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INTRODUCTION

This report summarizes the work carried out at the Foster

Radiation Laboratory of McGill University during the

calendar year 1975, under grant AECB-6 of the Atomic

Energy Control Board of Canada.

1
i

The Laboratory has gone through another year of high level

of activity and productivity. Much of its research effort

continued to be devoted to the study of the properties of

the exotic nuclides lying off the valley of beta stability.

New nuclides continued to be identified. With the break-

through achieved in the development of the ion source of

the on-line mass spectrometer for isotope separation, both

neutron deficient and neutron rich nuclei are now falling

within the realm of our investigations. The operation of

the superconducting beta ray spectrometer has provided the

Laboratory with a unique instrument for the study of

nuclear mass in high energy nuclear beta decays which are

associated with nuclei lying off the stability line.

Techniques for the handling of highly unstable nuclei are

continuously being devised.

The Laboratory is presently heavily engaged in an upgrading

program to convert the cyclotron to accelerate other

particles (d,3He++, 4He++) as well, with the installation
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of the new R.F. oscillator, not only the proton beam

intensity has increased by 50%, but also the cyclotron

operating stability has improved immensely. Work on

replacing the present cyclotron vacuum system by one

which will be cryogenically pumped is well under way.

The modelling of R.F. resonance lines for frequency

conversion is in progress.

On the whole, 1975 has been a very satisfying year for

the Laboratory.
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II LABORATORY OPERATION AND DEVELOPMENT

(a) The Proton Synchrocyclotron

The cyclotron has gone through another year of smooth

operation in 1975 without any major interruption due to

faults. It was used for 4,700 hours for research purposes.

The total time lost due to faults was eight days; another

forty-two days were devoted to maintenