016 atoms/cm2 (at a dose of
~1015 Fe atom/cm2) to -20 x 1O1S atoms/cm2 (at a dose of -1017 Fe
atoms/cm2).

3.2 INSTRUMENTATION AND FACILITY DEVELOPMENT

3.2.1 ISOL; Operation

V.T. Koslowsky, E. Hagberg, I. Neeson, V.L. Perry and M.J. Vatson
(Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
G. Dyck (University of Manitoba)

Six on-line experiments have been performed in collaboration with
scientists from the University of Manitoba. These experiments involved
the first trial mass measurement with the helium-jet ion source of the
i52,i53Er m a s s doublet, a io6,io7,io«sn mass measurement with the FEBIAD
ion source; the half-life determinations of *6V, 50Mn and 54Co; and the
study of 1-forbidden fi decay of 39Ca. They are described elsewhere in
this report (PR-PHS-P-9: 3.1.2, 3.1.3, 3.1.8 and 3.1.16 AECL-10196).

3.2.2 He-jet Ion-Source Development

V.T. Koslowsky, M.J. Vatson, M.G. Steer, E. Hagberg and
V.L. Perry (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

A second helium-jet coupled ion source for the on-line isotope separator
has been designed and is presently under construction. The new ion-source
design maintains the basic properties of the earlier design: i) slit
geometry, ii) high gas throughput, iii) large area of the extraction slit
relative to that of the entrance orifice, which thus prevents
backstreaming of the reaction products, and iv) a high cold-spot
temperature which minimizes losses ot. activity from adsorption.

There are many design changes, however. Soft solder has been entirely
eliminated from the source, and water flow through the side shields and
back plane has been significantly increased. This will permit higher
heating power to be applied to the anode without damaging the surrounding
structure. The back plane is fabricated from two copper pieces that are
now brazed together rather than soldered, while the small copper pieces in
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the side shields are welded rather than brazed together. Consequently,
they will be more likely to survive a loss-of-coolant accident. The
water-cooled side shields also perform a second roll as the anode-cylinder
yoke, thereby simplifying the yoke construction and improving the cooling
to associated support-tensioning springs. To allow for greater
flexibility in new anode heating methods, this source is equipped with six
rather than four electrical feedthroughs plus two spare vacuum
feedthroughs. As before, each electrical feedthrough is individually
water cooled. The electrical feedthroughs are now mechanically rigid,
consequently movement of the feedthroughs, which formerly altered the
upper filament position, has been eliminated. All tapped holes are now
equipped with helicoils to prevent the stripping of threads machined into
the copper, access to the helium skimmer has been improved and the large
X-Y-Z capillary drive has been eliminated. Lastly, the two anode-
alignment pins have been replaced with one pin and keyway to allow the
anode to expand when heated. Construction is expected to be completed in
the third quarter.

The skimming-orifice temperature has been measured on the existing helium-
jet coupled ion source at various operating power levels. The temperature
at this position of the back plane is of interest because it is furthest
from any water-cooling channel and in close proximity to the hot anode
cylinder. The maximum temperature achieved was a surprisingly cool 50°C.

The upper heater has recently been fabricated from 1.5 mm diameter rather
than 1.0 mm tungsten wice. Operating experience indicates that a wire
will now last the duration of a 4-day run without burnout but occasionally
one will still twist and short to the anode. Hot spots from these hairpin
filaments continue to burn holes in both Ta and V anode cylinders, an
unfortunate and perhaps unavoidable feature of this heating technique.

The metal plating discovered in our source has been traced to the
dissociation of the bronze filament holders. Future holders will need to
be fabricated from copper and be equipped with helicoils or have tapped
stainless-steel tips welded to the copper supports.

3.2.3 A Phoswich ArioY for Reaction Studies with TASCC Beams

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

Construction and assembly of the small phoswich array (PR-PHS-P-8: 3.2.4;
AECL-10102) has been completed. All of the mounting collars and detector
cans were fabricated and the mounting ring was modified to accommodate a
dimensional error in the detector cans. It was decided to epoxy the light
guides to the phototubes after the RTV bond in several detector modules
failed.

A thorough off-line study of the long-term gain stability of both types of
modules was carried out with an a source. We conducted these tests under
vacuum using the remote divider-network assemblies, previously described,
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to power the photomultiplier tubes. Both types of •odules, large and
small, exhibited significant gain change during the firs: 24 hours of
operation. However, the gain stability of both sizes of modules, after a
one- or two-day conditioning period, was about 10Z over the following 7-
day period.

At first, several of the large modules exhibited a long-term gain drift.
The gain drift had a time constant of several days but once a plateau was
reached the gain was stable. These units were removed from vacuum for
several days and then re-tested under vacuum, at which time the gain
behaviour was the same as the other units, i.e. requiring about one day
for the gain to stablize. The cause of this effect is not understood.

The fully assembled array has been mounted in the scattering chamber for
further off-line tests. The array will be used with cyclotron beams in
early fall.

3.2.4 Figures of Merit for Comparison of Third-Generation -Y-rav
Spectrometers

D.C. Radford

With recent funding approvals for GAMMASPHERE in the U.S. and EUROGAH in
the U.K. and France, the need for reliable figures of merit to make a
quantitative comparison of different possible designs has become apparent.
In general, the performance of any spectrometer system is determined
primarily by three numbers:

1) the total photopeak efficiency Ncfl, where N is the number of Ge
detectors in the system and e(l is the absolute photopeak efficiency
for each detector,

2) the resolution (FWHM), AE7, typically 4-6 keV at E7=l MeV, which for
unbacked targets is mostly dominated by Doppler broadening, and

3) the peak-to-total ratio, PT, for the Ge detector.

A further composite parameter, R = (SE7/AET) PT, is also sometimes used;
here SET is the average spacing between 7 rays in the cascades, and is
usually assumed to be 60 keV for fusion-evaporation reactions. Until
recently, it was generally stated that the resolving power of a
spectrometer was R0R

r, where F is the coincidence fold (e.g. 3 for
triples) and Ro is the contribution from possible selection of the
residual nucleus by gates on multiplicity and sum energy, or use of a
recoil mass spectrometer.

In order to compare different spectrometer designs, a single quantitative
figure of merit is desirable. Such a quantity may be found in the
"detection limit", or the minimum branching ratio a for which we may
expect to detect a coincidence reliably. Here, the smaller a is, the
better (higher resolving power) the spectrometer.
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If ve assume a 3-day experiment, with a reaction rate of 10s s 1 and no
dead-tine losses, then the number of fusion reactions is Nf = 2.6xl010.
Further, let us assume that, for a given fold F, we set F gates on the Ge
data to observe a final number of counts. For small peak-to-background
ratios (i.e. weak coincidences), it can be shown that maximal statistical
certainty is obtained if these gates have a width close to AET in each
dimension. Such a gate has an efficiency of 0.76; i.e. 24Z of the counts
in the photopeak fall outside such a gate for each fold. Selection of the
residual nucleus to give Ro Is assuaed to be 100Z efficient.

Then, for a given branching ratio a and fold F, the number of counts one
would Integrate in the final photopeak is

PF - oNf(0.76 HeSl)
r, (1)

and the peak-to-background ratio, P/B Is

(P/B)F = <*R0 (0.76 ||» PT)' = aR0(0.76R)
r. (2)

Ve are now in a position to consider three limits for the minimum
observable branching ratio.

Limit 1; based on the number of resolvable cascades.

The number of different gates that can be set to separate different
cascades under the stated assumptions is (SE7/AE7)

F. Since the number of
observable cascades will be close to I/a, the density of coincidences will
be close to unity for

a > Limit 1 = (AE7/SE7)
P. (3)

Limit 2: based on the final peak-to-background ratio.

By setting gates, one observes an integrated number of counts, including
background; the background needs to be calculated and subtracted, e.g. by
setting background gates. This becomes quite problematic, however,
especially for weak peaks and close to Limit 1, where coincident peaks
fill all the available F-dimensional space. When the final peak-to-
background ratio (P/BV falls below some threshold T2, the background
calculation will no longer be sufficiently accurate to allow reliable peak
detection. Hence

o > Limit 2 = T2/Ro(0.76R)
F. (4)

The adopted value of T2 depends somewhat on personal taste but will
generally be in the range T2 = 0.05 - 0.10.

Limit 3; based on the statistical significance of the measured photopeak
counts.

The final counts obtained will be given by equation (1) with the
background counts given by
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_ ) ^ ,
a* ~ (P/B)F * oRo(0.76R)' " Ro < R '

If a(PF) Is the uncertainty in PF, and ve require Pr/a(Pr) > some
threshold T3, then:

1) For Pp « Bpf we have Pr > T3 (B,) 1/ 2, i.e.

a > Limit 3 = T3[NfRo(0.76
2NenR)r]1/2 (6)

2) For Pr » Br we have PP > T3 (V,)1'2, i.e.

a > Limit 3 - T3
2 / Nr(0.76Ncfl)

r (7)

The value of T3 will generally be taken within the range 2.0-4.0.

It is important to note that all of these limits apply, so that for a
given fold the observation limit will be at best the greatest of all
three. In addition, it is clear that these limits are not truly
independent; for example, if limits 2 and 3 have comparable values, so
that both the statistics and the peak-to-background ratio are poor, the
actual observation limit would be poorer than either limit alone vould
suggest.

3.2.5 Level-Scheme Analysis. Storage and Drawing Programs

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

a) Introduction and Future Development

In order to facilitate analysis, record keeping and presentation of data
from the 8* spectrometer, a number of FORTRAN programs have been written
to read and process data files that specify proposed level-scheme
information. A brief description of these data files is given in section
b) below. In section c) we describe the program LEVELS, which uses these
files to perform checks on the proposed scheme and semi-automatically
produce drawings of the scheme. Sections d) and e) describe programs that
may be used to edit and produce hard copy of final drawings of the level
scheme.

Further development of these programs is planned; in particular, an
interface with the program LF8R will allow users to compare measured
coincidence intensities with those expected from the proposed level
scheme(s). The option to have LF8R present the user with the differences
between the observed and expected intensities, rather than the raw data,
should greatly facilitate the process of identifying small, but
interesting and significant, coincident intensities not yet incorporated
in the level scheme. On-line modifications to the level scheme will
provide a "level scheme spreadsheet", where the quality of the fit to the
experimental data is easily examined for different possible schemes.
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b) Input Level-Scheme Data Files

Data specifying the level scheme to be input is typed into a standard
ASCII file, usually with a text editor. The default filename extension
for these files is .LVL.

The format of the file has been defined so as to allow easy specification
of all relevant information on the nuclear levels and gamma-ray
transitions. Bands, individual levels, and 7 rays can all be defined.
Such quantities as energies, spins, parities, 7-ray intensities and
multipolarities, mixing and branching ratios are specified, either
directly or by default. The format uses as many defaults as possible so
that most quantities can be deduced rather than directly specified.

c) Program LEVELS

This program is designed to read and manipulate the data provided in the
.LVL level-scheme files and provide a comprehensible representation of the
level and 7-ray information in both text and graphical form. It fills in
as much of the missing data as possible; for example, it will deduce
transition multipolarities and calculate conversion coefficients wherever
these are not specified. The user is given the option of generating
tables of all defined levels and transitions, with all the deduced or
specified quantities. The program also performs checks on the data,
verifying that energy sums and intensity sums are obeyed and reporting
cases where they are not.

The program can also generate a graphical figure of the level scheme,
using commands stored in a second input file. This command file can
specify, for example, horizontal locations for bands, levels and
transitions, the vertical scale-factor and labelling-character sizes.
Options are provided for labelling levels with their energies, spins and
parities, and 7 rays with their energies and intensities. Transitions can
also be represented by arrows with widths proportional to their
intensities, with a shaded part indicating 7-ray intensity and a possible
unshaded part indicating conversion-electron intensity. The output from
this routine is stored on an ASCII graphics metafile, which may be edited
with a text editor or EDITLS, and/or plotted by means of the program CAD.

d) Program EDITLS (Edit Level Scheme)

This program is an interactive graphics editor, used to display and modify
the graphics data contained in the metafile output from LEVELS. It runs
on any Tektronix graphics terminal (or Tektronix emulator) currently
available in the Nuclear Physics Branch. Extensive use is made of the
graphics cursor for input. With the cursor, the user is easily able to
add, delete or move level (horizontal) lines, transition arrows, and
labels. An entire section of the figure (e.g. a band) can be moved by the
user placing a "box" around it and "dragging" it to the desired location.
A specified number of "breaks" can be placed into any level or transition,
to indicate tentative assignments. In this manner, the user can quickly
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and easily produce an optimized, comprehensible figure of the level
scheme.

e) Program CAD

CAD is a program that takes the graphics metafile produced by LEVELS
and/or EDITLS, and creates a new file suitable for input to DESIGN/CAD 2D.
This file can then be transferred to a PC with the appropriate software
and the figure manipulated and plotted with the standard DESIGN/CAD
package.

An example of a figure produced in such a manner is given in Figure
3.2.5.1.

3.2.6 Progress in Accelerator Mass Spectrometry

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

There were three runs during this reporting period, all devoted to
optimization of the system to study 36C1. The major developments were the
use of BE3 as a gas-filled magnet and the introduction of an annularly
split anode in the Bragg detector that allowed a substantial improvement
in particle identification and discrimination. The third run of the
period involved the total automated system and the measurement of
standards, unknowns and backgrounds. These topics will be discussed in
turn.

a) The Gas-filled Magnet

The Bragg detector was mounted directly behind BE3, a uniform field magnet
of two-metre radius and sector angle, 42.8*. The introduction of N2 gas
was facilitated by the installation of a gate valve immediately ahead of
the magnet with a 100 /ig/cm2 window in the gate. The use of the gas
filling reduces the 36S rate in the detector by a factor of -300 when the
field is set for 3£Cl. Unfortunately, the low dispersion of the magnet
and the fact that the standard beam-optical settings do not produce a
focus at the counter position result in a low (<20Z) detection efficiency
for 36C1. Better beam-optical solutions and/or the use of a higher-
dispersion magnet (BE7 with a 90* angle) will be examined as a means of
improving the efficiency.
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Figure 3.2.5.1 A partial level scheme for 157Ho, created by LEVELS and
EDITLS, and plotted by DESIGN-CAD 2D after transfer through CAD.
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b) Counter Development

The present detector, a Bragg type with a AE section in front, has a small
entrance aperture and a poor aspect ratio so that the resolution is
degraded by multiple scattering and resulting ionization too near the
outer radius. To study this problem, we split the anode into a central
disk and an annular ring that sampled the ionization in the outer region.
The data show a strong correlation between the total energy, E,., and the
signal from the outer ring, E r i n . Upon playback, the use of free-fora
gates on the (ET,ERing) 2-dimensional spectrum gave significantly better
particle identification. A larger diameter detector will be constructed
to minimize these edge effects. The split-anode concept will be
incorporated to discriminate against events degraded by large-angle
scattering.

c) System Performance

The third run involved the complete automated data-acquisition/control
system and a set of samples including quantitative dilutions, unknowns and
backgrounds. In this run the UNIS Source was used because of its lower
3 6S background and absence of memory effects. (Memory effects are so
great with the 860 source as to completely preclude its use for 36C1
measurements.)

The accelerator system was not as stable as expected in spite of the
extreme stability that has been achieved with the GVM. It is possible
that the instabilities were due to slow transients when the terminal
voltage was switched between its values for 35C1 and 36C1; longer waiting
periods should overcome this. Another possible source of instability was
a malfunction of BI1. (It was recently observed to change its field
setting spontaneously by -0.1Z.) A special run is planned to investigate
instability effects by a comparison of 35Cl with 37C1 integrated currents
over an extended period.

36C1 was found in all samples except one (which was counted for only a
very short period) at levels well above those expected from misidentified
3 6S or 3 5 > 3 7 C 1 . The approximate background levels set by 3 6S were
3.5 x 1 0 1 5 in the worst case and 3.2 xlO 1 6 is the best. The limit set
by misidentified 35-37Cl was about 2 x 10*14. This problem was made worse
by a leak in a bellows at the injector that developed toward the end of
the run. The presence of 36C1 at the -9x10'13 level in the sea water
background points to a contamination problem in source preparation or
handling.

At this point there are also discrepancies of about a factor of 2 between
the AMS results and a hundred-fold quantitative dilution of a nominally
1.3 x 10*10 enriched sample. The resolution of these problems will
require further measurements and the use of new standardized materials.
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3.2.7 Charge-State Measurements for Hultl-layer (C/ku) Stripper Polls

G.C. Ball, T.K. Alexander, H.R. Andrews, V.G. Davies and
J.S. Forster (Nuclear Physics Branch)
E.H. Lindqvist (TASCC Accelerators and Development Branch)

For several low-energy (~5 MeV/u) cyclotron beams, optimum charge-state
combinations cannot be selected. In particular, one is often forced to
accelerate beams that are several charge states below the mean value for
carbon stripper foils. Since previous data have indicated that the mean
charge is lower for Au foils, we have carried out measurements for
13.3 MeV 37C12+ and 30 MeV 107Ag5+ using thin self-supporting Au and C
foils as well as 6 /ig/cm2 cracked-ethylene carbon foils with a 10-
40 Mg/cm2 evaporated Au layer. The results showed that a 40 tig/cu2 Au
layer can be used to reduce the mean charge produced by a carbon foil by 1
to 4 charge states for Cl and Ag, respectively. For the charge states of
interest, i.e. 37C16+ and 107Ag15+, the observed intensities increased by
factors of 5 and 3. Preliminary foil lifetime measurements were also
encouraging. Multilayer cyclotron stripper foils will be prepared for use
in beam-development runs.

3.2.8 Data Acquisition

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

During the past six months all hardware system development work has
shifted to the new Phase II Experimental Computing Facility. Software
upgrades included new 2-D contour and 3-D plotting routines for the
HP 7475A plotter and the addition of peak-fitting routines in SPKMANIP.

Finally, the tape-scanning routines were modified to produce a CCUR- or
VAX-compatible Exabyte copy during playback. This is now being used
extensively by outside users. Implementation of Exabyte tape drives for
on-line acquisition will begin in a few weeks after their reliability has
been fully demonstrated.

3.2.9 Phase II Experimental Computing Facility

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

During the past six months, the CCUR 3280 was used extensively for data
analysis. Several new hardware/software upgrades were also implemented.
The serial highway was extended to include the 8* (Room 104B), ISOL (Room
112), and particle facility (Room 111). A new CAMAC FIFO module and
associated DMA interface has been installed and tested. These modules
will provide full data-acquisition capabilities for the 3280. A computer-
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controlled router has been design and built. This module will allow the
data stream from various devices (e.g. 8x, data scanner, LeCroy CAB) to be
routed to either the 3230 or 3280 computer system.

New peripherals installed on the CCUR 3280 include a 1.2 GB disk-drive
system, a dual 2.3 GB Bxabyte tape-drive system, and two Tektronix 4207
and one 4211 colour graphics terminals.

All necessary funds are budgeted to complete the Phase II Computer
installation in the 1990/91 fiscal year.

3.2.10 Q3D Tests for Heavy-Ion Channeling Studies

J.S. Forster, T.K. Alexander, G.C. Ball, V.G. Davies,
J.S. Geiger, N.C. Bray, J.J. Hill, P.J. Jones and B.V. Luloff

We plan to use the Q3D magnetic spectrometer in our heavy-ion channeling
program to select by charge state the heavy ions exiting thin crystals in
coincidence with x-rays (see PR-PHS-P-9: 3.1.7; AECL-10196); we also
intend to make energy-loss measurements for charge-state selected ions.
Although the maximum mass-energy product of the Q3D in only 123 at 1.6 T,
it can be used for many experiments with highly stripped heavy ions from
the TASCC cyclotron.

A transmission, resistive-wire gas detector has been mounted on a moveable
carriage in the focal plane of the Q3D spectrometer. The active length of
the detector is 17.5 cm. The counter has aluminized mylar windows,
6.4 x 10"3 mm thick, and operates at a pressure of 30 Torr of isobutane
gas with a bias of +400 V on the wire. Charge-sensitive pre-amplifiers
are used in measuring the signals from the two ends of the wire. The
position at which the particle entered the counter is deduced from the
charge division.

A fast plastic scintillator, 20 cm long, 2.5 cm high and 5 ma thick,
coupled to a 3/4-inch-diameter Hamamatsu R1213 phototube is mounted
directly behind the gas detector.

Beams of 155 MeV 28Si ions and 200 HeV 63Cu ions were used to bombard a 2-
t̂rn-thick Si crystal. The crystal was mounted on a three-axis, motor-
controlled goniometer suspended from a special lid for the Q3D scattering
chamber; the gonimeter can be raised three inches vertically allowing the
direct beam to enter the spectrometer or to bombard a foil on the existing
target ladder.

With the gonimeter raised, direct beams of 2<Si and <3Cu entered the
spectrometer and were observed in the focal-plane detectors. Ve Halted
the rate to about 1000 particles/s by closing upstream collimating slits
to less than 0.5 mm and by turning off some quadrupoles. A focal-plane-
detector position resolution of approximately 3 mm FWHH was achieved with
the 63Cu beam.
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An intrinsic-Ge x-ray detector was mounted at the external radius of the
scattering chamber; it viewed the target through a hole in the wall of the
chamber via a vacuum seal. The particle rate in the focal plane, with the
Si crystal in the beam, was raised to -400 000/s. At this rate, the gas
counter was turned off and the scintillator used in coincidence with the
x-ray detector. The time spectrum measured with a time-to-amplitude
converter, which was started by the x-ray detector and stopped by the
scintillator signals, showed a very good real-to-random ratio.

This setup will be used in an upcoming experiment to measure radiative
electron capture into fully-stripped 79Br ions at 18 MeV/u channeled in
thin crystals.

3.2.11 Target Laboratory

P. Dmytrenlco, D. Phillips and B.R. Andrews

In the last six-month period, the target laboratory has prepared targets
for nuclear-physics experiments, and carbon stripper foils for both the
tandem accelerator and the superconducting cyclotron. Evaporated coatings
were produced for other branches at CRNL. Carbon stripper foils and
isotopic carbon targets were produced for commercial sales. Chemical
cleaning procedures were carried out on ion-source components for TASCC
Accelerators and Development Branch.

a) Preparation of the Targets for Nuclear Physics Branch

The following targets were produced for the Nuclear Physics Branch:
natural Be, Ca, V, Au, Ta and KF; and 24Mg, A12

3«S3,
 50Cr, 5«Fe, 56Fe,

60 N i j S9Y, 9« M O j iooMo> 103RJ,, i22Sn> i2«Sn, i"Te,
 1 7 6Yb and 1 8 6Wo 3.

Rolled Zr-2.5wtZNb foils were produced for collaborative liquid/solid
interface studies at Queen's University.

More preliminary work, was carried out to produce single-crystal Si(110)
windows approximately 8 mm in diameter and 3 microns thick, for high-energy
heavy-ion channeling experiments.

Fabrication and sintering of lanthanum-boride pellets were carried out for
development as an electron generator in the ISOL ion source. Mock-up of
modified ion-source components, incorporating a lanthanum boride electron
generator, were tested out in the target-lab vacuum system.

b) Preparation of Materials for Other Branches

Chromium coatings were deposited on mylar and kapton foils for the
Dosimetric Research Branch.
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3.2.12 A Study of the Effects of Vertical Components in the RF Field on
the First Fev Turns in the TASCC Superconducting Cyclotron

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

It has been observed that coherent vertical oscillations of the bean in
the cyclotron are nearly always present, and in some cases cause serious
beam loss not only during extraction but also during acceleration. In the
past year, it has become evident that these oscillations are most likely
driven by vertical components in the r.f. field (Model Cavity Tests,
Xue-hou Zhou, SCC Note (Series II) #17.1 and 17.2), which arise because of
the asymmetric geometry of the tuning stems. These asymmetries cause
vertical fields in the vicinity of the dees in 0 mode, and include in
addition large vertical fields in the hills in n mode. The new
"differential-algebra-Lie-algebra" orbit-dynamics code (PR-PHS-P-8:
3.2.14; AECL-10102) has been used to calculate the effects of vertical
components in the r.f. field of the cyclotron for 30 MeV/u 35C1. For this
beam, the injection radius is 180.2 mm, the mean magnetic field at
injection is 2.955 T, and the injection energy is 79.303 MeV.

A simplified Fourier-series model of the mid-plane magnetic field was
used, which is valid only at inner radii; it reproduces the flutter but
does not include the radial dependence of the field. The off-midplane
field dependence was calculated as a Taylor's series such that Maxwell's
equations are satisfied exactly to the desired order. The vector
potential required for the solution of Hamilton's equations is obtained by
appropriately integrating this analytic representation of the field.

The r.f. accelerating field was also represented as a Fourier series. Ve
obtained the shape (form-factor) of the azimuthal component of the
accelerating field on the mid-plane from static potential calculations of
the dee structure using the SLAC GUN CODE (E.H. Lindqvist, private
communication). With these as a guide, similar field "fora-factors" were
generated to represent the azimuthal dependence of the vertical components
that are generated in the dees (assumed to be the same in 0 mode and x
mode) and in the hills (only present in n mode) by the tuner asymmetries.
That these form-factors were sensible was confirmed, qualitatively at
least, by calculations of the r.f. fields made with the program MAFIA by
F. Adams, Jr. The off-midplane fields are represented by a severely
truncated version of the general solution to Maxwell's equations in
cylindrical coordinates. Thus, for particles near the aid-plane, the
fringing-field effects and hence the focusing effects of the r.f. field
are taken into account in a realistic manner. The r.f. fields are
represented in the program by the choice of a gauge such that in the
expression

E = -V<j> - dk/dt,

the term V<fi = 0; E is the electric field, and A is the magnetic vector
potential. The vector potential is then just a straightforward integral
of the electric field.
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To include one complete betatron oscillation in the vertical direction,
calculations of the first five turns in the cyclotron were made in n mode
for the 30 MeV/u 35C1 case, where the parameters of the r.f. tield veie
taken from the model cavity measurements of Zhou (ibid). The results
qualitatively reproduced the behaviour in the cyclotron. For comparison,
calculations were also made in simulated 0 mode (r.f. = 72.8 MHz) even
though this beam cannot actually be run in this mode. Again, the results
were in qualitative agreement vith the behaviour of 0-mode beams.
Quantitatively, the amplitude of the vertical oscillations driven by the
vertical field components were too small by about a factor of two. In
order to achieve better quantitative agreement, it was necessary to
include the effects of the stripper-foil guide rails, which, at least in
the static potential model approxination, enhance the vertical "kick"
received by the beam immediately after it leaves the stripper foil. (It
is important to realize that most of the vertical motion of the beam
arises because of the imbalance in forces that results immediately after
the beam passes through the stripper foil and changes charge by about a
factor of three. If there were no stripper, the effect of the vertical
fields would approximately average to zero.) The general agreement
between these calculations and measurements of the cyclotron beam Is quite
good. However, in view of the extreme sensitivity of the vertical
deflections to the r.f. phase, it is difficult to be certain that
comparisons of the calculations with experimental results are
quantitatively meaningful. (It is very difficult to measure the r.f.
phase in the cyclotron, and phase shifts of 5° can change the results by
at least a factor of two, especially when the stripper-foil guide rails
are included in the model.)

These calculations were repeated with field-strength parameters taken from
the MAFIA calculations (ibid), but with form-factors identical to those
above. Here, even with the foil guide rails included, the predicted
effects in 0 mode are much too small. In * mode, the amplitude is
approximately correct, but the beam is deflected down by the first hill
component rather than up by the dee component as was observed in the
earlier case and as is in fact seen in reality! It appears that HAF1A is
not able to predict the correct strength of the vertical field components
in the dees. This problem is being investigated.

Analysis of the first order transfer maps shows that the radial and
vertical betatron frequencies, namely »r=1.006 and yr=0.227 are correct
for the first turn. In spite of the fact that the vertical r.f. field
components break mid-plane symmetry, the non-linear terms do not appear to
have deleterious consequences at inner radii. This may not remain true
when the beam passes through resonances, and is already known not to be
true in the vicinity of the Valkinshaw resonance, which is encountered
near the extraction radius.
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3.2.13 A Differential-Algebra-Lie-Algebra Orbit-Dynamics Code for the
TASCC Superconducting Cyclotron

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

A new orbit dynamics code is being vritten for the TASCC superconducting
cyclotron that uses a very powerful new technique, namely "differential
algebra" (M. Berz, Part. Accel. 24 (1989) 109), for generating the high-
order optical map, or 6-dimensional Taylor series expansion of the
solution to the equations of motion. The unprecedented accuracy of this
method makes it possible and practical to transform efficiently the map
into a Lie-Algebraic representation, and to make use of the powerful
"normal form" methods (E. Forest et al, Part. Accel. 24 (1989) 91) that
have been developed for analyzing resonances.

Differential algebra is a special algebra that replaces ordinary
multiplications with a new kind of multiplication designed to achieve
automatic differentiation. Derivatives to arbitrary order and with an
arbitrary number of independent variables along with the value of the
function are calculated to machine precision. There is no truncation
error, only rounding error. Furthermore, only function evaluations are
needed and the results are expressed as a Taylor series expansion about a
"point" in the multidimensional variable space.

Because only function evaluations are required, the complete Taylor series
expansion of the relativistic Hamiltonian describing the motion of charged
particles in an electromagnetic field can be readily integrated by, say, a
Runge-Kutta numerical integrator to produce the optical "map" between any
two points. Thus, we obtain not only the central or design trajectory of
the particle, but the first-order transfer matrix along with all the
"aberrations" up to arbitrary order. The order to which the calculations
are done is limited, in principle, only by the speed and memory capacity
of the computer. In practical situations, the accuracy to which the
electromagnetic field is known will often be a more severe limitation.

A preliminary version of the new orbit-dynamics code has been written,
which makes use of the differential-algebra "package" written by
Stephen Douglas. The code integrates Hamilton's equations in polar
coordinates (see "Useful Forms of the Hamiltonian for Ion-Optical
Systems", by V.G. Davies, SCC Note, Series II #75, and PR-PHS-P-8; 3.2.14;
AECL-10102) with a modified 4th-order Runge-Kutta integrator. As noted
above, we obtain the central trajectory of either static or accelerated
orbits along with the first-order and higher order maps. At present, the
accumulating map is output every l/8th turn. For "static" (no
acceleration) situations, the most useful forms are the 1/4-turn and 1-
turn maps. For "accelerated" maps, one must include at least one complete
betatron oscillation in each plane, as the optical properties of the
cyclotron are continuously changing.
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A preliminary version of a post processor has been written that calculates
the betatron frequencies in the radial and axial planes, and the
eigenvalues and eigenfunctions of the linear nap; it then reformats this
information into a more convenient form. The normal-form softvare of
Forest et al. is being implemented.

Preliminary calculations with these codes have been made (see PR-PHS-P-9:
3.2.12; AECL-10196) for the inner region of the superconducting cyclotron
in order to study the effects of unwanted vertical components in the r.f.
field.

3.2.14 Recommissioning of the Q3D Spectrometer

B.V. Luloff, W.G. Davies, J.J. Hill and P.J. Jones

Recommissioning of the spectrometer power supplies to a manual mode of
operation under current control is complete. The main 300 kV power supply
is stable to 1:23000 at full current output over 12 hours while the 30 kW
quadrupole power supply is stable to 1:20000 at full current output. The
multipole power supplies and the two dipole trim power supplies are also
operational.

A Scanditronix NMR 851 PC system has been purchased and installed to
monitor the field in the dipole magnets. The three diprle magnets can be
set to exactly the same field by adjustment of the main 300 kV power
supply and the two trim power supplies. The decision to update the 1970-
vintage power supplies and/or to interface the existing power supplies to
the NMR system has not been made.

The vacuum system is fully operational and within the specifications
required. A new gas-handling system and a new focal-plane-detector
positioning system are in the early design stages.

3.2.15 TASCC Electronics Development

B.V. Luloff (Nuclear Physics Branch)
G.L. Backmeier and D.L. Schroeder (TASCC Accelerators and
Development Branch)

All power supplies needed for the operation of the second ion injector
have been fully commissioned and are now operational.

The helium liquefier may now be remotely operated from the TASCC control
room. The various pressure and level-sensor outputs required for
operation of the liquefier may be selected through a chart recorder. A
dedicated panel is used to control the two engine speeds, the six
compressors and two valves. Also, an interlock system called the Global
Status Generator monitors various pressures, levels, engine speeds, vacuum
pumps and other interlocks, reporting any fault to the control room
through the TASCC control computer and an audible alarm.
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3.2.16 Bunched-Beam Diagnostics

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

See Section 4.2.3 in this report.

3.2.17 Valkingshav Resonance

E.H. Lindqvist (TASCC Accelerators and Development Branch)
V.G. Davies (Nuclear Physics Branch)

See Section 4.3.3 in this report.

3.2.18 Computer Control System

B.F. Greiner and S.E. Carmody (TASCC Accelerators and Development
Branch)
V.F. Slater, R.B. Walker and T.G. Whan (Nuclear Physics Branch)

See Section 4.5 in this report.

3.3 PHASE II

3.3.1 TASCC Phase II Radiation Shielding

E. Bagberg

After some initial problems, both movable concrete doors have now been
commissioned. The 40-ton door in room 104 has always opened and closed
properly under normal operating conditions. It also functioned under
back-up electrical power. However, the door did not function properly
when the air to the drive motor and air cushions was supplied by the two
back-up nitrogen bottles. This back-up air system is required to ensure
that the door is operational in case the plant compressed-air system
fails. The problem was traced to insufficient air flow through the
pressure regulators of the nitrogen bottles. The solution employed was to
raise the pressure level set by the regulators and to install a valve in
the supply line from the nitrogen bottles. This valve is normally closed
thus preventing the high-pressure nitrogen from overpowering the plant air
system. If the plant compressor fails and the pressure drops, the valve
opens and supplies the concrete dcor with enough nitrogen to open and
close it more than 10 times.

The 80-ton door in room 108 had problems causing it to get stuck halfway
through an opening or closing operation. The origin of this problem was
that the floor was not flat to the degree required by the door-
manufacturer's specifications. There were slight undulations in the
floor, allowing the air to seep out in the valleys and the door to get
stuck on the peaks. The concrete floor was jack-hammered out and a sturdy
steel plate was grouted in. The door initially ran smoothly on top of
this steel plate although problems later developed because of a slight
step in the steel floor.

All TASCC Phase II shielding work is now finished.
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3.4 PUBLICATIONS. REPORTS. LECTURES AND CONFERENCE CONTRIBUTIONS

Publications

CHARGE-STATE MEASUREMENTS FOR 63Cu, 90Zr, 107Ag, 115In, 1 2 7 I , AND 197Au IN
CARBON FOR ENERGIES BELOW 1 MEV/u
G.C. Ball, T.K. Alexander, H.R. Andrews V.G. Davies and J.S. Forster
Nucl. Instr. and Meth. B48 (1990) 125

SCATTERING RECOIL COINCIDENCE SPECTROMETRY: A NEW EXPERIMENTAL TECHNIQUE
FOR PROFILING HYDROGEN ISOTOPES IN LOV-Z SUBSTRATES
J.S. Forster, J.R. Leslie and T. Laursen
Nncl. Instr. and Meth. B45 (1990) 176

THE EFFECT OF ANODIC OXIDATION ON NEAR-SURFACE DEUTERIUM IN Zr-2.5 wtZ Nb
J.S. Forster, D. Phillips, T.K. Alexander, R.L. Tapping, T. Laursen and
J.R. Leslie
Nucl. Instr. and Meth. B48 (1990) 489

ALIGNMENT PROCESSES AND SHAPE VARIATIONS IN 184Pt
M.P. Carpenter, C.R. Bingham, L.H. Courtney, V.P. Janzen, A.J. Larabee,
Z.-M. Liu, L.L. Riedinger, V. Schmitz, R. Bengtsson, T. Bengtsson,
V. Nazarevicz, J.-Y. Zhang, J.K. Johansson, D.G. Popescu, J.C, Vaddington,
C. Baktash, M.L. Halbert, N.R. Johnson, I.Y. Lee, Y.S. Schutz, J. Nyberg,
A. Johnson, J. DeBuc, S. Monaro, S. Pilotte, K. Honkanen, D.G. Sarantites
and D.R. Haenni
Nucl. Phys. A513 (1990) 125

HIGH SPIN STATES IN i83Pt
J. Nyberg, A. Johnson, M.P. Carpenter, C.R. Binghaa, L.H. Courtney,
V.P. Janzen, S. Juutinen, A.J. Larabee, Z.-M. Liu, L.L. Riedinger,
C. Baktash, M.L. Halbert, N.R. Johnson, I.Y. Lee, Y. Schutz,
J.C. Vaddington and D.G. Popescu
Nucl. Phys. A511 (1990) 92

SUPERALLOWED 0+->0+ NUCLEAR 0 DECAYS: A CRITICAL SURVEY WITH TESTS OF CVC
AND THE STANDARD MODEL
J.C. Hardy, I.S. Tovner, V.T. Koslovsky, E. Hagberg and H. Schaeing
Nuclear Physics A509 (1990) 429

PRECISE 0-DECAY HALF-LIVES FOR THE DETERMINATION OF THE WEAK VECTOR
COUPLING CONSTANT
V.T. Koslovsky, E. Hagberg, J.C. Hardy, H. Schaeing, K.S. Sharma and
X.J. Sun
Conference Proceedings of the XXIII Yaaada Conference on Nuclear Weak
Process and Nuclear Structure, Osaka, Japan, 1989 June 12-15, World
Scientific 1989, p. 70
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DIRECT MASS MEASUREMENTS WITH RADIOACTIVE BEAMS
E. Hagberg, K.S. Sharma, G. Dyck, V.T. Koslovsky, H. Schaeing, J.C. Hardy,
S. Yuan, R.C. Barber
Radioactive Nuclear Beams - The First Int.'l Conf., Berkeley, CA
1989 October 16-18, World Scientific 1990, p. 489

A CAMAC-RESIDENT MICROPROCESSOR USED FOR FIELD CONTROL OF A DIPOLE MAGNET
F.J. Sharp and B.F. Greiner
Conference Proceedings of the Second International Conference on
Accelerator and Large Experimental Physics Control Systeas, Vancouver,
B.C., 1989 October 30

Reports

SPECIFICATIONS FOR A COS-THETA X-Y STEERING MAGNET AND POWER SUPPLY
W.G. Davies
TASCC-1-6-4
1990 January

USEFUL FORMS OF THE HAMILTONIAN FOR ION-OPTICAL SYSTEMS
W.G. Davies
SCC Notes #75, Series 2 (1990)

Invited Lectures

EXOTIC NUCLEI
E. Hagberg
Invited talk presented at Planning Meeting on Nuclear Structure and Low
Energy Heavy-Ion Reactions, Ottawa, Ontario, 1990 January 7

HIGH-SPIN STATES
D. Ward
Invited talk presented at Planning Meeting on Nuclear Structure and Low
Energy Heavy-Ion Reactions, Ottawa, Ontario, 1990 January 7

NUCLEAR SPECTROSCOPY IN THE SUPERDEFORMED MINIMUM - RECENT RESULTS FROM
THE 8* SPECTROMETER
V.P. Janzen
Invited talk presented at the Eastern Regional Nuclear Physics Conference,
Queen's University, Kingston, ON, 1990 March 2-3

PRECISE HALF-LIFE AND MASS MEASUREMENTS WITH THE CHALK RIVER ON-LINE
ISOTOPE SEPARATOR
V.T. Koslowsky
Invited talk presented at the Eastern Regional Nuclear Physics Division of
the CAP Meeting, Kingston, Ontario, 1990 March 2-3

STUDIES IN SUPERDEFORMATION AT CHALK RIVER
D. Ward
Invited talk presented at the Nuclear Structure in the 199O's Conference,
Oak Ridge, Tennessee, 1990 April
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CHARGED PARTICLES ASSOCIATED WITH SUPERDEFORMED BANDS IN 133Nd AND 152Dy
A. Galindo-Uribarri
Seminar presented at Yale University, New Haven, U.S.A., 1990 April 30

THE ROLE OF NUCLEAR ENERGY IN A SUSTAINABLE FUTURE
H.R. Andrews
Invited lecture given at Granite Club, Toronto, 1990 April 19, and at the
Annual Meeting of the Ontario Association of Radiation Technologists,
Kimberley, Ontario, 1990 May 12

NUCLEAR PHYSICS AT TASCC
H.R. Andrews
Lecture given to Annual High School Physics Competition, Peterborough,
Ontario, 1990 May 16

PRECISION MEASUREMENT OF MAGNETIC FIELDS
V.G. Davies
Seminar presented at the MIT-Bates Linear Accelerator Center, 1990 June 11

A DIFFERENTIAL-ALGEBRA-LIE-ALGEBRA ORBIT DYNAMICS CODE FOR THE TASCC
SUPERCONDUCTING CYCLOTRON
V.G. Davies
Seminar presented at the MIT-Bates Linear Accelerator Center, 1990 June 11

THE 8x SPECTROMETER: HIGH-SPIN NUCLEAR STRUCTURE AND NOVEL NUCLEAR SHAPES
V.P. Janzen
Invited talk presented at the 1990 CAP Congress, St. John's, Newfoundland,
1990 June 18-20

Conference Submissions

EFFECTS OF FINAL STATE SELECTION ON THE SPECTRUM OF EVAPORATED CHARGED
PARTICLES FROM NUCLEI AT HIGH ANGULAR MOMENTUM
A. Galindo-Uribarri, T.E. Drake, G. Zvartz, T.K. Alexander, H.R. Andrews,
G.C. Ball, J.S. Forster, V.P. Janzen, D.C. Radford, D. Vard, J. Cameron,
J.K. Johansson, J.A. Kuehner, D. Prevost, J. Rodriguez, J.C. Vaddington,
S. Flibotte, S. Pilotte and P. Taras
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4.1 CYCLOTRON

4.1.1 Operation

H. Schmeing

During the report period, ve continued to operate the cyclotron in support
of experiments and, interspersed, in runs exclusively devoted to aachine
development. Nine new beams were developed, bringing the total of beaas
available to experimenters to 26 (see Table 4.1.1). The aost outstanding
achievement among the new beams was the x-aode beaa 12C at 40 MeV/u, which
is simultaneously the beam with the highest specific energy and the highest
beam intensity, 325 nA, produced to date.

TABLE 4.1.1
CYCLOTRON BEAMS AVAILABLE FOR EXPERIMENTS AS OF 1990 JUNE 30.

Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Ion

"C
"C
35C1
35C1
"Cl
"Cl
"Cl
"Cu
"Cu
"Cu
"Br
"Br
"Br
"Br
"Br
79Br
79Br
107Ag
107Ag
l07Ag
" 7 A g
107Ag
127!

127J

127!

127!

Energy

40
30
30
11
10.2
22.5
5.5
20
18
10
22.5
20
18
15
13
10
6.5
13
10
6.5
5.6
4.7
11
10
5.6
5.12

R.F. Mode

x
X
X
0
0
X
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
X
0
0
0
X

Intensity

325
23
260
32
24
100
5

33
50
33
7

< 1
120
60
35
55
6
8
8

20
< 1

1.3
< 1
70
10
6

Work continued in parallel on a broad range of technical developments aiaed
at improving the reliability of the machine, at providing for increased
ease of operation and, particularly, at extending the operating range of
the machine over the originally specified Bass-energy range. Outstanding
examples are, respectively, the now-completed conversion of the trim-rod
drive systea to the new clutch design, the alaost-completed remote-control
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system for operation of the magnet and the cryogenic plant from the control
room and substantial improvements in the performance of the electrostatic
deflector. The latter system is nov approaching the specified gradient of
140 kV/cm (in which ve appear to hold the world record), however, with as
yet unsatisfactory reliability. In addition, a major effor: has been
initiated in the field of beam dynamics. Ve have begun to vrite a nev
beam-dynamics code, based on differential-algebra formalism, vhi-h will
enable us to achieve considerably more accuracy in the prediction of the
beam trajectories within the cyclotron, once our field data are suitably
parameterized.

4.1.2 Electrostatic-Deflector Development

V.T. Diamond, R.E. Milks, G.R. Hltchel, R.R. Tremblay, H. Pratten
and K. Brown (TASCC Accelerators and Development Branch)
J.F. Mouris (Accelerator Physics Branch)

The electrostatic deflector, used to direct the cyclotron beam into the
extraction channel, must produce a field of up to 140 kV/cm to extract the
full range of beams that can be produced in the cyclotron. This has not
yet been achieved in any cyclotron; however, our deflector's performance
has shown steady, crucial improvement. We have nov achieved 80 kV across a
7 mm gap (114 kV/cm), the highest field achieved to date in any similar
cyclotron deflector. This modest but important improvement over the
previous 100 kV/cm field has allowed the extraction of several nev ion
beams from the cyclotron, such as Br 22.5 MeV/u, Cl 30 MeV/u, C 30 MeV/u
and C 40 MeV/u.

The cross-sectional profile of the deflector electrode has been modified to
reduce peak electric fields by some 10Z and thereby reduce field electron
emission. Good correlation has been observed between regions of
electrical-discharge activity on the deflector (after an extended operating
period) and the calculated regions of highest electrical field.
Achievements in this area have allowed the deflector voltage to be raised
from 60 kV to 75 kV reliably, making possible the extraction of the beams
listed above.

The presence or absence of a magnetic field affects the conditioning of a
high-voltage gap. The ion gyroradius of a typical ion (N2

+) at 0.1 to 5 kV
(the electron energy range with the greatest ionization cross section), is
between about 0.15 and 1.4 cm, for a magnetic field of 3 T. Hany of the
ions produced by the continuous field emission electron (FEE) current will
not return to the immediate region of emission if there is a strong
magnetic field present. It is speculated that this reduces the
conditioning of the emitting region. A deflector assembled with a nev
high-voltage electrode and feed insulator, operated with a 3.2 T magnetic
filed present, showed no significant conditioning after nearly 20 hours.
The magnet was then shut off and the power supply left at the 85 kV in
"constant voltage" mode. The leakage current decreased by nearly 40Z
during the next 48 hours. Behaviour similar to this has been observed on
other occasions. It is now routine to condition the deflector without
magnetic field before and after a cyclotron run. Spark damage can be
partially erased with this conditioning. It has been observed, however,



4-3

that an Increase in magnetic field from 3 to 4.2 T reduces the reliable
voltages that can be attained.

Ve have investigated thermal effects and surface treatment of electrodes.
Beating of the deflector electrode tends to increase leakage currents when
the radiofrequency system of the cyclotron is in operation; residual r.f.
pickup vas observed to heat the deflector by as much as 200*C, depending on
the frequency. Beam loss of even a few vatts on the high-voltage electrode
produced further heating because of poor heat transfer through the
stainless steel. Thermal measurements in a test stand shoved that
resistive heating of 8 vatts increased the temperature of the high-voltage
electrode by 160'C. These thermal effects produced an increase in the
leakage current for a given pover-supply voltage, and a further reduction
in the voltage that could be maintained betveen the deflector electrode and
the septum. This loss vas as much as 5 kV under some operating conditions.
Typical values that have been reliably maintained during operation with
about 40 vatts of ion-beam pover (vith an unknown amount, but probably less
than 10 vatts, of intercepted beam) are betveen 65 and 68 kV. Thermal
effects are reversible. The leakage current decreases to the initial value
after the r.f. and beam are shut down, and the deflector electrodes allowed
to cool.

The deflector has been instrumented to measure the temperature at four
locations on the the upper and lover rails that support the septum and at
the (grounded) base belov both insulators. This instrumentation is an
important diagnostic tool vhen some part of the deflector is deteriorating.
A characteristic varning of an impending deflector failure is an increase
in leakage current, vhich vill not improve vith many hours of conditioning
vith the magnetic field off. The leakage current generally dissipates
pover at the anode, vhich can be observed as a temperature rise. By
comparing the temperature distributions vith and vithout the magnetic
field, (r.f. system off for all measurements), one can generally determine
if the problem is increased FEE current from the high-voltage electrode or
leakage associated vith either of the insulators.

A second test stand vas built to measure thermal effects and to test
surface treatments on the anode and cathode materials that are in use in
the deflector. Parallel-plate electrodes, vhich are 35 ma diameter vith
the outer edge shaped to minimize field enhancements, are used for most of
the experiments. The gap betveen the electrodes can be adjusted and a
heater can be used to heat the grounded electrode to temperatures above
200*C. A series of experiments has been performed vith 304 stainless-steel
electrodes for both anode and cathode. Large increases in PEE current
occurred vhen the cathode vas heated. When the anode vas heated to 2G0*C,
only small effects vere seen.

Several different surface preparations of the tvo electrodes have been used
to reduce FEE currents. Electropolished stainless-steel electrodes vce
tested and compared vith the same material treated vith conventional
machining and mechanical polishing. The electropolished electrodes
attained higher voltages before FEE currents became measurable. Several
experiments at 160 to 190*C vere conducted. Only small increases in FEE
current vere measured in these experiments. Measurements repeated at room
temperature shoved reproducible results. If a spark occurred at the
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highest electric fields, it generally produced increased leakage current
but to a level less than that obtained from mechanically polished
rlectrodes at the same field.

The first results with an electropolished deflector electrode in the
cyclotron have been very encouraging. Conditioning occurred rapidly to
voltages exceeding 70 kV on the deflector without leaving the linear region
of the V-I curve. Tue deflector was then turned off, a 4.2 T magnetic
field applied, and high-power r.f. turned on. A spark at about 62 kV on
the deflector produced a large increase in FEE current from 90 to 140 iiA.
Extended operation about 64 kV on the deflector was maintained without
further degradation. The same electrode was then conditioned without
magnetic field to nearly 80 kV, the highest sustainable voltage measured.
During the next cyclotron run, with a magnetic field of 3 T, a spark caused
deterioration of this performance and voltages greater than 65 kV could not
be maintained.. Conditioning without magnetic field did not improve it.
The deflector was examined after the run and a small area of damage was
found on the cathode.

Investigation is continuing to determine if electropolishing oi other
cathode passification procedures can be used reliably to prepare components
for use in the harsh environment of the superconducting cyclotron.

A third test stand is under construction, to test electrodes under a 1 T
magnetic field. In particular, we will investigate more thoroughly the
effects of magnetic field upon conditioning, and attempt to correlate
surface roughness with electron gyroradius and conditioning.

A modified design of the present electrostatic deflector was approved.
Fabrication is currently under way in the 466 machine shop and to date we
have received the new all-copper water-cooled lower rail and septum clamps.
Tvo new stainless-steel electrodes will soon be ready for testing in the
new test stand. A vacuum envelope, large enough to contain the end part of
a full-sized dee has been ordered for the new deflector test stand.

4.1.3 ElectrostatJ c-Deflector Insulators

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

Work continued on the development of a suitable insulator to support
intermediate electrodes between the sparking plates and the deflector
electrode. The goal is to have a stand-off insulator with high-resistivity
water flowing through it to provide voltage grading to attached electrodes.
Experiments with Hacor high-voltage Insulators have demonstrated that water
passages in Hacor should be lined with Teflon (see PR-A&P-15P, Section
2.3.5.1). A composite stand-off insulator was made consisting of a Teflon
core bonded with epoxy into a cylindrical Hacor post 12.7 mm in diameter.
Titanium electrodes, spaced 23 ma apart, were bonded to the Hacor with
fused glass frit. The assembly was successfully tested to 100 kV (limited
by tn«?available power supply) verifying that the epoxy joint was viable.
To guide realistic modelling of components for tests with a water grading
resistor, a preliminary mechanical design of an electrode-insulator
assembly has been developed, including additions required in the test stand
to supply high-resistivity water to the insulators. Other methods of
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supplying high voltage to these electrodes will be investigated, in
particular, the possibility of installing a second high-voltage cable in
the deflector dee to allow independent drive froa another power supply.
Space constraints are severe for this option.

An exploration of alternative Materials for the deflector feed insulator
resumed, with the aim of achieving better tolerance to heating.
Electrostatic calculations with the code POISSON showed that a Teflon-lined
alumina insulator might be suitable. The POISSON calculations have now
been completed, mechanical design of the insulator assembly is finished and
an order placed for alumina components (99.5Z A12O3). The exterior surface
of the alumina will be coated in-house with a thin layer of Cr2O3, to
reduce secondary-electron emission at the cathode-insulator-vacuum joint.
This coating technique has been used successfully on alumina support
insulators for the deflector.

In preparation for monitoring deflector-insulator-leakage currents, four
coaxial instrumentation cables were installed in the deflector dee. A
technique was developed to pull the cables through the dee stem without
dismantling the dee. A vacuum feedthrough has been designed for these
cables and a prototype has been assembled for testing in the deflector test
stand.

Recently, several Teflon insulators have failed at the interface between
Teflon and the boron-nitride sleeve during high-voltage operation in the
test stand. The failures were attributed to the degradation during storage
of the epoxy used to bond these pieces. Insulators assembled with fresh
epoxy have tested satisfactorily.

4.1.4 Radial Probes

R.E. Milks

A new probe-bellows-support system has been designed. Fabrication of the
parts is now complete but we are waiting for delivery of the ball-bushing
rods before assembly can begin. The present bellows-support system allows
the bellows to squirm at atmospheric pressure causing it to scrape the
probe barrel.

In the past six months, the probe heads have been dismantled five times to
repair shorts in the fingers and the integral plate and so we are now
anxiously awaiting the delivery of the redesigned probes.

4.1.5 New Radial Probes

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

The present probe heads show spurious current signals due to secondary
emission between electrodes, suffer impaired operation in r.f. x-aode, do
not stand up to beam current above about 100 nA and are difficult to
maintain. The new design that has individually water-cooled electrodes, a
vacuum seal between head and barrel and a plug-in head is intended to
overcome these limitations.
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Components of the nev probe heads are very small and special methods have
had to be developed to make the tiny brazed water/vacuum joints reliable.
A satisfactory method of assembly was found in which the electrodes were
brazed in the vacuum furnace in sets and cut apart afterwards.

Problems have also been experienced with reliability of the vacuum joints
between the electrode-cooling tubes and the Nacor insulator disks. After
several heads had developed leaks part way through assembly, an improved
epoxy cement was sought which would have a low viscosity before curing and
a long pot life to give ample time for vacuum outgassing at all stages of
assembly. TRACON #2211 epoxy, which was selected, satisfies these
requirements while retaining the necessary high strength and high
electrical resistivity, but requires curing at elevated temperature.
Strong vacuum joints can be made between stainless steel tubing and Macor
provided that the steel tube is etched in dilute nitric acid for 30
minutes.

Two complete probe heads were assembled but at the final stage one of the
heads developed a vacuum leak that could not be sealed. It is postulated
that the Macor cracked with handling in the narrow separators between the
cooling tubes. At this point it was decided that a more robust material
than Macor had to be found for the insulator.

Vespel, a DuPont polyimide resin, satisfies most requirements for the
insulator material except that it cannot be glued into a steel ring because
of expansion mismatch. This difficulty was avoided by our making the whole
probe body of Vespel, which proved to be feasible with only a minor design
change to strengthen a high-pressure water joint. Two probe heads are now
complete, one in Macor and stainless steel and the other in Vespel. The
latter material is preferable for any further probe-head construction.

The two probe barrels are now assembled with the exception of electrical
wiring and fitting them into the existing probe base housings.

4.1.6 Foil Changer

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

Foil frames have sometimes fallen into the gate valve that isolates the
foil-changer loader/unloader vacuum box from the cyclotron. During the
installation of a foil collector box to eliminate interference with valve
seating, joints in the valve body opened. A new all-welded replacement
valve-body is under construction. In the interim the valve has been
replaced by a spacer.

The electronic control circuitry for the loader was modified to allow more
time for a foil to be positioned at the magazine exit before the start of
the extraction process. Also, the control logic for the unloading and
loading operations required modification of some reference information so
that single cycles of loading and unloading would be executed.
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4.1.7 Main-Magnet Controller

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

The LSI-11 controller vas taken out of service three tines and replaced
temporarily with the old system. On the first occasion the mass memory had
been erased after a series of pover-line surges. Pover supply and Camac
module failures, probably related to the first outage, occurred on two
later occasions. During another run, a printer fault caused a computer
hang-up, which resulted in the dumping of the magnet. Cure of this
infrequent problem will require a modification to the DEC printer driver
software. Otherwise the software, which has been in operation since 1989
October, performed satisfactorily.

The 12-bit and 20-bit register boards, which are used to latch the current
and voltage settings into the main magnet power supply, have now been
modified to conform with the Camac interface requirements of CRNL-2040, so
that they may now be operated through IGORs. The interface has been tested
thoroughly with a manual IGOR, and all functions are operational.

The design of new buffer/selector boards is complete and the boards are on
order. Installation of these boards will enable the power-supply settings
to be confirmed and read remotely.

4.1.8 Satellite Controller Development

J.A. Hulbert (Accelerator Physics Branch)

A BiRa crate controller is being tested as a direct replacement for the IS
crate controllers in the probe- and magnet-control systems. IS controllers
are no longer available. The BiRa crate controller now responds to CAMAC
commands and work is proceeding on the interrupt-service software.

4.1.9 Iniectlon-Steerer Maintenance

L.V. Shankland (Accelerator Physics Branch)

During the February cyclotron run there were repeated problems with
tripping at the main breaker supplying the #2 vertical steerer and some
vacuum controllers.

A recommendation of the steerer-power-supply manufacturer is that each
power supply should have a dedicated AC feed because of high turn-on
current demand. This steerer power supply has now been connected to a
separate feed and no further trips have occurred.

4.1.10 Cyclotron Vacuum Systems

R.E. Milks and R.R. Tremblay

A new vacuum system has been added to the cyclotron midplane vacuum. The
system consists of a 200 litre/second turbo pump backed by a mechanical
forepump. A residual-gas-analyzer head has been permanently mounted in the
vacuum line for monitoring gas in the midplane region. This will be a
useful tool for diagnosing leaks in the many systems inside the midplane
region.
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A vacuun/vater-interlock protection system has been Installed on the
deflector water system to protect the •idplane-vacuum hardware and in
particular the cryopumps in the event of a deflector-feedthrough-insulator
failure. This consists of a controller and solenoid valves that isolate
the water system in the event of a sudden vacuum-pressure surge.

4.1.11 Magnet-Field Trim Rods

R.E. Milks and R.R. Tremblay

The new trim-rod-clutch design, in which the needle bearings are replaced
with nylon sleeve bearings, has now been installed on all 8 trim-rod
assemblies. Belleville washers used for compressing the '0' ring adapter
for the midplane-vacuum seal on the 40 mm diameter trim rods, are being
replaced with polyethylene washers. The Belleville washers have been
scoring the trim-rod shaft causing vacuum leaks. To date 8 of the 56
washers have been replaced as vacuum leaks appear. In this period we
replaced the washers on trim rod number 4, quadrant 2 and trim rod number
12, quadrant 4, both in the upper pole.

4.1.12 Cyclotron Openings

R.E. Milks and R.R. Tremblay

The cyclotron lower pole was lowered and raised a total of nine times over
the period. The list of dates and reasons for the opening is giver, in
Table 4.1.12.1.

TABLE 4.1.12.1
REASONS FOR LOWERING THE BOTTOM POLE

Date Reason

Repair and relocate deflector-temperature diodes.
Temperature tests on the deflector cathode and support
rails.
Inspect for r.f. x-mode heating damage.
Add hill lens wall plate.
Install additional diagnostic cables in dee 2 and 3.
Relocate temperature diodes after deflector tests.
Install a redesigned feed insulator of Teflon lined
Macor.
Remove r.f. shields in the deflector dee.
Add water cooling to the deflector lower rail and feed-
insulator cover.
Install a redesigned feed hanger.
Install a redesigned short cathode.
Repair temperature diodes.
Install new r.f. contacts on the probe-wall plates.
Repair water leak in the probe-wall plate.
Replace the Macor feed insulator with a Teflon feed
insulator.

1990

1990

1990

1990

Jan.

Jan.

Feb.

Feb.

03

23

02

15

1

2
3
4
1
2

1
2

3
4
5
6
1
2



1990

1990

1990

Mar

May

May

. 26

01

05

1
2
3

1
2

3
4

1
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Replace the deflector feed insulator.
Repair a short in the stub probe.
Repair damage to copper liner caused by sparking from
probe 1.
Replace probe vail plates vith redesigned vail plates.
Install hill-lens #2 diagnostic finger at the inner rear
of the hill lens.
Replace deflector feed insulator.
Install a nevly designed copper/stainless-steel cathode
and feed hanger.
Lover pole during a run to remove an obstacle blocking
the beam at 342 mm. The obstacle turned out to be the
compensating bar #1, vhich had overheated, melted a soft
solder joint and fallen off. The connection vas
repaired by brazing.

1990 May 24 1. Replace the Teflon feed insulator vith the Teflon-lined
Macor insulator used in a previous run.

2. Remove the copper/stainless-steel cathode and feed
hanger and re-install the short stainless-steel cathode.

1990 June 06 1. Lover pole during run to remove an obstruction at
340 mm. The 4 diagnostic coaxial cables had been
overheated by the high pover r.f. and had sagged into
the beam path. The cables vere cut off, capped, and
vired up to the cooling-vater lines for protection from
further damage.

Modifications to the lover pole, required to speed up opening and closing
of the cyclotron midplane, have been started. Stud tensioners have been
installed on the eight lover-pole studs eliminating the time-consuming use
of heavy avkvard equipment and reducing the risk of serious damage to other
equipment. Modifications to the vacuum lines have also been completed to
speed up the operation.

A nev collapsible r.f. tuner is presently being designed, and modifications
to air, vater lines, and cables are also in the vorks.

4.1.13 10 Hz Amplitude Modulation of Extracted Beams

J.W. McKay

Lov-frequency modulation of the beam is still a problem. Investigation of
noise on the beam, detected at slits before the Tandem, resulted in the
elimination of some problems in the ESAG lenses but no noticeable
improvement in the final beam. Measurements of the Tandem stabilization
system confirmed the presence of a 180* phase shift at 10 Hz making it
impossible for this system to reduce energy modulations at this frequency.
This large phase shift is due to the transit time of ions betveen the
corona points and the terminal.

The charging-chain pulleys rotate at 9.8 Hz and are therefore a prime
suspect as the source of the noise. They vill be replaced in August vith
conductive-rim pulleys eliminating the present segmented side-contact
bands. It is hoped tb a beneficial side-effect vill be a reduction in
the 9.8 Hz modulation.
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Active control of this noise can be accomplished only by elimination of the
corona gap. This has been done in the past through use of an infra-red
signal, transmitted to the terminal, to control a voltage modulation of the
stripper. Re-incorporation of this circuit is under consideration in
conjunction vith a major updating of the stabilizer system.

4.2 RADIOFREQPEHCY SYSTEM

The reliability of the r.f. system over the past six months has been
significantly better than in the past. The problem of persistent,
intermittent trips has been eliminated and modifications to the power
amplifier have eliminated overheating.

4.2.1 Power-Amplifier System

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

The installation of the water-load chassis is complete, except for some
analog readbacks. A small amount of cabling remains to be installed. A
manual for the new system has been completed (TASCC-1-24-002).

An emergency-off mushroom switch for shutting down the power amplifier has
been installed in the cyclotron hall. Electronic circuitry has been
installed that will sense high reverse power at the power amplifier and
remove the r.f. drive. This is sensitive to reverse power originating from
the six-and-one-quarter-inch coaxial transmission line to the cyclotron and
augments the reverse power sensor at the cyclotron.

A humidity sensor has been installed in room 209 and connected to the fault
annunciator in the control room. The goal is to avoid damage to the 100 kU
stage amplifier such as that which occurred last year when condensation
from the cooling-water lines damaged the socket bypassing capacitors.

Damage to the Eimac 100 KV tube screen electrode and finger stock occurred
when the tube went into oscillation, a self-reinforcing condition. The
fingerstock was replaced and the outside of the tube was cleaned up. New
printed-circuit bypass capacitors prepared last year were installed to
replace the old patched capacitors.

An investigation of the possibility of reducing the 100 kV tube filament
voltage to the minimum required to obtain satisfactory emission was
initiated last year. During this reporting period, a power-line monitor
was used to determine if significant periods of power-line undervoltage
occur. This could greatly reduce tube life. Such periods were found to be
present and therefore it was decided that a regulated power supply vould be
needed in order to reduce filament voltage safely. A source of switching
regulator power supplies was found. The program is continuing from this
point.
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4.2.2 Bunchers and Phase-Control System

G.R. Mitchel and N.A. Tovne

Both the low-energy buncher (LEB) and the high-energy buncher (HEB) have
performed reliably over the six month period. In January, a week of bean
time was used to do injection bean-line set-ups for new beams, that is, to
produce bunched beams ready for injection into the cyclotron. This allowed
beam-line steering and ion-source parameters to be checked, enittance
measurements to be done and stripping-foil options to be explored. A
buncher and phase-control setup was done then for eight new beams. This
cataloguing of beam parameters will reduce the time needed to set up beams
during a cyclotron run.

Overall, eighteen bunched beams for nine cyclotron runs have been delivered
to the cyclotron during the reporting period. Injection amplitude
stability was typically better than 5X and phase stability better than ± 1*
r.f. (typically ± 0.5° r.f.). The usual bunch widths measured were 275-
330 ps or 5-6° r.f., including about 1-2* total phase jitter (over the 10
sec sampling time).

Production of high MeV/u, x-mode beams (eg. 12C 45 MeV/u) is challenging,
testing the limits of many TASCC sub-systems. Bunching these beams
required our operating the high-energy buncher at fourth harmonic, at
rather high (-20 kV) peak voltage near the upper limit of its frequency
range (160-180 MHz). Because of inefficient frequency doubling and
harmonic distortion, the HEB drive level was not sufficient for us to
achieve optimal bunching of two high-specific-energy beams; 12C 40 HeV/u
(Einj=29.1 MeV, Binj=.071) and

 12C 45 MeV/u (Einj=33.5 MeV, BinJ=.077). We
were not able to reduce the bunch widths of these beams below 550 ps FtfHM.
While this was adequate for beam acceleration with separated turns in the
cyclotron and beam extraction (indeed, 325 nA of C 40 HeV/u were extracted
on 1990 April 26), the bunching should be improved to reduce AE/E of the
extracted beam. A tunable filter has been built and combined with an
additional amplifier as an add-on to the BEB control panel in order to
increase the HEB voltage available. This arrangement will be tested with
beam this fall.

There are plans to modify the LEB so that it can be moved sideways out of
the beam with minimal down time. This will help in the production of high
intensity Tandem-only beams by allowing injection into the tandem without
the 30-40Z transmission loss associated with the LEB grid. It will also
make it possible to service the buncher during Tandea-only operation.

Four full days of beam time have been devoted to operator training in
bunching and phase-control set-up. All five operating crews have had at
least two sessions each with hands-on experience. Some revised procedures
are still to be issued but the initial training has been done. We will now
concentrate on practical experience during set-ups of previously run beams
to hand over routine bunching to operating personnel.

Measurements of the response functions of portions of the phase-control
system have been done. The objective was to acquire the data required to
optimize compensation of the phase-control system. Much-improved loop gain
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in the CFP1 control mode was demonstrated with optimal compensation. A
near-term goal is to repeat this result for slits-control mode.

4.2.3 Bunched-Beam Diagnostics

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

It vas reported in the last period (1989 July-Dec.) that a Capacitive Phase
Probe (CPP3) and a Beam Pulse Detector (BPD3) had been installed on the
extraction beam line. Throughout the present reporting period, these
diagnostic devices have provided much useful information about the phase
jitter and fast time-structure of the extracted beam. (The slow time-
structure of the beam is treated in a separate section 4.1.3 by
J.W. McKay).

When extracted beam intensity is sufficient (>100 nA), CPP3 provides
information on the beam time-structure and bunch phase-jitter with respect
to the r.f. source, the dees and the injected bunch timing. The measured
jitter is vithin a Is total envelope (±0.5°) in all three cases. The
extracted-beam phase jitter is simply the injected-beam phase jitter
convolved with some noise. The dees contribute less than ± 0.1° (the
instrumental limit) to the timing jitter.

Beam Pulse Detector #3 intercepts a small sample of the beam and measures
the time between the arrival of the beam particles and a signal generated
by this r.f. synthesizer. A detailed plot of the time structure of the
beam with a resolution better than 100 psec is derived from this
information. In general, the extracted bunch widths are less than the
injected widths if the cyclotron field is isochronous and the dee phase is
properly set. For example, for 107Ag 6.5 MeV/u, the injected bunch length
vas 280 ps FVHM and the extracted bunch length vas 170 ps FVHH. With only
the low energy buncher on, the bunches extracted were -1.4 ns vide. When
DC beam vas injected (bunchers off), the cyclotron itself did the bunching,
and the bunches were -2 ns vide. This diagnostic device is nov used
routinely to set the dee phase for optimum acceleration and to verify the
lf/2f mixture to be used to generate the Low-Energy Buncher savtooth
waveform. In general, there are tradeoffs between the extracted bunch-
width, energy resolution, field isochronism and overall extracted current.
A paper on this subject, entitled "TASCC Beam Stability", was presented at
the Spring Meeting of the American Physical Society in Washington, D.C. in
April 1990.

Two bunch-measurement and phase-control elements, Capacitive Phase Probe #1
and Beam Pulse Detector #2 have required repair during the period, as a
result of beam-induced metal sputtering.

4.2.4 R.F. Control System

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

The circuits that control the cyclotron balance-capacitors used in the
Automatic Frequency Control system vere modified to improve the speed at
vhich they can track tuning transients. The effect of the improvement is
most noticeable vhen using the radial probes are used in pi mode.
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A DC motor-drive system for the r.f. drive capacitor in the cyclotron was
built and installed. Time needed for adjustment of the drive capacitor was
reduced from about one-half hour to a fev minutes per frequency change.

Persistent problems with false trips of the cyclotron r.f. drive have been
largely remedied. Capacitive bypassing at strategic places in the circuits
that sense excessive temperatures in the cyclotron, and corrections and
improvements to the interlock-control logic have contributed to the
improved performance. False trips now occur at the rate of one per day or
less.

A.2.5 Automatic Voltage-Control Compensation

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

A fast feedback circuit has been built for dee-voltage-control based on the
results of the study mentioned in the previous progress report (PR-PHS-P-8:
4.2.2.2; AECL-10102). The circuit works and initial results are
encouraging. Ve are now considering whether or not the spectral purity of
the r.f. source is adequate to ensure that there are no power-frequency-
related sidebands (e.g. freq ±60 Hz, freq ±120 Hz, etc.) above 10 * (in
voltage) of the main r.f. field. Our goal is to ensure low-frequency
stability of the extracted beam by reducing voltage ripple on the dees to a
level AV/V > 10* from a present value of ~10~3, especially at frequencies
within ±1 kHz of the carrier.

4.2.6 Cavity Modifications for n-mode Operation

J.A. Hulbert (Accelerator Physics Branch)

A cooled wall-plate for hill 3 has been installed. It was designed to
protect instrumentation wiring from r.f. heating in x-mode.

The cooled wall-plate assembly for hills 1 and 2 was removed to replace the
radial-probe-barrel contact springs but handling resulted in a minute vater
leak which caused midplane vacuum problems. At this point it was decided
to design and install a new cooled wall-plate assembly for hills 1 and 2.
The water-line joints on the new plates were brazed to prevent the
development of leaks during servicing. Riveted spring installation adds
strength, and teflon guide-rings limit motion of the probe-barrel contact
springs, which should make the contacts more durable.

The r.f. cavity now operates at up to 70 kV in x-mode at the highest
frequency with a maximum cryostat wall temperature of 80*C.

4.2.7 System Documentation

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

A summary of the fault history of the power amplifier has been assembled
(SCC Note (Series II) No. 86.0). A summary of recent measurements and
modifications to the power amplifier has been written (SCC Note (Series II)
No. 86.1). Measurements on the overheating problem and the steps taken to
improve the cooling and resetability of the tuners of the 100 kV stage are
documented in this second note.
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Twenty new drawings, schematics and parts lists have been prepared during
this reporting period.

4.3 BEAM DYNAMICS

4.3.1 Extraction at Low Main Magnetic Fields

E.H. Lindqvist

At low aain magnetic fields the extraction channel performance defines one
limit of achieveable extracted beams.

The extraction system of the cyclotron consists of an electrostatic
deflector, two passive focusing lenses and a superconducting extraction
channel. The extraction channel consists of three sections (1, 2A and 2B)
for which the current can be adjusted to optimize the position of the beam
trajectory. None of the elements are movable.

The positions of the various elements were optimised for a particle
accelerated at a main magnetic field of approximately 3.9 T. The main
magnetic field ranges from 2.5 T to 5.1 T. Any particle accelerated at a
field far away from 3.9 T will be off centre horizontally during
extraction.

The extraction-element settings calculated with the beam-dynamic code
GOBLIN fit quite well with experimentally determined settings. For the
deflector and extraction channel 1 there is a discrepancy which is a
function of the main magnetic field. The optimum setting for the deflector
is always higher than the calculated value and the channel-1 setting is
always lower. However the discrepancy for the deflector is decreasing with
increasing main magnetic field while for channel 1 it is increasing.

With 90Z of the critical current assumed to be the practical limit of the
currents in the extraction channels, the optimum channel-1 setting cannot
be obtained for main magnetic fields below 2.90 T for a 10 MeV/u beam. As
the channel-1 settings are not only a function of the main magnetic field
but also of the combination of main coil currents, this limit is lower for
higher-energy beams. In addition, at a main magnetic field below 2.75 T,
channel 2A cannot be set to its optimum for 10 MeV/u beams. However, the
extraction parameters can still be adjusted to produce a reasonable beam
path through the extraction system.

A study of extraction at low main magnetic fields has revealed that a beam
of approximately 10 MeV/u at 2.76 T could be extracted with a low
extraction efficiency (13Z). The study will continue examining main
magnetic fields that are as low as practical.

Other reasons for low extraction efficiency at low field are the increasing
beam width at extraction and the asymmetric positioning of the exit of
second focusing channel, hill lens 2. For very low fields scalloping,
mainly in the deflector, will result in beam-loss.



4-15

A.3.2 Reduction of Vertical Oscillations At Injection by Increasing
Vertical Focusing

E.H. Lindqvist (TASCC Accelerators and Development Branch)
C.B. Bigham (Accelerator Physics Branch)

Beam-loss during the first few turns of acceleration due to vertical
oscillations is becoming a serious problem as more extreme operating
conditions are explored. The vertical oscillations are due to the specific
design of the r.f. cavity which gives the upper and lover lips of the dees
slightly different voltages. This, in combination with the internal
stripping, results in a net upward deflection. The deflection is dee-
voltage and dee-phase dependent. The stripping ratio is essentially
constant. For beams with high dee-voltages, the vertical injection
steerers cannot compensate sufficiently for the deflection to avoid
vertical beam-loss on the first turns.

The vertical focusing at inner radii is low (vt - 0.1). By decreasing the
retraction of the innermost trim rods, the magnetic field shape can be
changed so that vx is increased and with it, the vertical focusing. Both
the amplitude of the vertical oscillations and the beam-loss are thus
significantly reduced.

4.3.3 Walkingshaw Resonance Observed

E.H. Lindqvist (TASCC Accelerators and Development Branch)
V.G. Davies (Nuclear Physics Branch)

For some highly decentred beams, large losses have been observed near the
outer radius in the vicinity of the Valkingshaw resonance (vt=2*vz).
Experimental evidence of this for the cases of 79Br at 15 MeV/u and 37C1 at
5.5 HeV/u is presented and discussed in SCC Note, (Series II) # 70.3.
Beam-dynamics calculations, from the program GOBLIN, confirmed that the
Valkingshaw resonance was the most probable reason for the disappearance of
the beams. This resonance transfers horizontal motion (decentring) into
vertical motion if there is some initial vertical amplitude, resulting in
vertical beam-loss, probably in our case, on the deflector r.f. radiation
shield. The resonance is not driven by a first harmonic Bl but by the
second derivative of the magnetic field (the sextuple component). It is a
stable resonance which means that the beam will return if there is enough
space. To avoid beam-loss, both the decentring and the amplitude of the
vertical oscillations have to be within reasonable limits.

4.3.4 Orbit Centring

C.B. Bigham (Accelerator Physics Branch)

Strong decentring of the cyclotron beam makes set-up difficult and may
limit the extraction efficiency for many beams. Ve have used an iterative
method to make first-harmonic (Bl) adjustments with the trim rods which can
now reduce the decentring to less than 2 mm out to 500 ma radius for all
beams and out to extraction radius for most beams with 100 turns or less.
For larger turn numbers, additional adjustments for each beam are still
required beyond 500 mm. The results suggest that there could be a set of
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trim-rod offsets that will correct all beans except vhen there are steering
errors at injection or vhen compensation for extraction-channel
perturbations is necessary. An error in the radial direction of the
injected beam at the stripper can be corrected by a trim-rod offset which
seems to be a little different for each beam. The compensation for
extraction-channel perturbations will also be different for each beam and
will depend on channel-current settings and average induction level.

Centring for large turn numbers (150-200) will require trim-rod settings to
an accuracy of 0.02 mm. A test of trim rod No. 8 (a 60 mm rod) shoved that
both the trim-rod resetability and beam centring resetability are accurate
to this degree.

4.3.5 New Beams Calculated

E.H. Lindqvist

Beam-line and cyclotron parameters have been calculated for the following
beams listed in table 4.3.5.1.

Most of the beams listed in the table have been chosen based on
requirements for physics experiments. The low-energy 35C1 series has been
chosen to study extraction at lov main magnetic fields.

TABLE 4.3.5.1
BEAMS FOR WHICH CYCLOTRON PARAMETERS HAVE BEEN CALCULATED

Beam

12C 10 MeV/u
12C 30 MeV/u
12C 40 MeV/u
12C 45 MeV/u
12C 50 MeV/u

35C1 9 .5 MeV/u
35C1 10.25 MeV/u
35C1 11 MeV/u
35C1 35 MeV/u

79Br 22 .5 MeV/u
79Br 25 MeV/u

1 2 7 I 15 MeV/u
1 2 7I 19 MeV/u

Field

B=2.81
B=2.94
B=2.83
B=3.01
B=3.17

B=2.66
B=2.76
B=2.86
B=3.08

B-3.79
B=3.83

B=4.21
B=4.25

T
T
T
T
T

T
T
T
T

T
T

T
T

Mode

0-mode
jt-mode
x-mode
x-mode
jt-mode

0-mode
0-mode
0-mode
x-mode

x-mode
x-mode

0-mode
0-mode

Harmonic

h=4
h=2
h=2
h=2
h=2

h=4
h=4
h=4
h=2

h=2
h«2

h=4
h=4

**

*
*

**

**

The beams marked vith * have already been extracted. The ones marked vith
** have been accelerated to full radius but have not been extracted due to
insufficient deflector voltage.
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The 35C1 35 MeV/u beam has been calculated for a new charge-state
combination qi/qo=5/15 instead of qi/qo«4/13 which reduces the required
deflector voltage and r.f. pover but vith the penalty of a lover stripping
efficiency in the cyclotron.

Beam-line and injection parameters have been calculated for 37C1 5.5 MeV/u
under the assumption of a 5 or 10 iigm/cm2 carbon stripper foil vith 40
/xgm/cm2 of gold evaporated onto the back of it. The aim is to obtain
higher stripping efficiency for the lover charge states to increase the
extracted beam intensity. The equilibrium charge state in gold is less
than for carbon; thus a thin gold film downstream of the carbon-supporting
foil re-equilibrates the beam at a lover charge state. However, a 5
Mgm/cm2 foil without gold compared to a 20 ugm/cu2 foil did not change the
charge-state distribution significantly.

A test vith a 37C1 enriched cone in the ion source produced beam intensity
similar to that from the natural cone but vith less extreme ion-source
parameters. Further ion-source development vill be pursued.

4.3.6 Beam Dynamics

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

Revisions vere made to the orbit tracking code SUPERGOBLIN. It vas
discovered that the code describing the magnetic-field profiles for the
trim rods differed from that in the TRIUMF3 program vith vhich trim-rod
settings for isochronizing magnetic-field maps vere derived. The code in
TRIUMF3 was judged correct and vas used to replace the code in SUPERGOBLIN.
Also, input parameter options for SUPERGOBLIN vere extended to enable the
addition of first-harmonic perturbation fields.

4.4 CRYOGENIC SYSTEM

R.E. Milks and R.R. Tremblay

4.4.1 Operation

The system operated normally throughout the period except for scheduled
shut-downs to do routine maintenance. There vas one unscheduled pover
interruption during this period vhich could account for about 5 to 10
cylinders of lost gas. A total of 55 cylinders of helium gas vere added to
the system compared to 260 cylinders in the previous six-month period.

4.4.2 Crvostat

The cryostat level vas maintained at full capacity (632 litres) over the
six-month period except for the one pover interruption. At that time, the
level dropped by about 40 litres but vas refilled again shortly after pover
vas restored.

Continuous vacuum pumping has now been added to the transfer-tube
extensions vhich return cold gas from the cryostat to the liquefier. Plans
are underway to provide continuous vacuum pumping to the shield extensions.
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When this is complete, ve will have continuous pumping on all cryogenic
transfer lines. Modifications to the extraction-channel return-gas flow
panel are now complete. This will make possible computer control of the
ex traction-channel lead flows during cyclotron runs.

4.4.3 Helium Liquefier

Scheduled 7500-hour maintenance vas performed on engines 5 and 7. Main
bearings on engine 7 were replaced at this time. Engine 5 has operated a
total of 43,500 hours and engine 7 a total of 44,000 hours. A new pump-out
adapter has been added to the LN2 transfer line which supplies the
liquefier cold lox. This line has been vented several times because of a
poorly designed valve supplied vith the line. The regular 350-hour
maintenances (on engines 5 and 7) have all been completed.

4.4.4 Helium Compressors

One of our four model-1400 reciprocating compressors failed twice during
this period. The compressor reed valve failed and the fractured parts
caused damage necessitating a complete rebuild of the compressor. Shortly
after the compressor was returned to service, the motor failed, possibly as
a result of the first failure. The compressor is out of commission pending
receipt of a new motor, presently on order. Ve are looking into current-
monitoring devices for the compressor motors which might detect problems
before they become serious enough to cause failures.

The new screw compressor developed a problem with the gas/oil separators.
The problem was detected before oil had migrated too far into the cryogenic
system. A technician was brought in from KOCH Process Systems to dismantle
and clean the coalescer filters and reset the backpressure regulating
valve. Both R.R. Tremblay and R.E. Milks were trained in the procedure in
the event that the problem reoccurs.

4.4.5 Remote Monitoring and Control

A new fault-annunciator panel was purchased and added to the new screw
compressor. The panel will alarm for 8 different faults and report the
order in which the alarms come in. Temperature monitoring and alarms have
also been installed on the compressor.

A new cryogenic controller has been installed in the control room and
commissioned. This allows the operators to monitor and control from the
control room the primary functions for liquid-helium production and
transfers to the cryostat.

4.5 COHPDTER-CONTROL SYSTEM

B.F. Greiner and S.E. Carmody (TASCC Accelerators and Development
Branch)
V.F. Slater, R.B. Walker and T.G. Whan (Nuclear Physics Branch)

4.5.1 Operation

The control system maintained its record of reliable service. There were
veiy few hardware faults and lost beam time from these faults was
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insignificant. Known software problems continue to cause hangups of the
control input and read-back devices at the control desk a few tines per
week. Recovery from these hangups is routine and has never significantly
affected beam delivery. Corrections to the software have passed initial
tests and are awaiting a window in the operating schedule for further
testing.

All hardware associated with TASCC, Phase II has now been operated from the
main control desk, and the second injector was run for the first time.
Some final calibration work remains on equipment where experience is still
being gained.

4.5.2 Software

Corrections to subtle faults in the control-system software have been
installed in consultation with the control-system group at the Hahn-Heitner
Institute for Nuclear Research in Berlin. The corrected software has been
recompiled on a PDP-11/84 computer and all of the support software operates
correctly on the development console and CAHAC highway. The initial test
of a beam-line setup on the control highway was successfully completed at
the end of the period. A shakedown run of a beam to an experiment is the
next step in the installation of the corrected software.

Programs have been written to transfer data from the cyclotron radial
probes to the Concurrent-3230 computer, over a link between two IGOR
modules. Data are read from the probe-computer memory module over the
control-system serial-CAMAC highway and written to an IGOR module on the
parallel highway. The output lines of the IGOR are connected to the input
lines of an IGOR module in the Concurrent system. The program on the
Concurrent system uses the complementary IGOR lines to communicate with the
control system program. The IGOR hand-shake signals are used to interlock
the transfer so that the Concurrent program is not forced to read incoming
data instantly and can therefore support other users. No instances of lost
data have been reported in approximately 106 data words and the transfers
are now completed approximately six times faster than previously.

4.5.3 Hardware

Installation of the forward loop of the bypass/repeater unit CAHAC highway
was completed during the period except for the master unit. The master
unit still causes CAMAC transfer errors on the control highway, but not on
the test highway. The reverse loop of the highway will be installed and
tested at 2.5 MHz, half of the present highway clock rate. It is hoped
that this will be more tolerant of marginal hardware conditions and will
not affect the effective transfer rate as that is limited by software.

4.5.4 VAX Computer Systems

A micro-VAX 3400 and a VAX station 3100 were received and the commercial
VISTA software was installed on the computers. The first CAHAC operation
was successfully demonstrated on the system through a test program. The
connections between the graphics software and the data-base are being
investigated by a sequence of tests of standard subroutines supplied vith
the software. This work is proceeding steadily, but the first priority for
the limited manpower remains with operation of the facility.
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Another VAX station 3100 was selected for use as the cyclotron-probe
computer. Configuration of the operating system and establishment of a
link with the central VAX computer is essentially complete at the end oi
the period. The plan is to commission the existing probe program with as
few changes as possible as a first step in using the new 'ardvare.

4.5.5 Hall-probe Dipole Controllers

Operation of the two inflection magnets and the Y-uagnet in the injector
area is now done routinely through the Hall-probe controllers described in
previous reports. Software changes, additional isolation through fibre-
optics, shielding of the instrument and the Hall-probe leads, and filtering
of the a.c. supply were added to two of the controllers during the period.
The transient immunity of the system has Improved, but dropouts of the
magnetic field still occurred In all three of these magnets. It vas
finally realized that the remaining dropouts were slightly different than
the previous problems and correction of a wiring error in the mail-box
memories was implemented. Magnet dropouts have now decreased dramatically
and are only seen during tandem conditioning and during discharges of the
ion-source power supplies. It remains to standardize the software in all
three controllers. This has been facilitated by the installation of fibre-
optic links from the control system to the controllers. The programs are
maintained on the control system and down-loaded to the controllers for
testing and for permanent installation.

4.6 KEGATIVE-IOH INJECTOR

4.6.1 Operation and Development

J.W. McKay and Y. Imahori

Nineteen different ion-species have been generated and injected into the MP
Tandem accelerator in the past six months. They are listed in Table
4.7.1.1. Operation has been steady and generally reliable. Lifetime of
the einzel-lens grids is becoming a problem as higher source output erodes
the mesh at an unpredictable rate. The possibility of replacing these
lenses with an ungrided type is being considered.

Deck B is now in regular use. Some components are still failing after
high-voltage arcs but progress is being made in protecting these circuits.
The availability of a second injector has reduced the Tandem shut-down tine
required for source maintenance and has made it possible to test new beams
off-line.

Parts have been manufactured to test a spherical ionizer in the 860
sources. This ionizer should provide a better-focussed caesium beam on the
source target, thus generating a negative ion beam of greater brightness
and better emmltance. Preliminary design work has been done on a possible
next-generation source incorporating the spherical ionizer and considerably
simplified construction.

The UNIS source has been rebuilt for use in the accelerator-mass-
spec troscopy experiments. Tests with the 860 source for 3CC1 work, shoved
a disastrous memory effect that the UNIS source does not exhibit.
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4.7 TAHDEM ACCELERATOR

4.7.1 Operation

L.B. Bender

The tandem accelerator operated extremely veil during the period. Beams
were produced in the tandem-only mode for nuclear-physics experiments at
the ISOL, 8* Spectrometer, Ortec chamber, Q3D, AHS, T-l (sample
irradiation) and T-5 facilities. Beams were also produced for cyclotron
beam development and for three experiments using the cyclotron beam: tvo at
the Ortec chamber and one at the ISOL Facility. Accelerated beams are
listed in Table 4.7.1.1. Beam availability from the tandem vas in excess
of 70X of total time.

TABLE 4.7.1.1
BEAMS ACCELERATED BY THE HP TAHDEM

1990 JANUARY 01 TO JURE 30

Isotope

Protons
Deuterons
Boron-10
Carbon-12
Nitrogen-14
Fluorine-19
Sodium-23
Aluminum-27
Silicon-28
Silicon-29
Silicon-30
Sulphur-32
Sulphur-34
Chlorine-35
Chlorine-37
Copper-63
Bromine-79
Silver-107
Iodine-127

Max Ion Current
at Cup l.Ad (nA)

23,000
13,000

80
50,000
7,000 (CN-
3,300
120
400
500
210
400
280

7,600
4,500
2,600
2,700
1,600
3,800

4.7.2 Generator

L.B. Bender

Max Beam Energy
(MeV)

17
8
35
85

) 70
98
117
117
155
155
155
136
145
185
170
200
108
31
111

Charge
State

+1
+1
+4
+5
+5
+7
+8
+9
+10
+10
+10
+10
+10
+14
+11
+6/+16
+7
+6
+8

Max Analysed
Current (nA)

12,000
2,900

51
6,000
2,400
3,500
120
103
42
50
65
160
96

6,300
1,300
830

1,600
170
720

The Tandem generator continued to operate reliably at a high performance
level during the period. Terminal voltages ranged as high as 14.5
megavolts. There were no major incidents during the period and the
generator tank vas opened on only tvo occasions, one of vhich vas scheduled
for routine replacement of terminal stripper foils and Ti-Ball vacuum-pump
elements.
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The high-energy foil changer was commissioned with beam during the period,
and vas used for two nuclear-physics experiments. While the foil changer
performed as expected, it vill be upgraded during the next period in order
to provide easier foil-loading, and double the present number of foils.

During the next period it is planned to upgrade the tandem charging system
by installation of conductive drive sheaves and a complete set of new
charging chains. It is anticipated that this vill provide more uniform
charging characteristics and eliminate the need for chain oiling, presently
required to prevent static self-charge.

A.7.3 Sulphur Hexafluoride (SF6̂  Gas System

L.B. Bender

The SF6 gas-transfer system operated normally during the period. There
were no malfunctions other than failure of the gas-moisture monitor which
required replacement of the electrolytic cell. No gas vas added to the
system.

4.8 BEAM TRANSPORT SYSTEM

L.B. Bender

4.8.1 Magnets

The beam-transport-magnet system operated normally during the period with
only one major difficulty when one of the quadrupole power supplies
suffered a main-contactor failure. This resulted in damage to the thermal
breaker and some internal wiring of the power supply. However, repairs
were completed in less than one day. All filter banks on the phase I
supplies have been upgraded to long-life models. Four magnet-vater flow-
switches were replaced. The originals were of copper and have been
replaced by stainless-steel units. All switches will be replaced with
stainless-steel units on an as-required basis. A nev NMR probe vas
Installed on dipole BI-5. Routine replacement of power transistors vas
carried out as required during normal maintenance periods.

4.3.2 Vacuum System

The vacuum system operated normally during the period. The only
difficulties encountered vere leaks at various section valves vhich were
readily repaired. One section valve vas replaced.

4.8.3 Beam-Diagnostic Devices

The beam diagnostic devices operated normally during the period. One
Faraday-cup bellows required replacement as did one beam-profile-monitor
scanner vire.
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4.9 BUILDING SERVICES

L.B. Bender

4.9.1 De-ionized Water System

The de-ionized-vater system operated satisfactorily during the period. A
high-temperature trip occurred prior to the switch to summer-node
operation. This was caused by the rav-vater valve inadvertently being left
open to the chiller condenser. Insufficient cooling to the heat exchangers
resulted in a high-temperature trip of the de-ionized-vater loop. The
situation was rectified by our closing the valve. The system was changed
to summer-mode operation early in June vithout incident.

No decision has been made on the feasibility of installing a fifth de-
ionized-vater pump. However, it is felt that any benefit would only be
marginal because of the existing pressure-drop across the heat exchangers.
An alternative vould be to lover the vater-system pressure set point, which
would provide more flow than an additional pump. The design requirements
of the beam-transport system vould indicate that the pressure could be
lovered. Further tests under full-load conditions may be required.

4.9.2 Electrical Systems

The electrical systems operated normally throughout the period.

4.9.3 Process Air System

Lov process-air pressure to the facility vas experienced early in the
period vhen the power-house Joy compressor failed. A portable air
compressor was connected to the facility air system to provide proper air
pressure; however, this was abandoned because of the influx of oil from the
unit. Quotations on a proper back-up system for the facility were obtained
but it will not be purchased unless further problems with the plant air
system are experienced.

4.9.4 Safety

The oxygen monitor in room 113 failed on two occasions during the period.
The monitor was readily repaired and returned to service on both occasions.
All other safety systems operated normally.

4.10 THE GAHOV-TELLER DECAY OF 39C»

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

See section 3.1.2 in this report.
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4.11 PRECISE HALF-LIFE DETERMINATIONS OF SOPERALLOWED B EMITTERS

V.T. Koslovsky, E. Hagberg, V.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
G. Dyck (TASCC/University of Manitoba)

See section 3.1.3 in this report.

4 . 1 2 DIRECT MASS MEASUREMENT OF ">7Sn

G. Dyck, K.S. Sharma and R.C. Barber (University of Manitoba)
E. Hagberg, V.T. Koslovsky, V.L. Perry and M.J. Watson (Nuclear
Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

See section 3.1.8 in this report.

4.13 THE DECAY OF 1 2 0 B a

S. Xu, J. Guo, S. Yuan and M. Liu (Institute of Modern Physics,
Lanzhou, The People's Republic of China)
E. Hagberg and V.T. KosloVsky (Nuclear Physics Branch)
G. Dyck (TASCC/University of Manitoba)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

See section 3.1.11 in this report.

4.U DIRECT MEASUREMENT OF THE »;Er/iS3Er

E. Hagberg and V.T. Koslovsky (Nuclear Physics Branch)
G.R. Dyck (TASCC/University of Manitoba)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
K.S. Sharma (University of Manitoba)

See section 3.1.16 in this report.

4.15 ISOL; OPERATIOH

V.T. Koslovsky, E. Hagberg, I. Neeson, V.L. Perry and M.J. Vatson
(Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)
G. Dyck (TASCC/University of Manitoba)

See section 3.2.1 in this report.
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4.16 He-JET ION-SOURCE DEVELOPMEHT

V.T. Koslowsky, M.J. Vatson, M.6. Steer, E. Hagberg, and
V.L. Perry (Nuclear Physics Branch)
J.C. Hardy (TASCC Division)
H. Schmeing (TASCC Accelerators and Development Branch)

See section 3.2.2 in this report.

4.17 PROGRESS IN ACCELERATOR MASS SPECTROMETRY

H.R. Andrews, G.C. Ball, V.G. Davies and V.T. Koslowsky (Nuclear
Physics Branch)
B.F. Greiner, T. Imahorl and J.V. McKay (TASCC Accelerators and
Development Branch)
R.H. Brown, R.J.J. Cornett and G.H. Milton (Environmental Research
Branch)
J.C.D. Milton (Physics and Health Sciences)

See section 3.2.6 in this report.

4.18 CHARGE-STATE MEASUREMENT FOR MULTI-LAYER (C/ka) STRIPPER FOILS

G.C. Ball, T.K. Alexander, H.R. Andrews, V.G. Davies and
J.S. Forster (Nuclear Physics Branch)
E.H. Lindqvist (TASCC Accelerators and Development Branch)

See section 3.2.7 in this report.

4.19 TASCC ELECTRONICS DEVELOPMENT

B.L. Luloff (Nuclear Physics Branch)
G.L. Backmeier and D.L. Schroeder (TASCC Accelerators and
Development Branch)

See section 3.2.15 in this report.

4.20 PUBLICATIONS. REPORTS. LECTURES AND CONFERENCE CONTRIBUTIONS

L.V. Thomson

Publications

CHALK RIVER'S SUPERCONDUCTING CYCLOTRON OPERATIONAL,
H. Schmeing,
Physics in Canada, Vol. 46, No. 2, 1990 March-
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A BRIEF REVIEW OF CHARGING SYSTEM DIAGNOSTICS USING A CAFACITIVE CHAIN
SIGNAL PICKOFF,
J.W. McKay,
Proceedings of the Symposium of North-Eastern Accelerators Personnel-1989,
World Scientific Pub. (1990).

TASCC ACCELERATOR SUPERCONDUCTING CYCLOTRON 1989 REPORT TO SNEAP,
J.W. McKay,
Proceeding of the Symposium of North-Eastern Accelc; tor Personnel-1989.
World Scientific Pub. (1990).

STATUS OF THE SUPERCONDUCTING CYCLOTRON AT CHALK RIVER,
H. Schmeing,
Proceedings of the Symposium of North-Eastern Accelerator Personnel-1989.
World Scientific Pub. (1990).

A CAMAC-RESIDENT MICROPROCESSOR USED FOR FIELD CONTROL OF A DIPOLE MAGNET,
B.F. Greiner and F.J. Sharp (Nuclear Physics Branch),
Proceedings of the Second International Conference on Accelerator and Large
Experimental Physics Control Systems, Vancouver, 1989 October 30.
Nuclear Instruments and Methods, A293, (1990) p. 263-266.

Reports

THE TANDEM ACCELERATOR SUPERCONDUCTING CYCLOTRON (TASCC) FACILITY ANNUAL
REPORT FOR 1989,
L.B. Bender,
AECL-MISC-231-89

SCC Notes

(SCC Notes are available for internal use at CRNL.)

Twenty nine SCC Notes (Series II) have been written and distributed. Four
new TASCC Instructions have been released during the period, and three
have been revised. Monthly issues of the TASCC Newsletter continue to be
written, with a current mailing list of 96 recipients, about 67 being off-
site.

VERTICAL STEERING AT INJECTION,
C.B. Bigham,
SCC Note (Series II) # 41.2.

RUN DIARY: BR-1S PRODUCTION RUN (1990 Feb. 12-17),
L.W. Thomson,
SCC Note (Series II) # 64.2.

RUN DIARY: BR-15 AND CL-11 (1990 April 9-14),
L.W. Thomson,
SCC Note (Series II) # 64.3.

EXTRACTION STUDIES: SUMMER '89,
E.H. Lindqvist,
SCC Note (Series II) # 67.
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RESULTS FROM SOME EXPERIMENTS WITH "CL-5.5 (1989 Oct. 22-26),
E.H. Lindqvist,
SCC Note (Series II) / 70.1.

RUN DIARY: "CL-5.5, CL-30 (1990 Jan. 27-31),
L.V. Thomson,
SCC Note (Series II) # 70.2.

RESULTS FROM SOME EXPERIMENTS WITH "CL-5.5 (1990 Jan. 27-29),
E.H. Lindqvist,
SCC Note (Series II) # 70.3.

CL-5.5 CENTERING EXPERIMENT OP 1990 Jan. 28,
C.B. Bigham,
SCC Note (Series II) # 70.4.

USEFUL FORMS OF THE HAMILTONIAN FOR ION OPTICAL SYSTEMS,
V.G. Davies,
SCC Note (Series II) # 75.

CONNECTION OF THE NEW ROTARY SCREW COMPRESSOR TO THE CRYOGENIC SYSTEM,
R.E. Milks and R.R. Tremblay,
SCC Note (Series II) # 77.

US PATENT "SUPERCONDUCTING CYCLOTRON" (Photocopy),
C.B. Bigham and H.R. Schneider,
SCC Note (Series II) # 80.0.

CANADIAN PATENT "SUPERCONDUCTING CYCLOTRON (Photocopy),
C.B. Bigham and H.R. Schneider,
SCC Note (Series II) # 80.1.

DEFLECTOR EXPERIMENTS, SUMMER 1989,
C.R.J. Hoffmann,
SCC Note (Series II) # 81.0.

RUN DIARY: CL-10.25, CL-35 & C-45 (1990 May 14-18),
L.V. Thomson,
SCC Note (Series II) # 82.0.

RUN DIARY: CL-30 & CL-35 (1990 Mar. 5-9),
L.V. Thomson,
SCC Note (Series II) # 83.0.

PROBE PERTURBATION OF THE R.F. FIELD IN D-MODE,
C.B. Bigham,
SCC Note (Series II) # 83.1.

RUN DIARY: CL-30 PRODUCTION RUN (1990 June 17-21),
L.V. Thomson,
SCC Note (Series II) # 83.2.
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TWO COMPUTER PROGRAMS USEFUL IN THE ANALYSIS OF FEEDBACK CONTROL LOOPS AND
COMPLEX VALUED FUNCTIONS,
N.A. Tovne,
SCC Note (Series II) # 84.

RUN DIARY: CU-10, -18, -20 & AG-4.7 (1990 Mar. 19-24),
L.V. Thomson,
SCC Note (Series II) # 85.0.

EARLY HISTORY OF THE R.F. SYSTEM PA,
P.J. Bunge, N.A. Tovne & S.G. Whittle,
SCC Note (Series II) # 86.0.

MEASUREMENTS AND MODIFICATIONS TO THE PA,
P.J. Bunge,
SCC Note (Series II) # 86.1.

RUN DIARY: CL-11, C-30 & C-40 (1990 April 22-26),
L.V. Thomson,
SCC Note (Series II) # 87.0.

FOIL POSITION MEASUREMENTS,
B.G. Greiner,
SCC Note (Series II) # 88.0.

RUN DIARY: CL-10.25, CL-35 & C-45 (1990 May 14-18),
L.V. Thomson,
SCC Note (Series II) # 89.0.

TRIM ROD 8 TEST,
C.B. Bigham and H. Schmeing,
SCC Note (Series II) # 90.0.

RUN DIARY: Br-22.5 & 1-15 (1990 June 3-7),
L.V. Thomson,
SCC Note (Series II) # 91.0.

REDUCTION OF VERTICAL BEAM DEFLECTION AT INJECTION BY ADJUSTING vz,
C.B. Bigham and E.H. Lindqvist,
SCC Note (Series II) # 92.0.

ADJUSTMENT OF VERTICAL DEFLECTION AT INJECTION USING STEERERS,
E.H. Lindqvist,
SCC Note (Series II) # 92.1.

A NON-ITERATIVE METHOD FOR DETERMINING Bl FIELD CORRECTIONS,
N.A. Tovne,
SCC Note (Series II) # 93.0.
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Conference Submissions

STATUS OF THE SUPERCONDUCTING CYCLOTRON AT CHALK RIVER,
H. Schmeing, C.B. Bigham, P.J. Bunge, V.G. Davies, V.T. Diamond,
B.F. Greiner, C.R. Hoffmann, J.A. Hulbert, Ç.H. Lindqvist, J.V. McKay,
R.E. Milks, G.R. Mitchel, L.V. Thomson, N.A. Towne, R.R. Tremblay,
Presented at the Spring Meeting of the American Physical Society,
Washington, D.C., 1990 April

TASCC BEAM STABILITY,
G.R. Mitchel,
Presented at the Spring Meeting of the American Physical Society,
Washington, D.C. 1990 April.

PERFORMANCE OF THE ELECTROSTATIC DEFLECTOR OF THE CHALK RIVER
SUPERCONDUCTING CYCLOTRON,
W.T. Diamond, C.R. Hoffmann, G.R. Mitchel, H. Schmeing,
Presented to the 1990 Canadian Association of Physicists Congress,
St. Johns, Newfoundland, 1990 June.

THE STATUS OF THE SUPERCONDUCTING CYCLOTRON AT CHALK RIVER,
H. Schmeing, C.B. Bigham, P.J. Bunge, V.G. Davies, V.T. Diamond,
B.F. Greiner, C.R. Hoffmann, J.A. Hulbert, E.H. Lindqvist, J.V. McKay,
R.E. Milks, G.R. Mitchel, L.V. Thomson, N.A. Towne, R.R. Tremblay,
Presented to the 1990 Canadian Association of Physicists Congress,
St. Johns, Newfoundland, 1990 June.

New TASCC Instructions

REMOVING TRIM-RODS FOR VACUUM LEAK REPAIR,
R.E. Milks,
TASCC Instruction # A.7.05.

NEW SCREW COMPRESSOR INSTALLATION,
R.E. Milks,
TASCC Instruction # 4.2.22.

EMITTANCE MEASUREMENT AND BEAMLINE REMATCHING,
E.H. Lindqvist,
TASCC Instruction # 5.10.

SF6 GAS DRIER REGENERATION,
L.B. Bender,
TASCC Instruction # 3.16.

TASCC Photo Library

Approximately 50 new overheads and about 70 new photos have been added to
the TASCC Photo Library increasing the total number of photos to veil over
200. Work has begun on making a Photo Information Package, vhich will
include a photo tour of the facility, to add to the library.



5. PHYSICS SUMMARY

by M. Harvey
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5.1 TOPICAL REVIEW - ACCELERATOR BEAM OPTICS

Our understanding of electro-dynamics stretches back to the eighteenth and
nineteenth century through the analyses and experiments of such people as
Laplace (1749-1827) and Ampere (1775-1836) and culminating in the brilliant
unification of electricity and magnetism brought about by the equations now
attributed to Maxwell (1831-1879). What made Maxwell's work so extraordinary
was that the equations show the full relativistic features, now known to be
necessary for all fundamental theories, several decades before Einstein's
theory on relativity.

The firm foundation on which electromagnetic theory is based is at the heart
of the developments of accelerators and the optics of electrically charged
beams of particles. Applications of the theories have been greatly
facilitated in recent years by the advent of fast, large-memory computers.
Such machines have allowed unprecedented numerical accuracy as well as the
possibility of the adoption of more sophisticated analytical analysis.

All the above background is being applied in the Theoretical Physics Branch to
problems of current interest in the Accelerator Business Unit, TASCC and
Accelerator Physics. Recent work has concentrated on improving the predictive
accuracy of codes in the region of the fringing fields of dipole magnets to be
found in the beam-transport lines of high-energy accelerators of particular
interest for CRL. This work is seen to have applications in understanding
some puzzling inconsistencies between current calculations and observations
relating to the beam lines of TASCC. Other work, associated with industrial
applications, include the following of an electron beam from the end of a
linac, through the beam transport system to the surface of the product being
irradiated. The optical elements allowed are compound quadrupole lenses, a
momentum analyzer composed of dipole magnets and a dynamic scanner consisting
of a dipole magnet with a temporally periodic magnetic field. It was
necessary to include important effects arising from multiple scattering of the
beam in the accelerator window and the air in front of the product.
Associated with this activity is the analysis pertinent to the design of
"fold" magnets which can he used to ensure uniform radiation dose to the
product.

The activity associated with accelerator beam optics is just another example
of how basic science activity can find a variety of applications sometimes
centuries after the initial discoveries.
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5.2 THEORETICAL PHYSICS

Excellent agreement has been found below 80 K for the heat capacities at
constant volumes of various phases of ice between recent calculations in the
harmonic approximation, using the phonon density of states from earlier
incoherent inelastic neutron scattering measurements at NRU, and values in the
literature obtained directly from calorimetry measurements. Anharmonic
effects are considered to be the reason for differences above 80 K (7.2).

The flux of cold neutrons from liquid hydrogen and deuterium has been
calculated in the limits of large or small sources compared to the neutron
mean free path. The gains over the entry thermal neutron flux is a factor of
6 and agrees in the large source limit with the operating experience from the
reactor at Kyoto (7.3).

Calculations have shown that in principle neutron reflectometry is a sensitive
tool for detecting small concentrations of hydrogen in materials. The method
will probably have difficulty in practise for concentrations less than IX
(7.4).

An investigation has shown that scattering of thermal neutron from polarized
hydrogen, in for example ammonia, would not lead to an effective polarization
filter. Polarized ammonia would make an excellent polarizing mirror but no
better than existing magnetic mirrors (7.5).

Analysis of recent data from Los Alamos and Utrecht relating to the super-
allowed decay from the 0+ meta stable state of 26A1" to 26Mg ground state now
removes a long-standing discrepancy between the extracted Ft value and that
from the decay of 140. The agreement is a verification of the conserved
vector current hypothesis in weak interactions (7.7).

One and two-body interaction operators to describe weak nuclear decays within
the shell model framework are being constructed from the underlying field
theory making a non-relativistic approximation. The magnitude of the one-body
part differs by a factor of two from earlier expressions in the literature,
the reason for which has still to be explained. The two-body part is
different from the current literature assumption of a product of two one-body
operators (7.8).

The second TASCC workshop on heavy ion nuclear physics was organised in
collaboration with Nuclear Physics Branch (7.9).
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New types of quantum groups, two-parameter tvisted quantum groups, have been
constructed. The structures have as a subgroup a regular quantum group, which
with some specific parameters can be related to conformal field theories. The
consequences of the parameter restriction both for the mathematics and its
implication for physical theories are being examined (7.10, 7.11).

Editing has been done for a book entitled "Physics, Geometry and Topology"
which is composed of twenty articles given at the 1990 Banff NATO Summer
School (7.12).

Completely general algebraic expressions have been worked out for the first-
and second-orrVar transfer matrics of electromagnetic fields from the
transition-zone to the effective-edge representations. Mathematical
approximations have been deduced by which these expressions will give existing
optics codes greater accuracy (7.14).

During this period the Theoretical Physics group published seven papers in
refereed journals, one report and gave five seminars (7.15).

5.3 CONDENSED MATTER PHTSICS - RESEARCH

Over this period 55 experiments were performed on the E3, L3, N5 and T3
spectrometers with over 95% efficiency (X of available reactor operating time)
for each spectrometer. About 30 external scientists were involved with these
experiments (6.29).

Additional measurements have been done to study the complex thermal evolution
of phonons in Cu3Au and to clarify the concept of spinodial ordering near a
discontinuous phase transition. The new measurements have found a larger
value for the critical temperature (670+5K) than that deduced previously
because of use of a new sensor arrangement. Also, in contrast to previous
measurements, a two-peaked structure for the phonons was still observed at
Tc - 7 K but had essentially disappeared by Tc + 3 K (6.5).

The recent interpretation in the literature of the double peaked static
structure factor for superfluid 4He has allowed a further understanding of the
variation with density of the magnitudes of the peaks depending on the Bose
condensation fraction, in agreement with that observed in recent experiments
at NRU. The early Chalk River observations of the disappearance of the sharp
maxon-roton peak at T^ is now seen to have been direct experimental
verification of the existence of Bose condensate some four years before such
verification was first recognised at Chalk River (in 1982) (6.6).
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The density and temperature dependence of the Bose condensate fraction no has
been deduced from measurements of the temperature dependence of the pair
correlation function of liquid 4He at several densities. The deduced density
dependence of no is in marked disagreement with that obtained from X-ray
studies but is in agreement with recent Green-Function Monte Carlo
calculations with the degree of detail sufficient to favour certain potentials
used in such studies (6.7).

Investigations have continued on the structure of different phases in hydrogen
halides with measurements of the powder diffraction patterns of the three
solid phases of deuterium iodide. In Phase I (128 < T < 221.2 K) the system
has a face-centred cubic structure with 12-fold disordered positions for the
deuterium atoms: for Phase II (77 < T < 128 K) the structure is centro-
symmetric, c-centered orthorhombic and 2-fold disordered positions for
deuterium atoms; for Phase III (T < 77 K) the structure is monoclinic (6.8).

Molecular dynamics modelling has been done to describe the static and dynamic
properties of TeF6 at a fixed temperature (220 K) with the motivation to
ultimately study temperatures of phase transitions. Some instability in the
code common to all such calculation has still to be resolved but preliminary
results on stable elements have been used to calculate the autocorrelation
functions for both translational and rotational motion and the dynamic
structure factor. Satisfactory comparisons have been made with both
experiments and calculations for SF6 (6.9).

Neutron powder diffraction measurements were made on the perrhenates KReO4 and
ND4Re04 at a number of different temperatures. For KReO4 the crystal
structure remains tetragonal over the temperature range but the anion rotates
on heating. This change in orientation explains most of the increase of the
electric field gradient at the Re site. Higher temperature measurements on
ND4Re04 still need to be completed (6.10).

Modelling of the vacancy properties in /5-NiAl and 0-NiGa has shown that
vacancy concentrations can decrease with temperature, contrary to popular
belief, for ordered AB alloys with a specific relationship for the bond
energies between two A atoms and two B atoms (6.11).

Neutron diffraction measurements have been made on Ce(CuxMi-x)5 compounds with
M = Al, Ga to determine the substitution sites of the M-atoms and the
subsequent change in properties. Both types of compounds exhibit a crossover
structure from magnetic ordering to a heavy electron state for 0.6 < x < 0.8.
It has teen found that the lattice parameters for both compounds increase with
x, a fact that is contrary to existing beliefs on the electronic sites in
which the substitution is thought to take place (6.12).
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Confirmation has been found for non-magnetic phase transition at lov
temperatures in the compound UPdj by the observation of abrupt changes in
intensity of satellite peaks in neutron scattering experiments. A simple
structural model fails to reproduce the observed results (6.13).

Measurements of the magnetic structure and magnetic excitations of UNi2Si2
have shown that this compound has one of the richest magnetic phase of heavy-
fermion systems (6.14). Other measurements at 4.2 K on the N5 spectrometer
have been made of the antiferromagnetic spin waves in the itinerant electron
system Mno.6sFeo.12- This system behaves like the canonical itinerant anti-
ferromagnet Cr in many respects but, unlike Cr, has a large anisotropy gap at
3.5 THz at the Brillouin zone centre (6.15).

Neutron scattering measurements have been made on holmium in the (h,o,e) plane
in c-axis magnetic fields up to 3T concentrating on the region around 98K
where the spiral antiferromagnetic turn-angle passes through 45 degrees per
layer. First evidence of a narrow lock-in region has been found above 1.5 T
(6.16).

Neutron scattering measurements on RbNiCl3 have revealed that the magnetic
excitation spectrum of this one-dimensional Heisenberg anti-ferromagnet
contains a Haldane gap that is larger than that in CsNiClj and appears to
scale with the stronger intrachain interaction. The magnons at Q=(001) have
been observed to be degenerate in both RbNiCl3 and CsNiCl3 contrary to the
expectation of available theories (6.17).

In a collaborative program among CRL, Argonne National Laboratory and NRC
(Ottawa) attempts are being made to grow single, deuterium enriched, crystals
of biomatter. Such crystals would facilitate the use of neutron scattering
for biomatter (6.19). Small angle neutron diffraction measurements have been
done on fully deuterated, ethanol-bathed membranes as part of a program to
determine mechanisms of drug action. The scattering shoved a strong
temperature dependence with the Bragg repeat distance first decreasing, then
increasing again for temperatures between 1A°C to above 38°C (6.20). The
migration of BHT (a common preservative in North American dried cereal food)
with temperature changes of the host membranes, has been examined by neutron
scattering to verify results found in the literature by NMR studies. The
neutron scattering results provide very precise values for the location of the
BHT molecules (6.21).

During this period twenty four papers were published in refereed journals and
eighteen seminars given (6.48).
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5.4 CONDENSED MATTER PHYSICS - INSTRUMENTATION AND FACILITIES

A highly successful workshop entitled "Neutron Scattering in the Nineties" was
held at Chalk River in collaboration with the Canadian Institute for Neutron
Scattering (CINS) to ascertain the needs of the Canadian scientific community
for the 1990's and beyond. The three neutron sources considered by the 36
scientists attending were the MAPLE at McMaster, and an upgraded NRU and
Advanced MAPLE at Chalk River. Results of the deliberations will be
incorporated into the CINS Ten-Year Plan (6.2).

The mechanical assembly of DUALSPEC is nearly complete. The performance
testing for the 800-wire position-sensitive detector has been done at the
Siloe reactor, Grenoble and receipt of the instrument is expected mid-summer.
The base has been poured for the "dance floor" on which the spectrometers will
float during movement, and the final surface will be poured after completion
of the monochromator drum. Work on the computer control is scheauled to yield
a first version for the triple-axis program for the end of July and that for
the diffractometer by end of August. Commissioning of the entire instrument
with first experiments is scheduled for early Fall (6.3, 6.25, 6.27, 6.28).

Preliminary Monte Carlo neutronics calculations have been done for the
proposed CRL cold source taking into account the ortho and para nature of the
molecular states of different isotopic (hydrogen, deuterium) species and
chamber shapes. These calculations have been supplemented by analytic studies
appropriate for either small or large sources compared to the neutron mean
free path. A biography of reports and journals dealing with design and
performance of cold sources has been produced and useful contacts made at the
LANL workshop with those operating cold sources around the world. A Project
Definition Document has been written for the proposed installation cf a cold
source in the future Chalk River research reactor (6.4, 7.3).

Two new and calibrated germanium sensors have been installed in the 200 tiV
dilution refrigerator to replace the ageing, and now inaccurate, carbon
resistors. A leak in the coarse needle valve for the 1 K pot has been cured
which now makes use of the dilution fridge possible. An upgrade is being
planned for the booster pump to allow temperatures below 120 ink to be reached.

A new high temperature furnace with a silicon carbide heating element has been
designed to sustain an element temperature of 1600°C in a CO2 environment
without corrosion breakdown. The new design includes improved access for
specimen loading from the bottom and the possibility of using the conventional
graphite heater for experiments not involving corrosive environments (6.24).

Several developments for multiwire neutron detectors have either been designed
or built. Among this family is a new 80-wire curved detector, designed for
better acceptance efficiency, and a position-sensitive two-dimensional (XY)
detector (6.37, 6.38, 6.39).
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5.5 INDUSTRIAL APPLICATIONS AND TECHNIQUES

The hydrogen diffusion rates in several samples of Zr-2.5Z Nb reactor pressure
tube material have been determined by the tritium implantation method and
compared to the superconductivity properties determined by resistivity
measurements. A direct correlation was observed between increased diffusion
rates and critical temperatures for the onset of superconductivity, and
decreased annealing time (6.18).

Theoretical studies of the significance of radioactivity induced from
radiation processing has been extended to a broad range of industrial
materials. A comprehensive review was conducted to identify the sources and
magnitudes of natural background radioactivity present in Industrial
materials. Analytic expressions have been derived for rapid quantitative
estimates of the possible activity induced by processing with electrons and
gamma rays (6.32).

A comprehensive assessment has been made for the characteristics of an
accelerator source necessary to generate neutron beams suitable for neutron
radioscopy (6.33).

A multi-wire self-powered detector has been designed which would be suitable
for on-line analysis of beam energy in radiation processing. This monitoring
is necessary for quality control and regulatory requirements (6.34).

5.6 NEUTRINO PHYSICS - THE SUDBURY HEOTRINO OBSERVATORY

The management and administrative structure for SNO continues to be put
together with AECL staff playing crucial roles including associate director,
detector project manager and owners engineering and operations representative
interfacing with the project management consortium of Monenco/Canatorn (6.30).

The program to monitor Th and U concentrations in acrylic, to be used to
contain the heavy-water detector, has continued using mass spectroscopy,
alpha-counting (reported by environmental research branch) and neutron
activation methods.

For mass spectroscopy, varying results in the tens of pg/g range were found
for different samples and comparisons with the NRC thermal ionization
technique reveal that on the same samples, variations could be up to AOZ. The
results suggest that there may be some heterogeneity in the Th and U
concentrations but that the average appears to be significantly less than 10
ppt. Experiments continue to determine whether mass spectroscopy is an
acceptably reliable method.



5-8

The neutron activation results also yield significant variability from sample
to sample vith higher concentrations, by a few orders of magnitude, than those
from mass spectroscopy. Some evidence of surface contamination has been
found. A veil-type Ge detector has been set up within a large Nal (Tl)
Compton suppression shield to facilitate gamma detection from neutron
activation samples (6.31, 6.35, 6.36).

5.7 METROLOGY AND SERVICE ACTIVITIES

Maintenance work was done on three Ge detectors for Chemical Operations,
Environmental Research and Fuel Engineering (6.41).

A new multichannel analyzer board and associated control software has been
acquired for the AST 80386 computer to facilitate display of data from the
Radionuclide Metrology Ge facility (6.42).

Seventeen standard sources and four standard solutions were prepared for
Nuclear Physics, Dosimetric Research, Radiation and Industrial Safety and
Environmental Research Branches (6.43).

Glassblowing work was performed in support of programs in Chemical Operations,
Dosimetric Research, Chemical Engineering, Environmental Research, Nuclear
Physics, Fuel Engineering, Accelerator Physics, Systems Chemistry and
Corrosion, Waste Management, General Chemistry in addition to NSSP.
Significant backup work was done for Nordion to fill in while their
glassblower was indisposed (6.44).

5.8 PUBLICATIONS AND LECTURES, SEMINARS AND PANEL DISCUSSION
(M. Harvey)

The NN Interaction and Baryon Structures
M. Harvey
Canadian Journal of Physics
Vol. 67, No. 12, pp 1182-1185, 1989 (AECL-10238)

Lectures. Seminars and Panel Discussions

Talk to Students at Upper Canada College
(Career's Day)
1990 May 14
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5.9 SEMINAR SPEAKERS - PHYSICS DIVISION

Pion Photoproduction on the Nucleon
Dr. S. Nozava
TRIUMF
1990 January 12

APPLICATION OF NEUTRON SCATTERING TO ACTINIDE AND TITANIUM HYDRIDE SY
STEMS
Dr. Jjyce A. Goldstone
Los Alamos National Laboratory, Nev Mexico
1990 January 18

RADICALS, TRANSFORMS AND HEAVY ATOMS
Dr. John S. Katsaras
University of Guelph
1990 January 22

NEUTRON SCATTERING FROM GLASSES
Dr. U. Buchenau
KFA, Julich, Vest Germany
1990 March 22

COMPACT AND N0N-COMPACT LATTICE QED3
Dr. R.M. Woloshyn
TRIUMF
1990 March 29

BAGS VIA BOSONIZATION
Dr. Richard Mackenzie
Universite de Montreal
1990 April 5

THERMAL CONDUCTION OF INCLUSION COMPOUNDS: A TEMPEST IN A TEA POT
Professor Mary Anne White
Dalhousie University
1990 April 20

DECAYS OF 7t° to e± PAIRS FROM EXPERIMENTS AT TRIUMF AND SIN
Dr. Chris Waltham
TRIUMF
1990 April 23

COULOMB EXPLOSION IMAGING OF SMALL MOLECULES
Prof. E.P. Kanter
Argonne National Laboratory
1990 June 07
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CRITICAL BEHAVIOR OF THE RANDOM-EXCHANGE ISING SYSTEM
Fei.xZnxF2 VIA MOSSBAUER SPECTROSCOPY
Mr. Nick Rosov
Clark University, Mass.
1990 June 05

HOLE SUPERCONDUCTIVITY
Dr. F. Marsiglio
University of California
1990 June 08
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6.2 Neutron Scattering in the Nineties

B.M. Powell, W.J.L. Buyers, T.M. Holden, E.C. Svensson, S-M. Kim,
P. Martel, J.H. Root, Z. Tun and W. Wei

A Workshop entitled "Neutron Scattering in the Nineties" was held at Chalk
River on June 4. Sponsored by the Canadian Institute for Neutron
Scattering/Institut canadien de la Diffusion des Neutrons (CINS), the purpose
of the Workshop was to ascertain the needs of the Canadian scientific
community so that appropriate neutron scattering instrumentation can be
planned for the 1990's and beyond. The Workshop was a response to an
invitation from Dr. T.E. Rummary, Acting-President of AECL Research, to Dr.
H.R. Glyde, Chairman of CINS, to make known the needs of the neutron
scattering community to AECL Research. Three possible reactor sources were
considered for the proposed instrumentation: the McMaster MAPLE, and, at Chalk
River, an upgraded NRU and an Advanced MAPLE. All are expected to include a
cold neutron source.

Plenary talks described The CINS Ten-Year Plan for Neutron Scattering,
Challenges and Opportunities in the Nineties, Planning for a Canadian Reactor
Capability and the Advanced MAPLE, the NRU upgrade and the McMaster MAPLE.
The 36 scientists then formed three working groups (Diffraction, Inelastic and
Cold Neutron) to select instruments specific to the needs of that particular
group and to assign a relative priority to each chosen instrument. On
completion of the proceedings of the working groups, each chairman presented a
brief verbal summary of the proposals of the group, and an open discussion
followed. A first draft of the report of the group proposals was then written
and, after editing, will be published as a report of the Workshop entitled
"Neutron Instrumentation for the Nineties".

6.3 Progress on DUALSPEC

B.M. Powell, W.J.L. Buyers, M.M. Potter, H.F. Nieman, D.C. Tennant and
M.M. Montaigne with W.A. Mellors and P.G. Adams (Mechanical Equipment
Development Branch) and R. Birney and P. Lemay (Civil and Electrical
Design Branch)

The mechanical assembly of DUALSPEC is nearly complete. The main shielding
segments of the monochromator drums and yokes all have been installed and the
internal components - filters, wedges, wedge actuators, shutters, motor drives
and encoders - are all in place. The cap of the monochromator shielding drum
will be installed when wedge commissioning is completed. The
analyzer/detector assembly for the triple-axis spectrometer is complete and
delivery of the mast and support system for the diffractometer is scheduled
for mid-July. The 800-wire position-sensitive detector is completed. Its
performance was tested at the Siloe reactor, Grenoble, and the detector has
been accepted. The base for the dance floor has been poured and the final
pour of the main floor will be made when installation of the monochronator
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shielding drum is complete. Installation of the new scattering can for the C2
beam hole is scheduled for August. The gate control and the wedge control
systems have been tested and await installation. Hardware for the motor drive
systems is designed and is being fabricated. The filter control and the air
pad control modulus are designed and are being fabricated. Work on the
spectrometer control program is progressing and the first version of the
triple-axis program is scheduled for end-July, with the first version of the
diffractometer program by end-August.

6.4 AECL Cold Neutron Source

E.C. Svensson and W.J.L. Buyers with M. Harvey (Physics Division
Office), V.F. Sears (Theoretical Physics Branch), P.M. Brewster (Reactor
Physics Branch), W. Mellors (Mechanical Equipment Development Branch)
and N.D. MacDonald and H. Graper (Project Management Branch)

The series of preliminary calculations, using the MCNP (Monte Carlo Neutron
Photon) codr, of the neutronics performance for three cold source chamber
concepts commenced in the previous period (see PR-PHS-P-8: 6.2; AECL-10102)
was completed. These calculations gave the somewhat unexpected result that,
for small liquid-H2 sources (~ lft volume), the cold neutron flux was more
sensitive to the molecular state (ortho or para, with ortho being better) of
the H2 than to the chamber shape, although a reentrant shape (cross-arch) with
top and bottom reflector regions appeared to be somewhat better than a simple
diagonal slab having the same total thickness (40 mm) of liquid H2 along the
principal beam direction (the axis of the C2-N2 through-tube in NRU). The
calculations also gave an unexpectedly good result for an oval can of liquid
D2 of the maximum practical size (~ 4.65) that can be accommodated in the T3
tube, indicating that this source chamber concept should be retained as a
possible option, especially since its performance can undoubtedly be improved
by adding a small fraction (< 10?) of liquid H2. Since the completion of the
preliminary calculations, a method of simulating the scattering for an
arbitrary ratio of ortho-to-para states has been obtained from Los Alamos
National Laboratory (LANL) and several ways of improving the calculations have
been identified. New MCNP calculations are planned and in these we will,
among other things, investigate further the effects of chamber shape and
thickness and use the correct time-averaged ortho-to-para ratio. We will also
add a realistic distribution of epithermal neutrons to the Maxwellian
distribution of thermal neutrons (at T = 314 K) used to simulate the NRU
"source" in the preliminary calculations.

Analytical calculations of the cold neutron flux gains in liquid-H2 and
liquid-D2 sources that are either large or small compared with the neutron
mean free path were also carried out (see PR-PHS-P-9: 7.3; AECL-10196) and a
report entitled "Analytical Scattering Kernels for Neutron Thermali2ation
Studies" by V.F. Sears (AECL-10056, 1990 January) was completed. A
bibliography, with abstracts, of reports and journal articles dealing with the
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design and performance of cold neutron sources was also produced by P.M.
Brewster (Technical Memorandum ARD-RP-162, 1990 May).

Three members (P.M. Brevster. V.F. Sears and E.C. Svensson) of the Cold Source
Project Team gave invited talks at the International Workshop on Cold Neutron
Sources held at LANL, 1990 March 5-8. The contacts made and the detailed
information on all aspects of cold source design, construction, operation and
performance obtained during this workshop will be of inestimable value to the
AECL Cold Source Project. E.C. Svensson also visited the National Institute
of Standards and Technology, Gaithersburg, Maryland after the LANL Workshop to
view and discuss their new cold neutron facility.

The Project Definition Document for the AECL Cold Neutron Source has been
completed and a presentation on the project will be made to the Executive
Management Committee on 1990 August 9.

6.5 Thermal Evolution of Phonons Near the Order-Disorder Transition in Cu3Au

V. Wei and E.C. Svensson with R. Rogge and B.D. Gaulin (McMaster
University) and E.D. Hallman (Laurentian University)

Our earlier studies (see PR-PHS-P-8: 6.A; AECL-10102 and B.D. Gaulin, E.D.
Hallman and E.C. Svensson, Phys. Rev. Lett. 64 (1990) 289) of phonons in Cu5Au
gave considerable support to the concept of spinodal ordering near a
discontinuous phase transition but also showed a more complex thermal
evolution of the phonons than expected from simple spinodal theory, with
different behaviour for different wave vectors and even for different modes at
the same wave vector. In order to further clarify the behaviour and provide
guidance for the new theoretical development that are needed to understand the
results in detail, we have embarked on a series of more extensive
measurements.

In a study just completed at the N5 spectrometer, we have determined the
phonon scattering at the X points, zone boundary positions in the simple cubic
structure of the ordered phase, (2, 2, -0.5) and (0, 0, 3.5) for 8
temperatures below the order-disorder transition temperature, Tc, and 6 above,
starting with a fully ordered sample and increasing the temperature
monotonically. The elastic scattering at the superlattice positions (001) and
(110) was also determined at 10 temperatures below Tc in order to obtain the
temperature dependence of the order parameter. The results indicate Tc = 670
+ 5 K, somewhat larger than the value 657 + 3 K from our initial studies,
probably because of the use of a new sensor arrangement and new sensors.

In contrast to the behaviour exhibited by our earlier results for the zone-
centre position, i.e. the ordering wave vector, where the evolution of the
phonons to their single-peaked high temperature form was complete by Tc - 25 K
(interpreted as the lower spinodal point), at both zone-boundary positions we
still observe a two-peaked structure at Tc - 7 K which, however, has
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essentially disappeared by Tc + 3 K. Increasing the temperature to Tc + 173
K, well above the maximum temperature (Tc + 43 K) of our earlier studies, then
caused little further change other than the changes in intensity attributable
to simple thermal population effects and a slight softening with increasing
temperature. At least prior to the completion of detailed analysis o£ the
results (now in progress), there is no evidence from our nev zone-boundary
measurements of any behaviour which might indicate the importance of an upper
spinodal point. The sample has been reordered in preparation for additional
measurements at other wave vectors.

6.6 New Interpretation of Z(Q) for Superfluid 4He and Remarks on the Bose
Condensate

E.C. Svensson with A. Griffin (University of Toronto)

The sharp peak in the dynamic structure factor S(Q,w) of superfluid 4He make^
a contribution Z(Q) to the static structure factor S(Q) = JS(Q,(j)dw. The
detailed dependence of Z(Q) on the wave vector transfer Q at T = 1.1 K and
saturated vapour pressure (SVP) was determined nearly 20 years ago by Cowley
and Woods (Can. J. Phys. 49 (1971) 177) and the shape of the Z(Q) curve
(Figure 6.6), particularly the marked depression for Q values in the maxon
region (centred at QM = 1.13 A'

1) of the dispersion relation, has been a
puzzle ever since. Very recently, Glyde and Griffin (to be published) have
given a unified interpretation of the complete S(Q,u) for both superfluid (T <
TA) and non-superfluid

 4He. They propose that the low Q phonon peaks, which
persist largely unchanged through Tx, correspond to collective zero-sound (ZS)
modes while the sharp peaks in the maxon-roton region (QR - 1.9 A"

1), which
are present only below Tx as first shown by Woods and Svensson (Phys. Rev.
Lett. 4J. (1978) 974), correspond to strongly renormalized single-particle (SP)
excitations, observable in S(Q,«) only because of the Bose broken symmetry.
Within the framework of the Glyde-Griffin (GG) picture, Z(Q) must thus be
viewed as consisting of ZS and SP components and in Fig. 6.6 we show a
plausible decomposition into such components. This clearly gives a natural
description of the shape of the Z(Q) curve.

The weight of the SP peak in S(Q,w) is proportional to the square of a Bose
broken symmetry vertex function, Aa(Q,w), which vanishes with the Bose
condensate fraction, no(T). Taking the free-particle recoil energy, hwt. (Q) =
h2Q2/2m, as an appropriate energy scale and noting that the SP excitation
energy is much greater than fiwr(Q) at QH but much less at QR, one can argue
that the values (Talbot and Griffin, Ann. Phys. 151 (1983) 71) of Aa(Q,w) in
the limits u -» <» and u> -» 0 are most appropriate for QM and QR, respectively.
One then finds, at low temperature, that ZSP(QM) - n0 while ZSP(QR) - 1. This
is in agreement with the behaviour exhibited in Fig. 6.6 since both experiment
and theory indicate that n0 - 0.1 at SVP and T - 1.0 K. It is also known
(Svensson et al. Can. J. Phys. 54 (1976) 2178) that Z(QH) is about a factor of
2 smaller for a density close to the solidification density than for the
density at SVP while Z(QR) is little changed. On the basis of our new
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interpretation of Z(Q), this is exactly what one would expect since n0 is
about a factor of 2 smaller at the higher density (see accompanying report PR-
PHS-P-9: 6.9; AECL-10196). The observed variations of Z(Q) with Q and with
density thus give strong support to the nev GG interpretation of S(Q,w) for
liquid 4He.

In the GG picture, the maxon-roton SP peak in S(Q,w) for superfluid 4He is the
low-Q analogue of the free-particle condensate peak expected to exist at large
Q (impulse approximation regime), and the object of numerous intensive
searches. The original observation by Woods and Svensson of the disappearance
of the sharp maxon-roton peak at Tx may thus now be viewed as having been
direct experimental verification of the existence of the Bose condensate some
four years before such verification was obtained (Sears, Svensson, Martel and
Woods, Phys. Rev. Lett. 49 (1982) 279) from measurements at large Q. The
maxon-roton single particle peaks in S(Q,u) for superfluid 4He clearly contain
a great deal of additional information on the temperature and density
dependence of the condensate fraction, to be exploited in future experimental
and theoretical studies.

Fig. 6.6 A plausible decomposition of Z(Q) for 1.1 K and saturated vapour
pressure into zero-sound and single-particle components.
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6.7 Density Dependence of the Condensate Fraction in Superfluid 4He

J.H. Root and E.C. Svensson

Our results (PR-PHS-P-5: 7.4; AECL-9758) for the temperature dependence of the
pair correlation function g(r) of liquid 4He at several densities p have been
analyzed in detail using the method of Hyland et al. (Phys. Lett. 3±A (1970)
465) to obtain values of the condensate fraction no(p,T). For each p, the
values of no(T) exhibit a typical order-parameter behaviour, decreasing from a
maximum value at the lowest temperature (T - 1.0 K) to zero at Tx(p). The
values of no(p,T - 1.0 K) decrease from 0.129 + 0.019 at p = 0.149 g.cm

3 to
0.068 + 0.010 at p = 0.173 g.cnr3 (just below the solidification density at
1.0 K). The value for p = 0.149 g.cm3 is in excellent agreement with the
earlier value, 0.127 + 0.020, of Sears and Svensson (Phys. Rev. Lett. 43
(1979) 2009) for T = 1.0 K and saturated vapour pressure (SVP) where p = 0.145
g.cnr3.

Our values of n0 for T = 1.0 K (effectively T = 0) provide tests for various
theoretical predictions of no(p, T = 0). Such predictions have been made (see
Manousakis et al., Phys. Rev. B 31 (1985) 7022 and Whitlock and Panoff, Can.
J. Phys. 6J5 (1987) 1409) using variational and Green Function Monte Carlo
(GFMC) methods for both the classic Lennard-Jones (LJ) potential and the
modern HFDHE2 potential of Aziz et al. (J. Chem. Phys. 70 (1979) 4330). The
GFMC(LJ) results give the best absolute agreement with our experimental
values. However, our results indicate a definite curvature to the n0 vs. ̂
relationship, very close to that exhibited by the GFHC(HFDHE2) results. In
contrast, the other calculations all give a linear dependence of n0 on p.
Since the relative values of no(p), which determine the shape of the
relationship, are probably more reliably determined than the absolute values,
our results appear to favour the GFMC(HFDHE2) calculations.

Our results are in marked disagreement with those from the X-ray studies of
Virth et al. (Phys. Rev. B 2_7 (1983) 5530) and Virth and Hallock (Phys. Rev. B
35 (1987) 89) which indicate little dependence of n0 on p. Contrary to the
contentions of these authors and of Mook (Phys. Rev. Lett. 5J_ (1983) 1454) our
analysis indicates that the method of Hyland et al. for determining no from
g(r) is equally good at high and low densities.

6.8 Crystal Structures of Solid Deuterium Iodide

B.M. Powell with A. Ikram and B.H. Torrie (University of Waterloo)

Continuing the investigations of phase transitions in hydrogen halides (PR-P-
PHS-8: 6.9; AECL-10102) measurements have been made of the powder diffraction
patterns of the three solid phases of deuterium iodide (DI). The measurements
were made with the 30-element multidetector array on the E3 spectrometer at
the NRU reactor, Chalk River. The polycrystalline specimen was prepared from
the gas using a cryogrinding procedure. The neutron wavelength was 1.49978(8)
A and measurements were made at temperatures of 145, 120, 100, 86, 70 and 15
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K. Phase I, which exists between 128 and 221.2 K, was investigated at 145 K.
It has a face-centered-cubic structure with 12-fold disordered positions tor
the deuterium atoms. The space group is either Fm3 or Fm3m. Phase II exists
between 77 and 128 K and powder patterns were recorded at 85, 100 and 120 K.
The structure is centrosymmetrie, C-centered orthorhombic with space group
Cmca. It has 2-fold disordered positions for the deuterium atoms. Phase III
which exists below 77 K was investigated at 15 K and 70 K. It is monoclinic
with lattice parameters a = 4.40 A, b = 11.99 A and c = 8.80 A and /J = 95.1°.
More detailed analysis is still in progress in an effort to find the molecular
arrangement in the unit cell.

6.9 Molecular Dynamics Simulations of TeFf

B.M.Powell with P.Y. Wong (Mathematics and Computation Branch)

Neutron powder diffraction measurements on Tellurium hexafluoride (TeF6) have
observed a high temperature body centred cubic phase and a low temperature
orthorhombic phase, space group Pnma (PR-PHS-P-7: 6.14; AECL-9995). Howevvi,
electron diffraction data for microcrystalline clusters (L.S. Bartell, E.J.
Valente and J.C. Caillat, J. Phys. Chem. 9_i (1987) 2488) show the existence of
a phase intermediate between these two. This is analogous to the comparison
between neutron and electron diffraction results for the crystal structures of
the isostructural molecule, SF6 . But the low temperature orthorhombic
structure of TeF6 is very different from the monoclinic structure found for
SF6. In an effort to understand the nature of the phase transitions in TeF,,
and why they differ from those in SF6, molecular dynamics simulations (MDS)
are in progress on TeF6. The initial calculations have been made for the high
temperature cubic phase.

The static and dynamic properties of TeF6 at 220 K were calculated using the
molecular dynamics simulation (MDS) code MDPOLY (Roger Impey, National
Research Council of Canada, unpublished) on the Cyber 990. The MDS calcula-
tions were performed using pair-wise Lennard-Jones potentials with a range of
10 A and a time step of 0.005 ps. In order to minimize the effect of small
sample size but still stay within available computer time, a simulation sample
containing 216 bec unit cells was used i.e. a total of 432 molecules. Ensem-
bles with constant energy, volume and temperature have been modeled so far.

Convergence of the calculated mean square displacement <u2> was used as the
criterion for sample equilibration. This proved to be somewhat ambiguous
since the calculated <u2> did not converge monotonically, even after 3500 time
steps. However, the thermodynamic properties converged to stable values.
Following attainment of equilibrium, particle trajectories were followed for
times up to 10.5 ps. The relevant particle parameters were collected and
stored on magnetic tapes for analysis. Table 6.9 shows the equilibrium
calculated thermodynamic properties, along with the averages of the
orientational variables <YA> and the cubic harmonic coefficients <Ki>. The
measured values for SF6 at 200 K (B.M. Powell, V.F. Sears and G. Dolling,
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1982, "Neutron Scattering 1981", ed. J. Faber Jr. (AIP Conference Proceedings
# 89)) are also shown for comparison.

Table 6.9

Quantity TeF6 SF6

Total energy, kJ/mol -34.034 + 0.098
Temperature, K 219.93 +1.19
Pressure, kbar -1.50 + 0.014
Constant volume heat capacity,
(J/mol)/K 25.93
Mean square displacement <uz>, A2 0.495

<Yj> 0.598 0.55
<Ya

2> 0.566
<Y2

2> 0.248
<Y4

2> 0.015
<Y7

2> 0.007
<K4> 1.011 1.26
<K6> 0.226 0.25
<K8> 0.382 0.52
<K10> 0.083

The negative pressure is simply an indication that the lattice parameter is not
quite compatible with the assumed potential. The single-molecule velocity
autocorrelation functions for translational motion, Z(t), and rotational motion,
C(t) have been calculated. The presence of "noise" in the autocorrelation
functions becomes apparent in the corresponding Fourier transformed power
spectra Z*(w) and C*(o>). The overall shapes are similar to those calculated for
SFt at 200 K (M.T. Dove and G.S. Pawley, J. Phys. C. Solid State H> (1983) 5969)
but the frequencies for TeF6 are much lower than those in SF6. We have also
calculated the intermediate scattering function F(Q,t) and the associated
dynamical structure factor S(Q,w) for several wave vector transfers Q. In
general the shape of the scattering functions shows a strong dependence on the
Q, but all show a rapid decay within ~ 1 ps. However, the presence of "noise"
in F(Q,t) and hence in S(Q,w) cannot be unambiguously eliminated. Consequently
some of the structure in the functions may be spurious. Attempts are in
progress to filter out the noise.

6.10 Powder Diffraction Studies of KReO4 and ND^ReOj

B.M. Powell and R.J.C. Brown (Queen's University)

Neutron powder diffraction measurements have been made on the perrhenate KReO4
and continued on the perrhenate ND4Re04 (PR-PHS-P-8: 6.10; AECL-10102). The
measurements were made on the E3 spectrometer at the NRU reactor, Chalk River.
The neutron wavelength was 1.4998 A and the MD30 multidetector was employed.
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The specimens were oscillated continuously during the measurements to minimize
effects due to finite grain size.

For KReO4, data were collected at 15 K, 150 K and 298 K and refinements at all
temperatures are complete. The crystal structure remains tetragonal (space
group I4j/a) over this temperature range, but the anion rotates on heating by
1.1° relative to the unit cell. The results have been used to calculate the
electric field gradient (EFG) at the Re-site. This shows that the observed
change in anion orientation makes an important contribution to the changes in
EFG with temperature.

For ND4Re04, improved data were collected at 20 K intervals from 20 K to 140 K.
Refinement of the data at 20 K is complete and confirms the previous assignment
of the ammonium ion orientation. Detailed refinement of the higher temperature
data is in progress.

6.11 Unusual Temperature Dependence of Vacancy Concentrations in Alloys

S.M. Kim

It has been commonly believed that vacancy concentrations in metals and alloys
either increase with temperature or remain unchanged when heated. While
studying the vacancy properties in 0-fTiAl and 0-NiGa using a pairwise bond-
energy model, it was found that in some ordered alloys, vacancy concentrations
can decrease with temperature at low temperatures before increasing vith
temperature at higher temperatures. This unusual temperature dependence can
occur only in ordered AB alloys where the bond energy between two A atoms, eAA,
is greater than that, e B B, between two B atoms, and that «BB is repulsive and
very weak. In these alloys the negative temperature dependence of vacancy
concentrations is caused by the configurational entropy, which depends
sensitively not only on the concentrations of vacancies and antistructure atoms
but also on their ratio.

6.12 Structure of the Heavy Electron Compounds CetC^A^ K)5 and

S.M. Kim and V.J.L. Buyers with H. Lin and M.F. Collins (McMaster
University) and E. Bauer (Technische Universitat, Wien)

Recently, it has been found that the substitution of Cu by Al or Ga in the
hexagonal compound CeCu5 causes a crossover from the magnetically ordered CeCu5
to the heavy electron state in Ce(CuxM1.x)5 M = Al, Ga and 0.6 < x < 0.8. The
CaCu5-type hexagonal structure CeCu5 (P6/mmm) possesses two inequivalent Cu
sites, 2c and 3g. In order to determine where the Al or Ga atoms substitute Cu
atoms, we have carried out neutron diffraction measurements on powder samples of
CeCu5, CeCu4Al, CeCu3Al2 and CeCu3Ga2. The measurements were made at 12 K, 150
K and 300 K with the 30-element multi-detector array located at the E3



6-14

spectrometer at the NRU reactor using 1.366 A neutrons from the Si(llb)
monochromator.

It has been observed that when Al atoms were substituted in place of Cu atoms,
the lattice parameters increase in both CeCu4Al (Aa/a = 1.0%, Ac/c = 1.9E) and
CeCu3Al2 (Aa/a = 2.22, Ac/c = 2.2Z). A similar increase in the lattice
parameter had already been observed with X-rays, and had been interpreted as tht-
larger size Al atoms replacing Cu atoms on 3g sites in both CeCu4Al and CeCu3Al,
(J. Solid State Chem. 23 (1978) 225), or 3g sites in CeCu4Al and both the 3B

sites and 2c sites in CeCu3Al2 (Z. Phys., to be published). When the various
distances between two atoms in CeCu5 are considered, we find that Al atoms mort
likely replace Cu atoms only on the 3g sites in both CeCu4Al and CcCu-Al , in
agreement with the conclusions reached by the former group.

If the above conjecture is valid, however, we would expect an exactly opposite-
decrease in the lattice parameter when Cu atoms are replaced by the smaller c,j
atoms. The lattice parameters in CeCu4Ga and CeCu3Ga2, however, have bevn
observed to increase with Ga substitution in a manner very similar to that in
CeCu4Al and CeCu3Al2. Thus the earlier conjecture that the location of the AJ
atoms in CeCu4Al and CeCu3Al2 can be derived from lattice parameter changes may
not be valid. The difference in the electronic bonding between Cu, Al and Ca
may play a part. Examination of the neutron diffraction data on tliô e
compounds, however, strongly indicates that Al atoms substitute exclusively on
the 3g sites in both of these compounds.

6.13 Low Temperature Phase Transitions in UPd3

S.M. Kim and W.J.L. Buyers

'ihe compound UPd3 is known to undergo a non-magnetic phase transition at lou
temperatures. Previous neutron scattering measurements on a single crystal UPd3
have sliovn a doubling of the unit cell in the a direction resulting in the
development of very low intensity satellite poaks at (h+0.5, 0, Q) positions in
reciprocal space. These satellite peak intensities have been studied in more
fktall for h = 0 and 1 and 0 < 8 < 7 at temperatures of 8.1 K, 6.3 K, 5.5 K and
4.3 K. The temperature dependence of the satellite peak intensities at (0.5, 0,
3.0) and (1.5, 0, 4.0) have also been studied in detail from 8.4 K to 4.4 K.

.An abrupt rise in the satellite peak intensity was observed at 7.1 K, and then
again at 6.2 K, indicating two possible phase transitions at low temperatures.
Vh.ile the peak intensity increased linearly with temperature from 7.1 K to 6.2
K, the peak intensity below 6.2 K showed a much stronger parabolic increase and
saturation. Attempts have been made to account for the observed satellite peak
intensities using a simple structural model. The uranium atoms on the cubic
planes were assumed to undergo quadrupole deformations and the surrounding
palladium atoms assumed to redistribute themselves. Although this simple model
can account satisfactorily for the accidental absence of satellite peaks at
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(0.5, 0, r?) (n = 0, 1, 2, 4, 6), the observed wave vector dependence of the peak
intensities at other positions can not be satisfactorily reproduced at present.

6-14 Magnetic Properties of UNi,Si-,

W.J.L. Buyers and S.M. Kim with L. Rebelsky (Brookhaven National
Laboratory) and H. Lin. M.F. Collins and T.E. Mason (McMaster University)

UNi2Si2 is a somewhat-heavy fermion system. We have made measurements of the
magnetic structure and of the magnetic excitations on the N5 spectrome'er.
There are three magnetic phases. Below about 50 K there are magnetic super-
lattice peaks at (1, 0, 1/3), (1, 0, 5/3), (1, 0, 7/3), (1, 0, 11/3) and at (2,
0, 2/3), (2, 0, 4/3), (2, 0, 8/3)and (2, 0, 10/3), but no magnetic peaks at (0,
0, ft). This indicates the presence of a commensurate longitudinal spin density
wave along c with a period of 3c. Between 50 K and 103 K, the magnetic struc-
ture corresponds to a body-centred tetragonal antiferromagnet with moments along
c and with magnetic reflections (h, 0, ft) that have h + ft = 2n + 1. Between 103
K and 123 K the magnetic peaks are found at (1, 0, Q), (1, 0, 2-Q), (1,0, 2+Q)
and at (2, 0, 1-Q), (2, 0, 1+Q) with Q = 0.256 + 0.002. This scattering
corresponds to an incommensurate longitudinal spin density wave along c. Fig.
6.14 shows the data for (1, 0, ft) scan at various temperatures. (1, 0, 1) is a
weak nuclear reflection, but (1, 0, 0) and (1, 0, 2) are not allowed as nuclear
reflections by the crystal symmetry. The occurrence of three structures at low
temperatures show that UNi2Si2 has one of the richest magnetic phase diagrams of
heavy-fermion systems.

Figure 6.14
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6.15 Spin-Wave Measurements in Antiferromagnetic Mn0 8 8Fe 0 12

T.M. Holden with E. Fawcett (University of Toronto) and K. Mikke
(Institute of Nuclear Research, Swierk, Poland)

Measurements have been made at 4.2 K of the antiferromagnetic spin waves in the
itinerant electron system Mn0 6 8Fe 0 12 by neutron inelastic scattering. The
measurements were made with the N5 spectrometer utilizing a (111) Si
monochromator and graphite analyzer with a fixed final neutron energy of 10 THz.
The samples were cooled through the Neel temperature under an applied load
producing a single domain sample which greatly simplifies the interpretation ot
the results.

Like the canonical itinerant antiferromagnet Cr the inelastic magnetic response
is strongly confined to the centre of the Brillouin zone. Constant-i/ and
constant-Q scans reveal no intensity at all except in this region. Like the
situation for Cr, the slope of the linear spin wave dispersion is extremely
steep, so that except for a measurements at the Brillouin zone centre the scans
must be constant-!/ scans. Unlike the case of Cr, however, a large anisotropy
gap of 3.5 THz is observed at the Brillouin zone centre. Measurements were made
in the (111), (002) and (110) directions up to 20 THz in the Brillouin zones
containing (001), (110) and (112). The two branches of spin waves emanating
from each zone centre are clearly resolved in constant-i/1 scans beyond 10 THz.
The results are being analyzed, taking into account the finite experimental
resolution function, in terms of the slope of the spin wave dispersion relation
and the intrinsic spin wave damping in the material.

5.1b Field-Induced Lock-in Phase in Antiferromagnetic Holmium

T.M. Holden with D.A. Tindall (Dalhousie University),
H. Steinitz (St. Francis Xavier University) and D.R. Noakes
;University of Alberta)

Ueutron diffraction measurements have been made in the (h, 0, Q) plane of
holmium in c-axis magnetic fields up to 3T using the M2 horizontal field magnet.
The measurements were made on the L3 spectrometer at NRU with 8.2 THz neutrons.
An analyser, operating at u = 0, was used to reduce higher order contamination,
alter it was found that this was more effective at improving the signal-to-noise
ratio than a graphite filter.

The main focus of interest has been the region around 98 K where it has long
been known that the spiral antiferromagnetic turn-angle passes through 45
degrees per layer. In our measurements in a c-axis field above 1.5 T we have
found the first evidence of a narrow lock-in region, which is probably reached
by rirst order transitions. No new satellites have yet been found in this
temperature range, but the intensities of the magnetic Bragg peaks (the T-peaks)
show an increase as the transition to the locked-in phase is made, then a sharp
decrease once the sample is locked-in. The 2T peaks, at twice the wave vector
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difference from the nuclear peaks, show a different but equally intriguing
behaviour and this requires further study. The region between 100 K and the
Neel point (132 K) requires further investigation, as we have not yet been able
to find unambiguous evidence corresponding to the other transitions seen in our
magnetisation measurements.

6.17 Observation of Haldane Gap in RbNlCl,

Z. Tun and W.J.L. Buyers

Neutron scattering measurements on RbNiCl3 have revealed that the magnetic
excitation spectrum of this one-dimensional (Id) Heisenberg anti-ferromagnetic
material contains a Haldane gap, a feature generally expected for a system with
integer-spin chains due to many-body quantum mechanical fluctuations. A
constant-Q scan in the three-dimensional ordered phase of the material where 0
is close to the ordering wave vector (1/3, 1/3, 1) is shown in Fig. 6.17.
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Fig. 6.17 Constant-Q scan near the ordering wave vector (1/3, 1/3, 1) showing
low-frequency Goldstone modes and a gap mode at frequency 0.56 THz.
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The lower frequency-peak, was identified as a Goldstone mode since its frequency
was found to vary linearly with |q| for small reduced wave vector q and
approaches zero for |q| -• 0. The higher-frequency mode was observed as a gap
mode with a finite frequency of 0.51 THz at the zone centre (1/3, 1/3, 1).
Since this gap frequency was much larger than the upper limit set by small
single-site anisotropy (< 0.1 THz according to spin-flop field measurement by
Cohen and Sturge, Solid State Commun. 24 (1977) 51), the mode u s identified as
the longitudinal member of the Haldane triplet in ID phase of th^ material (see
PR-PHS-P-6: 7.15; AECL-9859).

The size of the observed gap compared to the Haldane gap in CsNiCl3 is larger
and found to scale approximately with the stronger intrachain interaction in
RbNiCl3. Apart from this and differences due to different strength of
interchain interactions, the magnetic excitation spectrum is qualitatively the
same in the two materials. In particular, only a single broad peak is seen at Q
= (0, 0, 1), suggesting the magnons at that wave vector are degenerate. This
observation strengthens the observation in CsNiCl3 that the three magnons at (0,
0, 1) are degenerate even though presently available theories require at least
two magnons separated by a frequency ratio of J2 at that special wave vector.

6.18 Correlation between Hydrogen Diffusion Rate and Superconducting Behaviour
in CANDU Reactor Pressure Tubes

Z. Tun and W.J.L. Buyers with B.C. Skinner (Fuel Channel Components
Branch, WNRE)

The hydrogen diffusion rate in seven Zr-2.5%Nb samples cut from an as-extruded
ie;\ctor pressure tube and annealed at 400°C for different durations has been
measured by the tritium implantation method. The samples for this measurement
jere from the same tube (serial number H737) and were annealed simultaneously
•»ith the seven samples that have been previously subjected to electrical
resistivity measurements in order to determine the superconducting properties
(PR-PHS-P-7: 6.17: AECL-9995). The data thus provide an opportunity to
investigate a possible correlation between hydrogen diffusion and
superconductivity, both phenomena known to be strongly influenced by the
microstructure of minority 0-phase in the pressure tube material. In
particular, a correlation between hydrogen diffusion coefficient DH and
trdnjition temperature Tc was sought, since such an empirical relation, when
fijllw established, could be used to determine DH by performing a relatively
straight forward Tc measurement.
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Fig. 6.18 Observed correlation between hydrogen diffusion coefficient DH and
superconducting transition temperature Tc.

Figure 6.18 shows the observed correlation between DH and Tc for the seven
samples studied where Tc is defined as the temperature at which the slope
(dp/dT) of the resistivity, p, tends to a maximum. As expected, annealing
reduced both DH and Tc (see the inset for annealing time). The discontinuity
between samples no. Ill and IV coincides with the u-phase precipitation and
formation of Nb-enriched regions in pure /S-phase Zr-19%Nb alloy (B.A. Cheadle
(1975) CRNL-1208). This observation probably suggests that migration of Nb
atoms during annealing process is mostly confined within the 0-phase regions of
the Zr-2.5£Nb alloy which have a composition close to Zr-19%Nb.

It should be stressed, however, that the relationship presented in Fig. 6.18 is
far from being complete. First, it does not contain samples annealed beyond 24
hour even though DH is expected to be reduced further by longer annealing.
Secondly, effects of annealing at different temperatures must be studied before
the relationship could be used to determine DH via Tc measurements. Experiments
to address both requirements are in progress.
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6.19 Growth of Single Crystals of Biomatter

P. Martel

In order to obtain information by neutron scattering from biomatter, single
crystals are often desirable. In collaboration with H. Crespi (Argonne National
Laboratory) and X. Lee (National Research Council of Canada), the growth of a
single crystal of fully deuterated protein (phococyanin) has been undertaken.
The deuterated protein has been sent by H. Crispi to the Division of Biological
Sciences at the National Research Council of Canada, Ottawa, where X. Lee is
currently growing a crystal suitable for inelastic neutron scattering
measurements. Other crystals of human hemoglobin have been grown for us by H.D.
Middendorf of Oxford University and these crystals were recrystallized in D20 in
our laboratory in order to partially exchange protons with deuterons. However,
subsequent examination of cubic samples (- 2 mm on a side) indicated that these
crystals were not single.

Attempts have also been made to grow a single crystal consisting of equiinolar
amount of 9-ethylguanine and 1-methylcytosine in order to carry out inelastic
studies that would bear on stacking forces and hydrogen bonding in DNA. After
several attempts the largest crystal grown to date had a maximum dimension of 1
mm and attention is now shifting to growing another crystal consisting of
equimolar amounts of 9-methyladenine and 1-methylthymine. Recent neutron
scattering measurements on single crystals of each of these latter two base
derivations have provided information on stacking forces, and a combination of
these should yield additional information on hydrogen bond forces in regions
rich in thymine and adenine in DNA.

Two other nucleic acid base derivations have been succesfully grown in single
crys'al form and should yield new information relevant to RNA. These are 1-
methyluracil and 5-iodo-2'-deoxyuridine. These crystals have volumes of the
order of 100 mm3 and are suitable for inelastic neutron scattering studies at a
high flux reactor.

6.20 Intetaction of Alcohol with Membranes

P. Martel

angle diffraction measurements have been carried out on ethanol-bathed
membranes at the T3 spectrometer at the NRU reactor, Chalk River. The ethanol
was fully deuterated (C2D50D) and was added to aqueous dispersions of
dipalmitoylphosphatidylcholine (DPPC). With ethanol present at the 1.2 H level
the scattering showed a strong temperature dependence as follows: at 14°C the
DPPC was in the gel phase with a Bragg repeat distance of 66 + 1 A. but on
raising the temperature to 20°C this decreased to 49 + 2 A. Such a decrease in
repeat distance is consistent with interdigitation of the hydrocarbon "tails" of
DPPC resulting in a shorter headgroup-to-headgroup separation across the
bilayer. Above 38°C the Bragg repeat distance increased to 69 + 2 A, thus
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signalling that the interdigitated phase structure is not sustained at high
temperatures. Because fully deuterated ethanol was used, it has high neutron
scattering contrast with respect to DPPC and large changes in the experimental
structure factors were observed. Structure factor calculations are in progress
in order to determine where the alcohol is located in the bilayer. This
experiment forms part of a program of neutron studies to determine mechanisms of
drug action.

6.21 Location of Butvlated Hvdroxvtoluene (BHT> in Membranes

P. Martel and J.H. Root with K. Kelly and K.R. Jeffrey (University of
Guelph)

BHT is a common preservative in North American dried cereal foods. In these
experiments carried out at the T3 SANS spectrometer, the objective was to verify
NMR measurements which suggested that as membrane temperature changes from 25°C
to above the sol-gel transition at 41°C in dipalmitoylphosphatidylcholine
(DPPC), BHT molecules migrate from the centre of the bilayer to new positions
near the headgroup region.

Using 1.4 A neutrons on multilayer samples prepared by one of us (KK) we were
able to obtain five interlamellar orders of diffraction without changing
detector position. Typical results for T=25°C are shown in Fig. 6.21. The
peaks in this figure show the various orders obtained from a sample containing
20 mol% BHT. The curves (scaled by the factors indicated at the right) are
successively displaced upwards for clarity. The shaded peaks are observed when
the crystal angles are set to give maximal response for each specified order.
Thus each lattice spacing requires adjustment of the crystal angle and this
results in five curves as shown in Fig. 6.21. Counting times at each peak
position were of the order of 20 minutes.

Measurements were carried out with deuterated and protonated BHT hydrated with
pure H20, pure D20 and a mixture (50-50) of the two. These various hydrations
permitted the phases of the reflections to be determined since all structure
factors vary linearly with replacement of H20 by D20. With the choice of origin
for Fourier scattering density profiles at the bilayer center, even-order
reflections were observed to increase while odd-order ones decreased linearly
with replacement of H20 by D20. After normalization of the Fourier profiles in
the interbilayer (aqueous) region, differences in the complete profiles across
the Bragg repeat distances indicated the location of BHT in various deuterated
and protonated pairs of data.

The neutron results have been found to be in agreement with NMR measurements and
provided very precise values for the centroid positions of the BHT molecules.
These measurements form part of an exploratory study with the University of
Guelph aimed at building a spectrometer suitable for biophysics studies.
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6.22 NQR Experiments on PrBr,

W. Wei with S. Su and R.L. Armstrong (University of Toronto)

Bromine nuclear quadrupole resonance (NQR) experiments have been performed on a
crystal of PrBr3 using the Oxford dilution refrigerator in the temperature range
between 120 mK and 4.2 K. The resonance frequency v and the relaxation
parameters Tx (spin lattice) and T2 (spin-spin) were measured for both the 79Br
and 81Br isotopes. The Pr ions form quasi-one dimensional XY chains along the
hexagonal axes. The Tx data will be analyzed to provide a test of the one-
dimensional XY dynamics and the results compared to those obtained earlier for
PrCl3. The T2 data are unusual in that the values deduced depend on the pulse
sequence used for the determination. This could be explained if the results
represent a mixed dipolar/quadrupolar response with the mixture ratio depending
on the nature of the pulse sequence. This possibility will be investigated. A



6-23

phase transition, believed to be due to spin Peierls dimerization, was detected
at 125 mK which is much lower than that expected.

6.23 Dilution Refrigerator

W. Wei, H.F. Nieman and R.L. Donaberger

A reliable temperature measurement system is very important for low temperature
physics. The carbon resistors originally installed by Oxford on the 200 tiV
dilution refrigerator have aged over the years, resulting in a change of the
temperature calibration. Two new and calibrated germanium sensors have been
recently mounted on the copper finger near the sample. The first one (Cryocal
9112) works in the temperature range of 20 mK and 1.7 K and the second one (Lake
Shore 23397) works in the range of 1.4 K to 120 K. They have been used to
calibrate the carbon resistors and have helped to solve some ambiguities in the
temperature reading in some previous measurements.

The leak in the coarse needle valve for the 1 K pot has been essentially cured.
This makes the operation of the dilution fridge possible.

At present, the lowest temperature accessible in this fridge is about 120 mk.
It is expected that the temperature will go even lower with the planned
improvement of the booster pump.

6.24 Corrosion-Resistant High Temperature Furnace

D.C. Tennant and B.H. Powell

An investigation of the tricritical phase transition in calcite at 12 K (PR-P-
PHS: 7.10; AECL-9758) was not fully completed because the required specimen
environment severely damaged the high-temperature furnace. The experiment
required a C02 atmosphere in the furnace and at high temperatures this gas
corroded the graphite heater, the radiation shields and the thermocouples. In
view of this damage, to complete the calcite measurements and to allow other
experiments with a hostile environment at high temperature, a new corrosion-
resistant high temperature furnace was designed.

The essential feature of this new furnace is a silicon carbide heating element
able to sustain an element temperature of 1600°C in a C02 environment. The
cylindrical element surrounds the specimen and has a spiral cut in that region
to enable it to operate as a resistive heater. The neutron transmission of the
heater has been measured to be 85Z. The thermal radiation shields of Mo are of
the "foil-wrap" construction used in the previous furnace. This gives a highly
effective shield with a very simple construction. The specimen will be loaded
from the bottom and improved access to it will facilitate specimen changes.
Since many experiments will not require the corrosion resistant heater, the
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furnace design allows this to be replaced by a conventional graphite heater.
The new furnace is presently under construction.

6.25 DUALSPEC Hultivire Detector

D.C. Tennant and B.M. Powell with J.-J. Gagelin and C. Janin
(Division Leti, CENG, Grenoble, France)

Construction of the 800-element multiwire detector for the high resolution
powder diffractometer of DUALSPEC was completed at Division Leti, Grenoble. A
set of performance specifications were written as criteria for acceptance of the
detector prior to its shipment to Chalk River. D.C. Tennant visited the CENG
laboratories in Grenoble to conduct these acceptance tests on the detector. The
tests were carried out at the reactor, SILOE, Grenoble, during the period 1990
March 26 - April 13. The detector met or exceeded all specifications except
that for background due to electronic noise. The comparisons of detector
performance versus specifications are shown in the accompanying table.

Extensive background measurements were continued after the period of acceptance
tests. They show the "average" background due to electronic noise is - 5
counts/hour/cell. However, the background is non-uniform, with a sharp peak
centered at approximately cell number 600. At this peak the background is - 20
counts/hour/cell. After further extensive tests, it is believed the peak is
caused by a localized alpha particle emitted in the detector.

In service, the background from the specimen and its environment will be an
order of magnitude greater than that due to the electronic noise. Consequently,
despite the failure to meet the background specification, the detector has been
accepted. An accurate measurement of the electronic noise background will be
made "in situ" at Chalk River, and if required, this background will be
subtracted from the experimental data following a measurement.
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Comparison of measured detector performance and specifications

Specification Measured

1. Resolution < 40Z 247.
2. Homogeneity < + 10Z +2.47.
3. Cross talk.

Fraction of counts on adjacent
vires with a narrow beam
centered on a wire <0.02 0.015

4. Count stability over
24 hours period +1Z + 1Z

5. Efficiency
X = 1.15 A 34.8Z
A = 2.5 A ±48Z 56.0Z

6. Counting losses at count
rate of 10 KHz <5Z 3.5 + 0.5%

7. Electronic background noise 2.5 counts/hour/cell 5.0 counts/hour/cell
20 counts/hour/cell
at 600

6.26 Spectrometer Control System

M.M. Potter with G.H. Keech (Mathematics and Computation Branch)

The following changes have been made to the spectrometer control system.

The Zeta 8 plotter has been replaced with a Zeta 912 plotter and the new PLOT
program was modified to maintain compatibility with the new plotter.

Two new output options have been added to the data translation program TRANS.
The first option creates a data file that is compatible with the Generalized
Structure Analysis System GSAS program which was acquired from Los Alamos
National Laboratory. The second option creates a data file that is suitable for
the Matlab program running on a Macintosh computer.

6.27 DUALSPEC Control System Program

M.M. Potter with F. Chen, R. Donaberger (McMaster) and G.H. Keech
(Mathematics and Computation Branch)

The user interface section of the control program has been developed and tested.
It uses the screen management subroutines that are supplied with the VMS
operating system to handle all input and output to the console terminal. The
interface supports LOG ON and LOG OFF commands. When the LOG ON command is in
effect all terminal input and output will be written to a log file on disk.
This will be a very useful tool for debugging the program.
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The section of the program that controls the positioning of the spectrometer
angles has been developed and it is currently being tested. This code
implements the REMOTE CONTROL and MANUAL CONTROL functions in addition to the
control functions that are used when collecting data.

The 800-vire detector section of the program is being developed. It will
support two modes of data collection. One mode vill be used to calibrate the
detector. It will store the data from individual wires as they are scanned
through a narrow neutron beam and automatically fit the data to a Gaussian. The
output from this mode will be the efficiency and spacing for each wire. The
second mode will scan the detector through a selected angular range at a
specified resolution and store the data as a single scan.

6.28 Filter Modules for DUALSPEC

H.F. Nieman, P. Moss and T. Eve

The filter modules for the C2/C5 facilities at NRU have been completed and
inserted into their respective spectrometers. The assembly of the cryostats and
the filter material sapphire and beryllium, was completed in 1990 January.
Subsequently, the cryostat filters were helium leak tested at temperatures of
300 K and 77 K, then temperature cycled many times and finally liquid nitrogen
hold-time tests were performed.

The C2 filter developed a leak after initial temperature cycling. The leak was
located and repaired by the condensed matter physics department. Both cryostat
filters have liquid nitrogen hold-time of - 30 hours

6.29 Reactor Beam Hole Use

H.F. Nieman

The total NRU operating time was 144 days.
holes was as follows:

Utilization of the occupied beam

Beam
Hole

E3
L3
N5
T3

No. of
Experiments

16
15
12
12

No. of
Participating
CRNL
Scientists

5
7
6
4

No. of
Participating
Non-CRNL
Scientists

10
5
9
7

Efficiency (Z of
available reactor
operating time
used for
experiments')

95Z
97Z
98Z
95Z
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6.30 Sudburv Neutrino Project

E.D. Earle, K.M. McFarlane and J.D. Hepburn

Construction on the Project has now begun following an excellent report from
the NSERC/DOE review of this project in 1989 October, and the approval of the
federal component of the funding early in January.

INCO began detailed design work immediately and excavation of the access drift
and auxiliary rooms early in February. The phase III component of the INCO
work, up to the end of the cavity excavation, is scheduled for completion in
1992 May.

In collaboration with other SNO personnel, Requests for Proposals to seven
engineering, design and project management firms were issued and evaluations
made of the five submitted proposals. The Monenco/Canatom consortium was
selected for the bulk of the engineering design and project management.

The management and staffing structure for SNO has now been clarified. Of the
AECL staff involved one (EDE) is an associate director. In addition to
monitoring and evaluating the progress of various aspects of the project, he
has particular responsibility for the acrylic vessel and to participate in
technical and scientific decisions. One (JDH) will be working full time on
SNO as Detector Project Manager with particular responsibility to monitor the
R&D work packages for schedule, costing, resources etc., concentrating on the
work of the physicists in the collaboration. One (KMM) has transferred from
Engineering Design Branch to NSSP to act as the owners engineering and
operations representative. He has been and will continue to closely monitor
the engineering work of INCO and Honenco and to serve on the vessel
coordinating committee with E.D. Earle, Phil Cumyn of Monenco and Dr. Peter
Doe, LANL.

6.31 Trace Analysis of Acrylic for Th and U

E.D. Earle, E.T.H. Clifford, R.J.E. Deal, R.H. Martin, S. Kramer with G.
Milton (Enviromental Research Branch) and V.J. Edwards, M. Hurteau and
F. Miller (General Chemistry Branch)

As outlined in the PR-PHS-P8: 6.27; AECL-10102, the program to monitor acrylic
for Th and U continues on three fronts a) mass spectroscopy b) alpha-counting
and c) neutron activation.

a) Many 1 kg samples of acrylic have been vaporized and analyzed by mass
spectroscopy. The Th and U concentrations in ten samples of Cyro acrylic in
pg/g were
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Th
U

in

Th
U

in

Th
U

11 8
6 3

six samples

12
5

nine samples

4 9
4 5

of

4
2

of

11
4

Polycast

Rohm

5
5

5
3

15 15
4 2

material

6
3

material

4 6
5 5

5
1

6
3

4
2

3(3)
4(5)

16
4

4(4)
6(8)

66
8

8(8)
10(13)

8
3

4(4)
3(4)

18
3

Four of these samples were split into two lots for mass spectroscopy at CRNL
by thermal ionization and at NRC by inductively coupled plasma (in
parenthesis). The agreement between the two methods varied, the Th by 28, 6,
8, and 4Z, the U by 13, 40, 22 and 24*. The CRNL U values were all lower than
the NRC values.

One Rohm and two Cyro samples were vaporized at 300°C rather than at 500°C.
This slow burn takes one week instead of one day. The concentrations in pg/g
were

Th 5 39 6
U 5 2 5

Three samples were spiked with Th and U with 92, 95 and 983J recoveries
recorded after vaporization, rinsing and preparation for mass spectroscopy.

These results suggest that there may be some heterogeneity in the Th and U
concentrations particularly in the Cyro material but the average Th and U
concentrations appear to be significantly less than 10 ppt.

However, in spite of good recovery efficiency from the spiked samples and the
consistency in the many samples analyzed, there is a concern that Th and U may
be lost during the vaporization of the acrylic. This concern is primarily due
*o the results from the vaporization of a sample whose Th concentration had
previously been measured by neutron activation and gamma-counting to be 9 ng
or 237 pg/g but measured only 2.2 ng by mass spectroscopy. In fact this
sample was split into two lots for mass spectroscopy and only one of the two
showed a significant difference in the measured Th, i.e. 1 ng by mass spect.
compared to 7 ng by gamma-counting. The other measured 1.3 and 1.5 ng. Also
some of the neutron activation results are in the range 20 to 150 pg/g for Th
which is much higher than the the mass spectroscopy results. Additional
comparisons between methods a) and c) and a few more slow burns are required
to determine if method a) has the required reliability for the SNO project.
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b) See P̂ .-PHS-HS-g: 3.5.2; AECL-10197 by G M Hilton.

c) The neutron activation results continue to show significant variability
from sample to sample. Th concentrations from 2 to 200 pg/g have been
measured. One sample measured at CRNL to contain 240 pg/g of Th was divided
into four lots and counted at Queen's University. Concentrations from 50 to
600 pg/g with 10 to 30Z statistical uncertainties were observed in a series of
14 measurements and suggest significant inhoraogeinity in this Polycast sample
which was taken from the same sheet that provided many mass spectroscopy
samples at 5 pg/g or less.

Two pieces of acrylic had their surfaces shaved off with a laser cutter at the
NRC Montreal Labs. The surface and core components were separately irradiated
and gamma-counted for Th. In both cases the concentration of Th in the surface
components was significantly higher than in the cores (the surface/core ratio
in pg/g was 22/4 and 78/3). These results suggest either surface contamination
during the manufacture of the sheet or during the mechanical cutting of the
sheet at CRNL prior to shipping to ̂ 5RC for the laser cut.

Several attempts to measure the Th concentration of doubly distilled deionized
water have been unsuccessful and two attempts tc dissolve irradiated acrylic
monomer (the main ingredient in acrylic) in perchloric/nitric acid resulted in
the destruction of the glassware. This dissolution procedure works well for
acrylic samples. A new well-shaped Ge detector has been purchased and placed
in a Nal anti-compton shield borrowed from the University of Montreal. This
facility is operational (see Progress Report 6.36 by Martin et al) and can be
used to count samples of irradiated acrylic before or after the Pa and Np have
been chemically separated.

6.32 Induced Radioactivity from Industrial Radiation Processing

M.A. Lone

Theoretical studies (PR-PHS-6P: P.7.12P) of the significance of radioactivity
induced from radiation processing was extended to a broader range of
industrial materials. For this purpose a comprehensive review was conducted
to identify the sources and magnitudes of natural background radioactivity
that is commonly present in various industrial materials. The computation of
the induced activity was extended to include the isomeric excitations by
inelastic scattering.

Analytic expressions were derived for rapid quantitative estimates of induced
radioactivity from processing with electrons and gamma rays. The necessary
nuclear data base is generally available in the open literature. It was found
that the primary uncertainties in the estimated activities are due to
uncertainties in the amounts of trace chemical impurities that cause
radioactivity. Table 6.32 and Figure 6.32 lists the dominant activity that
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would be produced by processing of meat with 10 HeV electrons. Just after
irradiation the total induced activity is 7.5 mBq/(kg.kGy). Five days after
processing the induced activity will be reduced by a factor of 300. In
contrast the background from naturally occurring long-lived 40K and 14C
radioisotopes is, respectively, 61 and 29 Bq/(kg).

ACTIVITY

Nuclides

1 9 9Vrr
69Zn

All

TABLE

INDUCED FROM PROCESSING

Half-life

43 m
56 m
15.2 h
>1O m

6.32

OF HEAT WITH 10 MeV

Activity (mBq/kg.
T=0 T= 5

2.1
1.4
3.9
7.5

0.
0.

ELECTRONS.

kGy)
days

016
024

..2
l . : t ; i ACTIVKE3 l)Y 10 !•'•>:' ELECTRONS

'" ?!( 2H 4H 311 15H ID 5Q 100 200 1M 6M I2M

*!ME AfTEH SRR4QJATI0N

Fig. 6.32
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6.33 Accelerator Neutron Sources for Radioscopy

M.A. Lone with B.G. Chidley (Accelerator Physics Branch)

The physical characteristics required of neutron beams to be suitable for
neutron radioscopy are well established and several facilities are in use at
multi-purpose neutron research establishments. However, a continuing growth
in the use of neutron radioscopy in defence and aerospace industries is
creating a need for dedicated facilities for in-house use. A comprehensive
assessment was conducted for accelerator requirements for generation of
neutron beams for these facilities.

For neutron radioscopy a homogeneous beam of thermal or cold neutrons is
required whose cross section is large enough to irradiate the object to be
inspected and whose intensity is sufficiently high to allow inspection to be
made within a reasonable time. To obtain good image sharpness, the neutron
beam should be well collimated, with the neutron source diameter (D) much
smaller than the source-to-detector distance (L). Satisfactory radiographs
can be obtained with L/D ratio greater than 50. Throughput criterion suggest
a thermal neutron beam with a flux of about 106(cm2.s). This will need a
thermal neutron source with a flux of 4 x l010(cm2.s)

Copious amounts of neutrons can be produced by bombarding a suitable target
with fast moving hydrogen ions or with high energy photons (X-rays) which are
themselves produced by bombarding a heavy metal target with fast electrons.
Total neutron yields for some of the prominent source reactions utilizing low
energy accelerators are given in Figure 6.33. Of these the Be(p,n) and the
Be(d,n) reactions with respective Q values of -1.9 MeV and 4.4 MeV are the
most important for high flux thermal neutron sources with low gamma-ray
background.

For a precise calculation of thermal neutron fluxes from thick Be targets one
needs double differential cross sections as a function of the ion energy and
the neutron emission angle. A complete set of these data is not available at
this time. However a reasonable estimate can be obtained by considering a one
energy group primary neutron source approximation as:

En = 0.25 ( Ep - 2) for protons and
En = 0.25 ( Ed + 4) for deutrons

Table 6.33 lists the ion beam currents that would be required to generate
thermal neutron flux of 4 x l010(cm2.s) needed for suitable dedicated
facilities for neutron radioscopy.
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TABLE 6.33
NUCLEAR SOURCE REACTION CHARACTERISTICS

Case

1
2
3
4
5
6
7
8
9

Beam

d
p
P
p
P
P
d
d
d

Target

T
Li
Be
Be
Be
Be
Be
Be
Be

Energy
(MeV)

0.3
2.5
6.0
12.0
20.0
30.0
3.0
6.0

20.0

Current
(flA)

100,000
1667
357
103
50
31

1544
539
91
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6-34 Response of Self-Povered Flux Detector to Electrons

M.A. Lone

A self-powered detector (SPD) is a simple passive device that consists of a
coaxial probe, having a metallic outer sheath, a mineral oxide insulator
layer, and a metallic central wire usually called the emitter. SPDs are used
in high radiation environments in nuclear reactor cores for monitoring of
neutron and gamma fields. These robust and radiation resistant probes would
be attractive for the on-line beam monitoring of high power, medium energy (10
MeV), low resolution electron accelerators being developed for industrial
radiation processing.

On-line monitoring of electron beam energy is necessary for quality control
and regulatory requirements of the radiation process. In particular radiation
treatment of foods is permitted with electrons of energy up to 10 MeV for
safeguard against induced activity. Even a significant drift of the beam
towards lower energy can be detrimental since the depth dose characteristics
depend crucially on the electron energy.

1.2
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Responses of various types of SPD's to electrons and gamma rays were simulated
with the MC code SANDYL. The sensitivity of theso probes to secondary
radiation from target-products was also investigated. These studies show that
the charge collected at the inner electrode provides a noise free quantitative
measure of the beam intensity. By a judicious choice of the thickness of the
outer sheathing material the SPD's can be used as threshold detectors for on-
line monitoring of the energy spectrum of the electron beam. Using Monte
Carlo computer simulations a multi-wire SPD probe design and signal analysis
protocol was developed that look very promising for on-line beam energy
analysis as indicated by Figure 6.34.

6.35 SNO Gamma-Ray Detector System

R.H. Martin, E.T.H. Clifford, R.J.E. Deal, E.D. Earle and J.G.V. Taylor

A 25% efficiency well-type Ge detector has been set up within a large NaI(T2)
Compton suppression shield. It is to be used to look for Th at concentrations
of < 5 x 10"12 in samples of acrylic being tested for use in the SNO project.
The Compton suppression is adjusted to minimize the background at 312 keV, the
energy of the principal gamma-ray from the decay of 2 3 3Pa, the daughter of
2 3 3Th produced by neutron activation of 2 3 2Th. A series of tests with and
without suppression and with various confgurations of lead shielding were made
to optimize the background. It was also necessary to minimize microphonic
interference and relocate a video display terminal which was also a source of
noise. To date the best arrangement gives a background of - 2 counts per hour
per keV energy internal in the region of 312 keV. This is of the same order
as the best results reported from other laboratories of the SNO collaboration.
For samples that can be placed within the Ge well for signal/background ratio
should be better than from any other available facility.

A computer has been installed to record and analyze these measurements. It
consists of an 80386 microprocessor running at 25 MHz with 64 kilobytes of
fast cache memory anc! 4 megabytes of RAM. The system includes a 50 megabyte
fixed disk, 3 1/2 - and 5 1/4-inch diskette drive and an 80 megabyte internal
tapo driver for back-up.

A N'uCLEUS PCA-II MCA board and its control software are used for data
acquisition. Programs have been written to adapt analysis software developed
at TRIUMF and VNRF. for use with the microVAX networks. Progress has also been
mad'; in getting CRNL analysis software to run on this system.
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6.36 Shielding for the SNO Ge Detector System

H.C. Spenceley

The SNO Ge detector system (previous paragraph) consists of a Ge well crystal
which is inserted horizontally into a shielded Nal annulus. To change samples
the Ge detector, which is attached to a 30-L LN2 dewar, must be withdrawn from
the Nal and its surrounding lead shield and then repositioned accurately.

To reduce microphonic vibrations the system is set on a concrete bench
supported by piers isolated from the building. A 50 mm thick lead castle was
erected around the Nal detector from 200 x 100 x 50 mm lead bricks with
openings cut as needed. The main part of the completed castle is 650 x 500 mm
by 550 mm high. A secondary access hole in the top of the Nal annulus is
blocked with a 76 x 76 mm Nal detector separately shielded. Below the centre
of the detector 100 mm of lead is placed between the Nal and the bench.

The Ge dewar is located with brass angle tabs on a plywood box stiffened with
brass bar stock. This box is - 250 mm high, adjusted to set the Ge detector
coaxial with the hole in the Nal. The box is located, also with brass angle
tabs, on a 500 x 500 x 6 mm AQ. plate which rolls on two double rows of 12.7 mm
steel balls set in 6 mm acrylic retainer strips. The balls in turn roll on
steel tracks aligned and shimmed horizontal on steel cross bars located to the
bench edges with brass angles. This design allows smooth and reproducible
positioning of the detector without need for holes or anchors in the concrete
bench.

6.37 Multiwire 3He Neutron Detectors

G.A. Sims, J.J.-P. Bolduc, D.C. Tennant, J.G.V. Taylor and B.M. Powell

(1) 13-Wire Detectors

(a) MAC-1-9-13

This circular detector has been filled and initial tests indicate
satisfactory performance. Tests at T3 have been delayed by the full
schedule of experiments there.

(b) MA-2-9-13

After operating for nine months, this detector became noisy. Repair
of a gas leak in the H.T. connector to the SF6 chamber and
replacement of the SF6 cured the problem. No degradation in the
performance of the counter itself has been observed.

(c) MA-3-9-13 (Dualspec)
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The parts for this detector have been completed and assembly has
begun. The anode board has been wired on the grid winder and is
ready for installation. Final assembly awaits the delivery of
vacuum-sealed LEMO connectors.

(2) MA-4-9-150 (150-wire detector)

Design work has been put on hold to give priority to the MAB-1-0-80
and MAXY-l-O-36 detectors.

(3) MAB-1-0-80 (80-wire curved detector)

This detector is being designed to replace the existing 30 detector
array (MD30) at the E3 neutron spectrometer.

The 80 detector cells lie on a 12° arc of radius 1455.3 mm (180/*
inches) with a spacing of 3.81 mm (0.150 inches or 0.150°). The
design requires a compromise among filling pressure (i.e.
efficiency), window height and thickness and maximum window
deflection. These have been chosen as 0.8 MPa, 120 mm by 5 mm and
0.5 mm respectively. With an 8 mm anode-to-cathode spacing these
should give detection efficiencies of 80% at 2.5 A and 65% at 1.5 A.

Tests made show that machinable glass anode supports can be given
the required curvature by shaping at 427°C. It is proposed to make
the anode frame spacers of Invar because tests show that the
expansion of steel or aluminum while vacuum baking would cause the
anode wires to sag.

(4) MAXY-1-0-36 (XY detector)

Preliminary design work has begun for a two-dimensional position-
sensitive (XY) detector. The prototype will use the same circular
shell design as MAC-1-9-13. This will accommodate a sensitive area
of -150 x 150 mm divided into 36 x 36 4 x 4 mm cells. Since the X
and Y signals will be taken from orthogonal cathode planes, only one
anode H.V. connection will be required. This may eliminate the need
for an SF6-filled dry box for the signal leads.

6.38 Curved Detector Design

G.A. Sims with R.B. Hampel (Mechanical Design Branch)

The mechanical design of MAB-1-0-80 has been developed on the Mechanical
Design CAD system. The drawings are over 90% complete. Because parts
cannot be machined to a 1455 mm radius at Chalk River, negotiations are in
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progress to have them made at the Science Technology Centre of Carleton
University.

6.39 Multivire Detector Electronics

J.J.-P. Bolduc and D.C. Tennant

Modular multiwire detector electronics are under continual development.
Recent work aimed at reducing low-level crosstalk and ground loops and
improving line-driving capability, has included improved packaging, better
isolation of power supplies and the addition of differential line drivers.
In addition, all channels have on-board adjustable gains, analog test
outputs, a common discrimination threshold and a constant width output
pulse to allow accurate dead-time corrections. At the end of the period,
art work was being laid out for the revised circuit boards. For detectors
with large numbers of wires, the future incorporation of circuits developed
for the large French detectors is being investigated.

6.40 Bragg-Curve Detector for AMS

G.A. Sims, H.C. Spenceley and J.G.V. Taylor with H.R. Andrews
(Nuclear Physics Branch)

An additional entrance window (0.25 mg/cm2) was added to this detector (PR-
PHS-P-6: 7.32; AECL-9859). Mechanical and electrical modifications were
made to several of the copper electrodes to improve detector performance.
A variable entrance aperture was built and mounted on the outside of the
entrance window flange. Further tests and measurements are being carried
out.

6.41 Ge Detector Servicing

J.J.-P. Bolduc

Maintenance work was done on three Ge spectrometers during the period, one
each for Chemical Operations, Environmental Research and Fuel Engineering
Branches.

6.42 Computer-based Multichannel Analyzer

R.H. Martin

A NUCLEUS PCA-II multichannel analyzer board and associated control
software has been acquired for the AST 80386 computer. This allows data
accumulation from the Radionuclide Metrology Ge detector into 8192 channels
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and display of the spectra. The data are directly available for detailed
analysis. For routine use this system replaced a Canberra Series 85
analyzer and PDP-11/23 computer which are still available for applications
not requiring file transfers or sophisticated analysis. The new analyzer
is identical to the one incorporated in the SNO detector system (PR-PHS-P-
9: 6.36; AECL-10196), and if need be, each can serve as a back-up for the
other.

6.43 Standards Issued

R.H. Martin

(a) Standard Sources (by Branch)

^Co
90Sr
10'Cd
133Ba
133Ba
137Cs
'K4Ce
226 T h

Nuclear Physics
Dosimetric Research
Nuclear Physics
Dosimetric Research
Nuclear Physics
Radiation & Industrial Safety
Dosimetric Research
Nuclear Physics

(b) Standard Solutions (by Branch)

1 4 A pp

1 4 7 pjji
Dosimetric Research
Environmental Research

Glassblowing Laboratory

(1)
(3)
(1)
(A)
(1)
(5)
(1)
(1)

(2)
(2)

D.A. Doering

Work completed during the period is listed by Branches.

Chemical Operations ("Ho Production)

One hundred and ninety-eight standard alumina columns and 10 special
alumina columns were fabricated.

Dosimetric Research

Four cold traps, six ion exchanger column units and a vacuum manifold were
built for bioassays.
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Chemical Engineering

Four large double bypass reduction tubes were built. Two old vacuum-
balance tubes were modified and two new vacuum-balance tubes made.

Environmental Research

A complete new vacuum system was constructed together with sixteen glass
connectors for tritium dispersion experiments.

Nuclear Physics

Two new quartz aerosol generators were built for ISOL experiments. Twenty-
four ultra thin silicon discs were cut with a diamond core drill. A quartz
piece was made to hold these discs in a furnace.

The glassblowing laboratory's programmable annealing oven was used for heat
treating copper parts.

Fuel Engineering

Ten quartz sample holders were made.

Accelerator Physics

Seven ceramic samples and 10 fused silica sample holders were prepared for
measurement of high temperature dielectric properties.

System Chemistry and Corrosion

A complete new vacuum rack was constructed together with 200 quartz sample
ampoules.

Waste Management

Twelve sample tubes were made for sampling drums of waste for analysis.

General Chemistry

Two complete reaction apparatus were made for the analysis of acrylic to be
used in the Sudbury Neutrino Observatory (SNO) project.

NSSP

One quartz furnace tube and ten other pieces of Suprasil quartz were made
for acrylic analyses for SNO. Sample strips of machinable ceranic were
successfully bent to a 145-cm radius in a steel jig heated in the
programmable annealing oven. This technique will be used to make wire
supports for a curved proportional counter.
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Nordion International

During the period the Nordion glassblower became ill. To maintain
radioisotope production, the following pieces were made under contract:

- 11 four-necked boiling flasks
- 7 131I flanged domes
- 8 "Mo 300 ml headers
- 5 "Mo flow indicators
- 12 "Mo glass connectors
- 8 "Mo 500 ml holding headers
- 8 "Mo waste headers
- 23 "Mo production headers
- 3 131I product reservoirs
- 14 133Xe crush ampoules
- 4 "Mo dispensing burets
- 12 quartz test tubes
and 42 modified Buchner funnels.

6.45 Mechanical Laboratories

H.C. Spenceley and L.E. McEwan

In the Building 116 laboratory, about 60Z of the time went to multiwire 3He
neutron detectors for the CMP group and 15Z to crystal cutting for CMP.
Ten percent was spent on the SN0 Ge detector system and 5Z each for Nuclear
Physics (crystal cutting), radionuclide metrology (sample changer repairs)
and glassblowing (micro-adjustable lathe chuck for joining pieces off-
centre) .

The single bent silicon monochromator (111) is just about completed. The
drive screw and followers are finished and assembled. The silicon blocks
have been drilled and mounted and the fine adjustment mechanism is
completed. All that remains is to mount the drive motor.

The monochromator stacks for Dualspec have been completed and are now being
wired. The Dualspec filter drive motors were adapted and mounted.

A series of twelve polyethylene cans were manufactured for acrylic
experiments for the SNO project.

Three thin-walled vanadium and six thin-walled aluminum cans were made for
powder sample experiments.

Two aluminum-stainless steel transition pieces were manufactured to repair
the N5 filter.
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The Eulerian cradle was disassembled, lubricated and reassembled. A
regular maintenance program has been started for it.

Seven fixtures were made for holding samples for the ANDI experiments and
six crystal mounts were manufactured.

6.46 Heat Capacity of Crystalline and Amorphous Ice from Neutron Scattering

V.F. Sears with E.C. Svensson and J.H. Root

PR-PHS-P-9: 7.2; AECL-10196

6.47 Detection of Hydrogen in Zirconium Alloys by Neutron Reflectometrv

V.F. Sears and W.J.L. Buyers

PR-PHS-P-9: 7.4; AECL-10196

6.48 PUBLICATIONS AND LECTURES

Publications

SPIN FLUCTUATIONS IN SUPERCONDUCTING YBa2Cu306 5
J.M. Tranquada, U.J.L. Buyers, H. Chou, T.E. Mason, M. Sato, S. Shamoto and
G. Shirane
Phys. Rev. Lett. 64 (1990) 800

COMPARISON OF NEUTRON ELASTIC AND INELASTIC SCATTERING FROM FUSED QUARTZ,
CAB-0-SIL AND AEROGEL
J.H. Root, W.J.L. Buyers, J.H. Page, D.W. Schaefer and C.J. Brinker
Mat. Res. Soc. Symp. 166 (1990) 379

COMPUTER SIMULATION OF IMMERSION QUENCHING FOR URANIUM-0.8 WEIGHT PERCENT
TITANIUM ALLOY IN WATER: ANALYTICAL PREDICTIONS AND EXPERIMENTAL ALLOY
G.M. Ludtka, K.W. Childs, G.A. Aeamayo, K.H. Luk, J.E. Park, A. Salinas-
Rodriguez, T.M. Holden and J.H. Root
Conf. Proc, 1990 TMS Annual Meeting, Anaheim, California, 1990 Feb. 19-22

EFFECT OF HEAT TREATMENT AND UNIAXIAL COMPRESSION ON THE RESIDUAL STRESSES IN
A URANIUM-0.8 WEIGHT PERCENT TITANIUM ALLOY MEASURED BY A NEUTRON DIFFRACTION
TECHNIQUE
G.M. Ludtka, Salinas-Rodriguez, T.M. Holden, J.H. Root, S.R. MacEwen
Conf. Proc, 1990 TMS Annual Meeting, Anaheim, California, 1990 Feb. 19-22
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NON-INVASIVE MEASUREMENT OF STRAIN AND TEMPERATURE BY NEUTRON DIFFRACTION
T.M. Holden, J.H. Root, D.C. Tennant and D.E. Kroeze
Conference Proceedings, Gas Turbine and Aeroengine Congress and Exposition
Brussels, Belgium, 1990 June 11-14, American Society of Mechanical
Engineers, 90-GT-324, p 1

EFFECT OF HEAT TREATMENT AND UNIAXIAL COMPRESSION ON THE RESIDUAL STRESSES IN
URANIUM-0.8 WEIGHT PERCENT TITANIUM ALLOY MEASURED BY NEUTRON DIFFRACTION
G.M. Ludtka, T.M. Holden, S.R. MacEven, A. Salinas-Rodriguez and J.H. Root
Proceedings of the Materials Research Society Fall Meeting 1989, Boston
Massachusetts, 1989 November 27 - December 2.

INTERGRANULAR CONSTRAINTS IN POLYCRYSTALLINE ZIRCALLOY-2
R.A. Holt, T.M. Holden, A.R. Causey and V. Fidleris
Proceedings of the 10th Riso International Symposium on Metallurgy and
Materials Science, Riso National Laboratory, Roskilde, Denmark, 1989

THE USE OF NEUTRON DIFFRACTION TO DETERMINE NON-DESTRUCTIVELY THE RESIDUAL
STRAIN AND TEXTURE IN WELDS
R.R. Hosbons, E.F. Ibrahim, T.M. Holden and J.H. Root
Proceedings of the 2nd Int. Conf. on Trends in Welding Research, Gatlinburg,
Tenn. 1990 May 14-18

ACTIVATION PRODUCTS IN RADIATION PROCESSED MEAT
M.A. Lone, P.Y. Wong, J. McKeown, K. Mehla and J. Earnard.
Proc. Symposium on Radiation Protection: Present and Future
Chalk River Nuclear Laboratories, 1989 March
Atomic Energy of Canada Ltd. Report AECL-9959 (1989) 213

NEUTRON DIFFRACTION FROM CANNABINOIDS IN PHOSPHOLIPID MEMBRANES
P. Martel and F.U. Ahmed
Ciiem. and Phys. Lipids 122 (1990) 69

LAP.L-iE SCALE OSCILLARY MOTIONS IN MYOGLOBIN
P. Martel and h. Lin
Journ. of Biological Physics .17 (1989) 137

INTERCOMPARISON OF SMALL BIOMOLECULES BY GEL FILTRATION AND SMALL ANGLE
SCATTERING
P. Martel, T.M. Stepanik and A.G. Szabo
Analytical Biochemistry 186 (1990) 350

COMPUTATION OF SMALL ANGLE NEUTRON SCATTERING FUNCTIONS FOR MOLECULES OF
ARBITRARY SHAPES
F.H. Ahmed, P. Martel and A.M. Khan
J. Phys., Indian Academy of Science 34 (1990) 303
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CELLULOSE STABILITY AND DELIGNIFICATION FOR ALKALINE HYDROGEN PEROXIDE
TREATMENT OF STRAW
P. Martel and J.M. Gould
Journ. of Applied Polymer Science 39 (1990) 707

NEUTRON DIFFRACTION STUDY OF THE STRUCTURE OF THE ANTIFLUORITE CRYSTAL
(NH,)2PbCl6
R.L. Armstrong, B. Lo and B.M. Powell
Can. J. Phys. 67 (1990) 1040

PHONONS IN Cu3Au NEAR THE ORDER-DISORDER TRANSITION
B.D. Gaulin, E.D. Hallman and B.C. Svensson
Phys. Rev. Lett. 64 (1990) 289

NEUTRON SCATTERING DETERMINATION OF THE VIBRATIONAL SPECTRA OF AMORPHOUS AND
CRYSTALLINE H2O ICE
E.C. Svensson, V.F. Sears, J.H. Root, C. Szornel, D.D. Klug, E. Whalley and
E.D. Hallman
In "PHONONS 89" edited by S. Hunklinger, W. Ludwig and G. Weiss, (World
Scientific, Singapore, 1990) Vol. 1, p. 537

PHONON DISPERSION IN 0-PHASE NICKEL ALUMINUM ALLOYS
E.D. Hallman and E.C. Svensson
In "PHONONS 89" edited by S. Hunklinger, W. Ludwig and G. Weiss, (World
Scientific, Singapore, 1990) Vol. 2, p. 1108

THERMAL EVOLUTION OF PHONONS IN Cu3Au
E.C. Svensson, E.D. Hallman and B.D. Gaulin
In "PHONONS 89" edited by S. Hunklinger, W. Ludwig and G. Weiss, (World
Scientific, Singapore, 1990) Vol. 2, p. 1129

VIBRATIONAL SPECTRA OF HIGH- AND LOW-DENSITY AMORPHOUS ICE, ICE Ic AND
ICE Ih BY NEUTRON SCATTERING
D.D. Klug, E. Whalley, E.C. Svensson, V.F. Sears, J.H. Root, C. Szornel and
E.D. Hallman
High Press. Res. 4 (1990) 528

A MEASUREMENT OF THE HALF-LIFE OF 137CS
R.H. Martin
Nuclear Instruments & Methods in Physics Research A286 (1990) 507

PREPARATION OF EXTENDED SOURCES WITH HOMOGENEOUS POLYETHYLENE ION-EXCHANGE
MEMBRANES
R.H. Martin
Appl. Radiation and Isotopes 4J. (1990) 387
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SUPERCONDUCTIVITY AS A PROBE OF /3-PHASE CONTINUITY IN Zr-2.5Nb PRESSURE TUBES
B.C. Skinner, W.J.L. Buyers, B.B. Whalen, C.S. Lira, Z. Tun and P. Unrau
Proceedings of Fuel Channel Technology Seminar, Vol. II (1989), 991; RC-382;
0HRD-90-33-H; COG-90-13

NONEQUILIBRIUM IN METALLIC MICRO-STRUCTURES IN THE PRESENCE OF HIGH CURRENT
DENSITY
G. Bergmann, W. Wei, Y. Zou and R.M. Mueller
Phys. Rev. B4J. (1990) 7386

Lectures

NUCLEAR POWER IN CANADA
E.D. Earle
Public Affairs talks to high schools in St. John's, Nfld.
1990 Feb. 11-18

SNO - A PROGRESS REPORT
E.D. Earle
Lake Louise Winter Institute, University of Alberta, Lake Louise, Alberta
1990 Feb. 18-24.

TEMPERATURE DEPENDENCE OF S(Q,u) FOR LIQUID 4He
B.C. Svensson
Department of Neutron Research of Uppsala University and The
Studsvik Neutron Research Laboratory,
Studsvik, Sweden, 1990 February 20

THE CONDENSATE SAGA
E.C. Svensson
Department of Theoretical Physics & Department of Reactor
Physics, The Royal Institute of Technology,
Stockholm, Sweden, 1990 February 21

THE CONDENSATE SAGA: BOSE CONDENSATE IN SUPERFLUID 4He
E.C. Svensson
Physics Department, Uppsala University,
Uppsala, Sweden, 1990 February 22

ELEMENTARY EXCITATIONS IN LIQUID 3He AND 3He/4He MIXTURES -
A SUMMARY AND CRITICAL EXPOSITION OF THE DOCTORAL DISSERTATION
OF BJORN FAR
E.C. Svensson
Faculty of Science, Uppsala University,
Uppsala, Sweden, 1990 February 23
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NON-DESTRUCTIVE EVALUATION BY NEUTRON DIFFRACTION
J.H. Root
Institut de Recherche d'Hydro Quebec
1990 March 5

THE COLD SOURCE FOR NRU AT CHALK RIVER
E.C. Svensson
International Workshop on Cold Neutron Sources, Los Alamos National Laboratory
Los Alamos, New Mexico, U.S.A.
1990 March 5-8

DISORDER AND DYNAMICS IN ORIENTATIONALLY DISORDERED SOLIDS: NEUTRON SCATTERING
AND MOLECULAR DYNAMICS SIMULATION INVESTIGATIONS
B.M. Powell
Queen's University, Kingston, Ontario
1990 March 7.

TEMPERATURE DEPENDENCE OF S(Q,w) FOR LIQUID 4He
E.C. Svensson
Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A.
1990 March 9

TEMPERATURE DEPENDENCE OF S(Q,w) FOR LIQUID 4He
E.C. Svensson
Reactor Radiation Division, National Institute of Standards and Technology,
Gaithersburg, Maryland, U.S.A.
1990 March 13

NEUTRON DIFFRACTION MEASUREMENTS OF AXIAL RESIDUAL STRAIN NEAR CRACKS
T.M. Holden, R.R. Hosbons, J.H. Root, K.G. Leewis and R. Lazor
Canadian Fracture Conference 21, Defence Research Establishment,
Atlantic, Halifax, N.S.
1990 April 24-26

APPLIED NEUTRON DIFFRACTION FOR INDUSTRY
J.H. Root
Ford Motor Company, Dearborn, Michigan, U.S.A.
1990 April 24-25

MIGRATING A REALTIME RT-11 APPLICATION TO VMS
M.M. Potter
DECUS Symposium, New Orleans, Louisianna, U.S.A.
1990 May 5-11

SMALL ANGLE SCATTERING IN DEFORMED COPPER
J.H. Root
SANS Workshop at McMaster University, Hamilton, Ontario
1990 May 12
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EXAMPLES OF INDUSTRIAL APPLICATIONS AT CHALK RIVER
T.M. Holden
Conference on Applied Neutron Diffraction to the Determination of Residual
Stress in Engineering Materials, Chicago, Illinois, U.S.A.
1990 May 21-24

N0N-INVASIVE MEASUREMENT OF STRAIN AND TEMPERATURE BY NEUTRON DIFFRACTION
T.M. Holden, J.H. Root, D.C. Tennant and D.E. Kroeze
Gas Turbine and Aeroengine Congress and Exposition, Brussels, Belgium
1990 June 11-14

NDE OF MATERIALS BY NEUTRON DIFFRACTION
J.H. Root
Canadian Materials Science Conference at RMC, Kingston, Ontario
1990 June 19-22
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7.2 Heat Capacity of Crystalline and Amorphous Ice from Neutron Scattering

V.F. Sears (with E.C. Svensson and J.H. Root (NSSP Branch), and D.D. Klug and E.
Whalley (National Research Council of Canada))

The heat capacities at constant vol-
ume of the Ic and Ih phases of
crystalline ice, and the high-density
(hda) and low-density (Ida) phases
of amorphous ice, have been
calculated in the harmonic approx-
imation using the phonon densities
of states obtained from incoherent
inelastic neutron scattering meas-
urements (PR-PHS-P-8: 7.2 (AECL-
10102)). The results are shown by 7
the solid lines in the accompanying ~5
Figure where they are compared with £
the corresponding values of the heat -
capacities at constant pressure '^
(dashed lines) obtained directly from _,
the calorimetry measurements of \
Haida et al. (J. Chem. Therm. u

6(1974)815) and Flubacher et al. (/.
Chem. Phys 33(1960)1751) for ice
Ih (assumed to be appropriate also
for ice Ic), and Handa and Klug (J.
Phys. Chem. 92(1988)3323) for Ida
ice. For clarity, the results for the Ic
and amorphous phases have been
separated by shifting them upwards;
they all actually coincide at T = 0.
The excellent agreement (to within
2%) between the measured and
calculated curves for the crystalline
phases below 80 K is consistent with
the expectation that anharmonic effects are negligible at low temperatures, and confirms the
accuracies of the phonon densities of states determined from the neutron measurements. The
growing differences at higher temperatures are interpreted as the result of anharmonic effects which
give rise to (1) thermal expansion and, hence, a difference between Cp and Q,, and (2) a change in
the phonon frequencies and, hence, in the phonon density of states. The anharmonic effects are
seen in the Figure to be noticeably larger for the low-density amorphous phase than for the
crystalline phases.

The anharmonic heat capacity of ice Ih, which is given by the difference between the curves in the
main part of the Figure, is shown by the full curve in the inset part of the figure; the jitter results
from experimental error which is not apparent in the plot in the main part of the figure. The dashed
curve is an approximate theoretical calculation of Leadbetter (Proc. Roy. Sac. A 287(1965)403)
which is roughly a factor of 2 smaller than our experimentally determined result. It is evident that
incoherent neutron scattering measurements have sufficient sensitivity to provide a good test of
anharmonic effects in the lattice dynamics of ice and, no doubt, other hydrogenous materials as
well. This work is now being prepared for submission to Physical Review Letters.

80 100 120 140 160 180 200
T/K
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7.3 Neutron Rethermalization in a Liquid Hydrogen Cold Source

V.F. Sears

Analytical calculations have been performed for the neutron flux gain in liquid hydrogen and
deuterium cold sources for the limiting cases in which the size of the source is either large or small
in comparison with the neutron mean free path. In the former case, the neutrons are well
thermalized and the neutron flux is given by the Maxwellian distribution. Here, the gain depends
only on the temperatures of the cold source and the reactor moderator, and is independent of the
size and composition of the cold source. For a small source, on the other hand, the incident
neutrons are to a good approximation only scattered once before leaving the source. In this case,
the gain is directly proportional to the thickness of the source and depends on its temperature and
composition (through the scattering kernel) as well as on the energy distribution of the incident
neutrons. In both cases, gains of a factor of 6 or more are found in the cold-neutron region. The
measured gain for the new cold source in the reactor at Kyoto lies between these two limiting cases
for neutron wavelengths above 6 A and roughly follows the large-source limit at smaller
wavelengths.

7.4 Detection of Hydrogen in Zirconium Alloys by Neutron Reflectometrv

V.F. Sears (with W.J.L. Buyers (NSSP Branch))

Calculations have been performed to explore the feasibility of using neutron reflectometry to detect
hydrogen in zirconium alloys. The basic idea is that, even though the concentration of hydrogen
may be very small, its large incoherent scattering cross section may produce a measurable decrease
in the reflectivity. Numerical calculations were performed for the alloy Zri_cNbcHx in which c is
the fraction of metal atoms that are Nb, and x is the number of H atoms per metal atom. The
meident-neutron beam was assumed to meet the surface at the critical angle, where the effect of
incoherent scattering ov the reflectivity is known to be largest. The pressure tubes in Candu
reactors us-; a Zr alloy with 2.5 wt % Nb so that c = 0.0246. In reality, the situation is complicated
by the fact that the metal is a mixture of hep grains (ctZr) and bec grains (pZr), and the Nb and H
atoms are ail in the [J phase. For simplicity, we have ignored this complication and have assumed
that, for the purposes of the present study, the atoms are effectively distributed uniformly in space.

Tiie tcrompanying Figure shows the
ieflectivity at the critical angle as a
function of x for c = 0.0246 and
three values of the neutron wave-
length. If no hydrogen is present (x
--• 0), the reflectivity is essentially
independent of wavelength and has
the value 0.989. The presence of
hydrogen decreases the reflectivity,
and the effect is largest when the
wavelength is smallest. Thus, for
example, thermal neutrons are better
than cold neutrons as far as the
sensitivity of the method is concern-
ed. On the other hand, the critical
angle is proportional to the wave-
length and has the value 0.113 deg
when X - 2 A and x = 0. Thus, in

> 0.

o o.
U4

UJ
ff

0.02 0.04 0.06 0.08 0.1
HYDROGEN CONCENTRATION (x)
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practice, it would be necessary to trade-off sensitivity, which favors small X, and critical angle,
which favors large A..

These calculations show that the hydrogen concentration x can, in principle, be determined by
measuring the reflectivity for monoenergetic neutrons in the neighborhood of the critical angle.
However, in practice, it will probably be difficult to determine x very accurately by this method
when it is less than 1 %, say.

7.5 Spin-Polarized Ammonia as a Neutron Filter

V.F. Sears

A recent paper by Crabb et al. {Phys. Rev. Lett. 64(1990)2627) reports the observation of 96%
polarization of the hydrogen nuclei in solid ammonia. We have investigated whether this might be
used as a polarizing filter for thermal neutrons and have found that, generally speaking, polarized
hydrogen is not very effective for this purpose because the coherent and incoherent scattering
lengths are not well-matched to produce a small scattering cross section for one of the two neutron
spin states. For example, in solid ammonia with 100% polarization of the hydrogen, a transmitted-
neutron beam with 90% neutron polarization, requires a thickness of 1.49 cm, in which case the
transmission of the filter is only 2.12 x 10'4. If the thickness of the filter is decreased, the
transmission increases, but the neutron polarization decreases. For example, for a filter thickness
of 0.44 cm, the transmission is 0.071 but the neutron polarization is only 41%.

Polarized ammonia would, however, make an excellent polarizing mirror because the scattering
length has a large positive value for one of the neutron spin states and a large negative value for the
other. Consequently, the former will be totally reflected below the critical angle (which is 0.103
deg for 1 A neutrons — about the same as for Ni), while the latter will be almost entirely
transmitted. On the other hand, such a polarized cryogenic mirror would be difficult to make, and
there is no incentive to do so in view of the fact that its polarizing properties are not any better than
those of existing magnetic mirrors.

7.6 AECL Cold Neutron Source

E.C. Svensson & W.J.L. Buyers with M. Harvey (Physics Division Office),
V.F. Sears (Theoretical Physics Branch), P.M. Brewster (Reactor Physics
Branch), W. Mellors (Mechanical Equipment Development Branch), and N.D.
MacDonald & H. Graper (Project Management Branch)

See PR-PHS-P-9:6.4 (AECL-10196).

7.7 Superallowed 26A/mO?++EC)26Mg Decay

I.S. Towner with S.W. Kikstra, Z. Guo, C. van der Leun and P.M. Endt
(Utrecht), S. Raman and T.A. Walkiewicz (Oak Ridge), and J.W. Starner
and E.T. Jurney (Los Alamos)

The reaction energies of 25Mg(n,y)26Mg and 25Mg(p,y)26A/m have been recently
remeasured as Q= 11093.24(6) and 6078.10(8) keV at Los Alamos and Utrecht
respectively. Taken together, these two measurements yield a new value of
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QEc(
26A/m) = 4232.81(10) keV for the 2 6Ar0S+ + EC)26Mg decay energy, a value

that is 0.79 keV or three standard deviations larger than the value adopted
in the recent survey of superallowed 0+->0+ nuclear beta decays of Hardy et
al. (Nucl. Phys. A509( 1990)429). This value, the Auckland precision decay

energy measurement for l4O0?+ + EC)l4C of White et al. (Phy.;. Lett.
105B(7981)116) of Q E C ( I 4 O ) = 2 8 3 0 . 3 1 ( 8 ) keV, and the Chalk River doublet

measurement of Koslowsky et al. (Nucl. Phys. A4Hl(1987)419) of ( ^ ( "

Q E C ( I 4 O ) = 1401.68(13) are mutually incompatible. If the new value for

Q (26A/m) and the Auckland value for Q (I4O) are combined with the known
EC EC
A/m and I4O half-lives and electromagnetic corrections applied, one obtains

Ft = 3073.5(18) s for the A/m superallowed 0+->0+ decay in good agreement with
the value for O superallowed 0+->0+ decay decay of Ft=3075.8(16) s. This
agreement resolves a long-standing discrepancy, which in the survey of Hardy
et al. stood at two standard deviations. That the Ft values for superallowed
decay in two different nuclei should be measured to be the same is an experi-
mental verification of the conserved vector current hypothesis in weak inter-
actions. This work is being written up for publication.

7.8 Radiative Corrections to Superallowed Beta Decay

I.S. Towner

The rationale for studying radiative corrections to superallowed decays was
discussed in thf. last progress report, PR-PHS-P-8:7.9 (AECL-10102). The most
interesting process is described by the Feynman graph in which the nucleus
emits both a W-boson and a photon, and the photon is reabsorbed by the beta-
decay electron. We have made a non-relativistic reduction of this diagram,
allowing (he weak W-boson WNN-vertex and the electromagnetic yNN-vertex to be
.iss(n.i.ited with the same nucleon in the nucleus or two different nucleons.
This leads to one-body and two-body operators respectively whose matrix ele-
ments w'll be evaluated with shell-model wavefunctions. Our expression for
the one-body operator is a factor of two smaller than that given by Marciano
and Sirlin (Phys. Rev. Lat. 56(1986)22). This is being checked. Our expres-
sions for the two-body operators take a different form from those given by
J.'us and Rasche (Phys. Rev. D4l(1990) 166), where a factorisation is used to
express the result as a product of two one-body operators. The next step is
to -nodify the Oak Ridge shell-model code to compute the expectation values
of two-body operators, then numerical results with our expressions can be
compared with those of Jaus and Rasche.

7.9 TASCC Workshop

I.S. Towner, with T.K. /^xander , G. Ball, J. Forster, E. Hagberg,
A. Galindo-Uribarri, D. Ward (Nuclear Physics), and L. Thomson
(TASCC Accelerators & Development)

A workshop on heavy-ion physics research will be held at Chalk River on July
17-19, 1990. Eleven invited speakers (five from USA, four European, and two
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Canadian) will give 45-minute talks, and 19 contributions (four from USA, six
European, seven Canadian and two Asian) were selected for 15-minute presenta-
tions. The workshop attendance is expected to be around 70. A grant from
NSERC has been received to help offset the expenses of the workshop on behalf
of the external TASCC Users Group.

7.10 Twisted Quantum Groups of A

H.C. Lee

he two-parameter twisted quantum group (PR-PHS-P-8:7.11 (AECL-10I02))
k (A{) generated by the generators of the Lie algebra A( and the additional

central generator AQ has been constructed. The regular quantum group < {̂

is a quantum subgroup because Ql ^Ql in the limit p2-»l. It appears that

has a finite dimension representation only if at least one of q2 and p2 is a
root of unity. This is an extremely interesting result because °U is

directly related to conformal field theory only when q2 is a root of unity.
A paper on tyl discussing its Hopf structure and giving its representations

when q is a root of unity but p is not has been written and submitted for
publication. The physics interpretation of these representations is being
investigated.

7.11 Twisted Quantum Groups of A
N

H.C. Lee and M. Couture

The two-parameter twisted quantum groups <& ^ N , L ) generated by the genera-
tors of (A x A ) have been studied and their fundamental (N + l ) x ( N + l) represen-
tations constructed. Quasitriangularity of the ^-matrix requires q 2 =-l ,
leaving p arbitrary. The link polynomials of the representations are equiva-
lent to ribbon-link polynomials of ^ ( A N ) . They are of the HOMFLY type and

specialize to the Alexander-Conway polynomial when N is odd and L=(N+l ) /2 and
coincide with those computed from Wilson loops in the 3-dimensional Chern-
Simons theory with gauge group SU(N+1-L|L) in the fundamental representation.
The Yang-Baxter operators constructed from the 3?'s are Boltzman
weights of graded vertex models. They are the first examples of non-
quasiclassical Yang-Baxter operators derived from a quantum group. A paper
based on these results has been written and submitted for publication. Much
more about <& (A ,,L) in relation to statistical models and field theory

q.P N
remain to be explored. Investigation of this topic continues.
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7.12 Physics, Geometry and Topology

H.C. Lee

A book entitled "Physics, Geometry and Topology", composed of twenty articles
based on 12 lectures and 8 seminars given at the Banff NATO Summer School
1990, August 14-25 (PR-PHS-P-8:7.13 (AECL-10102)) has been edited and sent to
the publisher (Plenum Publishing Corp., New York) for printing.

7.13 Baxterization of Braid Group Representations

M. Couture

The work discussed in section 7.14 and 7.15 of the last progress report (PR-
PHS-P-8 (AECL-10102)) has been completed and written up. Three papers have
been accepted for publication.

7.14 Motion Through Dipole-Magnct Fringing Fields

G.E. Lee-Whiting

The work described in the last report (PR-PHS-P-8:7.16 (AECL-10102)) has been
accepted for publication in Nuclear Instruments & Methods.

In our earlier work the elements of the first- and second-order transfer
ma I rices were calculated for a zone of finite thickness (parallel to an edge
of the magnet) in which the field strength goes from a uniform value to zero.
Most optics codes (e.g. TRANSPORT or TRANSOPTR) work in the effective-edge
representation, in which the uniform internal field is continued into the
fringing region out to an effective edge at which it drops abruptly to zero.
We have now worked out completely general algebraic transformations from the
'ransition-zone representation to the effective-edge representation for all
fi-st- and second-order elements of the transfer matrices. These transforma-
tions have been verified using both the algebraic programming system REDUCE
and numerical computation. They are valid for any magnetic field for which
the two-dunensional assumption (PR-PHS-P-7.7.I7, (AECL-9995)) is acceptable.

In the effective-edge representation many of the first-order matrix elements
for motion in the plane of symmetry reduce to elementary functions; the
others are given by infinite series in the reciprocal of the particle stiff-
ness. The series for the matrix elements for first-order motion perpendicu-
lar to the plane of symmetry have been evaluated to three or four terms. The
coefficients contain integrals of powers of the field over the transition
zone; the limits of integration may be extended to -oo and +oo.



7-9

7.15 Reports, Publications and Seminars

Reports

ANALYTIC SCATTERING KERNELS FOR NEUTRON THERMALIZATION STUDIES
V.F. Sears
AECL-10056, January 1990

Publications

QUENCHING OF GAMOW-TELLER STRENGTH IN NUCLEI
I.S. Towner
Proc. XXIII Yamada Conference on nuclear weak process and nuclear structure,
eds. M. Morita, H. Ejiri, H. Ohtsubo and T. Sato (World Scientific Pub. Co.,
Singapore, 1989) pp. 348-353

SUPERALLOWED 0+^0+ NUCLEAR 0 DECAYS; A CRITICAL SURVEY WITH
TESTS OF CVC AND THE STANDARD MODEL
J.C. Hardy, I.S. Towner, V.T. Koslowsky, E. Hagbcrg and H. Schmeing
Nucl. Phys. /4509( 1990)429

MODERN THEORIES OF NUCLEAR MOMENTS - book
B. Castel and I.S. Towner
Oxford University Press, 1990, 271 pages

A REPLY TO SCUTARU'S LETTER ON THE GENERALIZED EXPONENTS OF s/(3.C)
M. Couture and R.T. Sharp (McGill)
J. Phys. A: Math. Gen. 10(1990)1827

GENERATING FUNCTIONS ELEMENTARY MULTIPLETS AND YOUNG TABLEAUX
M. Couture, C.J. Cummins and R.T. Sharp
/ . Phys. A: Math. Gen. 11(1990)1929

NEUTRON SCATTERING DETERMINATION OF THE VIBRATIONAL SPECTRA OF
AMORPHOUS AND CRYSTALLINE H2O ICE

E.C. Svensson, V.F. Sears, J.H. Root, C. Szornel, D.D. Klug, E. Whalley
and E.D. Hallman in
Phonons 89, ed. by S. Hunklir.ger, W. Ludwig and G. Weiss, World Scientific,
Singapore, 1990, Vol. 1, p.537

VIBRATIONAL SPECTRA OF HIGH- AND LOW-DENSITY AMORPHOUS ICE AND
ICE Ic AND Ih BY NEUTRON SCATTERING
D.D. Klug, E. Whalley, E.C. Sveusson, V.F. Sears, J.H. Root, C. Szornel,
and E.D. Hallman
High Press. Res. 4(1990)528
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Seminars

WEAK INTERACTIONS IN NUCLEAR PHYSICS
I.S. Towncr
Invited talk to the NSERC/NRC long-range planning committee, Ottawa, 1990
January 6th

SUPERALLOWED BETA DECAY AND THE DETERMINATION OF V

I.S. Towncr
Seminar at McGill University, 1990 March 20
KNOTS, LINKS AND OTHER AMUSEMENTS IN PHYSICS AND BIOLOGY
H.C. Lee,
CRNL Colloquium, 1990 June 13

NEUTRON SLOWING DOWN AND THERMALIZATION
V.F. Sears
Invited talk at the Int. Workshop on Cold Neutron Sources, Los Alamos
National Laboratory, 1990 March 5-8

NEW SOLUTIONS OF YANG-BAXTER EQUATIONS
M. Couture
Paper given at Int. Conf. on Group Theoretical Methods in Physics,
Moscow, 1990 June 4-9
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8. FUSION

8.1 Background

AECL has the responsibility, on behalf of the federal government, for oper-
ating the National Fusion Program (NFP). Funding for the NFP is obtained
through the federal interdepartmental Panel on Energy Research and Develop-
ment (PERD) which is administered by the Ministry of Energy, Mines and
Resources. The Fusion Office in the Physics and Health Sciences Program
Responsibility Centre is the AECL organization that manages the program.
In order to put the reports that follow in their proper context, the objec-
tives and strategy of the NFP are given as a preamble.

8.1.1 Objectives

The objectives of the R&D in this area are:

to establish and maintain in Canada the necessary expertise to
provide a foundation from which the capability of building fusion
power systems can be developed;

to gain effective access to international knowledge in fusion
technology by making a recognized contribution to the international
effort; and

to develop sufficient technological capability to allow Canadian
industries to supply subsystems, components, fuel and services for
foreign fusion power developments (whether they be experimental,
demonstration or commercial units).

8.1.2

The strategy employed to meet these objectives recognizes the long-term
nature of fusion R&D and the high-level (> $2 billion annually) of interna-
tional eiifort. The Canadian effort is narrowly focused with projects that
meet the following criteria: i) the possibility of interim industrial
benefits is high; ii) there is an indigenous Canadian advantage that will
provide a basis for Canadian leadership in the technological speciality;
ar:d iii) the interest to foreign programs is sufficiently high to make
exchange of technology a likely outcome. Matching funding by the provinces
in the major projects ensures sharing of the R&D risks. Participation in
them by electrical utilities, industries, universities, and federal labora-
toties assures an appropriate level of technical involvement and interest.

8.2 National Fusion Program

Coordination of the total Canadian effort in the NFP is essential to
achieve both the optimum use of domestic resources and the maximum leverage
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for the program Internationally. The NFP vas Initiated by the National
Research Council (NRC), but government decisions taken in 1985 resulted in
the staged and orderly transfer of responsibility for the program from NRC
to AECL which was completed by 1987 April 01. This transition was accom-
plished with minimum disruption to the program.

Consultation and coordination with other departments, the provinces and the
fusion community in general are achieved through ad hoc groups assembled to
advise on specific issues. The original plan for the NFP called for
Canadian participation in each of the three major thrusts of international
fusion R&O: magnetic confinement, inertial confinement and materials/
engineering. Significant projects in the first (Centre canadien de fusion
magnetique - CCFM) and last (Canadian Fusion Fuels Technology Project -
CFFTP) of these are well established. An inertial confinement project has
not yet been established. A small but vigorous international program is an
essential element of the NFP.

Highlight

• The federal government has organized a "Big Science" committee
under the auspices of Industry, Science and Technology Canada
(ISTC). Its purpose is to make recommendations to the government
on the funding of large scientific undertakings. A presentation
on the additional funding required by the NFP vas made to this
committee on 1990 June 8.

8.3 Centre canadien de fusion magnetloue (CCFM)

CCFM is a joint venture of AECL (through the NFP), Hydro-Quebec and
Instltut national de la recherche scientifique (INRS), with collaboration
from industrial and university partners. It operates the Tokaaak de
Varennes, a magnetic confinement fusion experiment. The Centre is super-
vised by a board of directors with technical review provided by an interna-
tional advisory committee.

The Tokamak de Varennes is a medium-sized device that achieved first opera-
tion in 1987 March. The construction phase required that industry acquire
specialized technological capabilities previously unavailable in Canada.
In parallel with this expansion of the national technology base, a world-
class team of fusion scientists and engineers has been assembled for its
experimental program.

The machine has unique features: for example, it is the world's only
fusion experiment operated by an electrical utility and one of the few
powered directly from transmission lines, both of which stemmed from IREQ's
historical expertise in high power electrotechnology. Since it is designed
to maintain its magnetic fields for much longer than most other tokamaks,



long time-scale effects in plasma confinement can be studied. This impor-
tant feature together with its impurity control systems, advanced diagnos-
tics and equipment for plasma materials interactions ensure that the
Tokamak de Varennes will have an important role in International fusion
research. The high level of international collaboration now in place is
indicative of significant world interest. All initial design parameters of
the machine were achieved in its first year of operation, the challenge now
is to up-grade and improve the machine in order to maintain its technical
relevance.

Highlight

The Tokamak de Varennes was shut down in 1988 December, for the
installation of upgrades, at the end of its first experimental
campaign. The purpose was to reconfigure the machine by
installing eight new internal poloidal coils in the vacuum
vessel, including two triplet poloidal divertors. On
1990 May 4, the work was completed and pump-down started, marking
the end of the reconstruction period.

8.4 Canadian Fusion Fuels Technology Project (CFFTP)

CFFTP's objective is to capitalize on the domestic expertise in tritium
technology established in the CANDU fission reactor program - tritium is
the major fuel for future fusion reactors. Now in its second 5-year term,
it is funded by equal contributions from AECL (through the NFP), Ontario
Hydro and the Ontario government (Premier's Fund for Science and
Technology). Project management is provided by Ontario Hydro. CFFTP is
directed by a steering committee, consisting of representatives of the
funding partners, that is advised on technical matters by a committee of
Canadian and foreign experts.

The project plans and supervises fusion fuels R&D work in industry,
utilities, universities and federal laboratories, and markets Canadian
technology abroad. R&D programs in tritium technology, fusion blankets,
materials, health and safety, and equipment development have been success-
ful in achieving international recognition for Canada. This work, together
with staff attachments, participation in international study teams and
representation at conferences, has been used effectively to gain access to
the major world programs and to broaden the indigenous fusion technology
base.

CFFTP has alj;o had good success in gaining foreign markets for Canadian
industry for fusion-related goods and services in the US and particularly
Europe. This business is currently expanding, since several foreign fusion
fuels laboratories are planned or under construction. Canadian products
such as tritium monitors and tritium handling equipment are also being
vigorously promoted by CFFTP, with promising results.
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Highlight

• On 1990 Harch 31, the third year of CFFTP's second-term agreement
ended. The results for fiscal year 1989/90 were a new record.
Total value of the work performed reached $13.6M of vhich $6M vas
funding from foreign clients, $6M vas from partner funding, and
$1.6M vas in-kind support from industry. This large grovth in
economic impact vas due to the approximate doubling of client
funding over the previous fiscal year.

8.5 International Program

The program stresses international collaboration as an essential part of
its strategy vith the aim of forging links vith the major vorld programs in
order to acquire information, encourage technology transfer into Canada,
foster commercial opportunities, and increase the relevance and leverage of
Canadian fusion vork.

Canada is active in several International Energy Agency (IEA) committees
and study groups and participates in the TEXTOR joint experiment and the
BEATRIX materials exchange through this agency. Bilateral fusion agree-
ments betveen Canada and Japan, Canada and the EC, and Canada and the US
have been concluded.

Since the achievement of fusion power will be a large and expensive
process, perhaps too large for any one country, large-scale international
projects are under discussion. A new Initiative of this type resulted from
the Reagan-Gorbachev summits; called ITER (International Thermonuclear
Experimental Reactor), it envisages an international fusion engineering
test reactor to be designed and built by the US, USSR, Japan and Europe.
Canada participates in ITER by means of an agreement vith the European
Community. The NFP has an important role in the assessment of these
projects, vith respect to the opportunities for Canada, and coordination of
Canadian participation in them.

Highlight

A visit to present a paper, to the Korean Nuclear Society Annual
Meeting in Seoul in 1990 April, brought the NFP into contact vith
Korean fusion researchers for the first time. Korea has a small
but growing fusion program vith three small tokamaks operating;
the prospects for Canada-Korea cooperation are now being
explored.
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8.6 Inertial Confinement

The original plan for the NFP Included inertial confinement fusion as a
program area. A major project in this area has not yet been established,
but the option Is retained in the NFP. Activity is now confined to a
monitoring role and in providing assistance to Canadian researchers.
Research programs in inertial confinement are currently carried out in
Canadian universities.
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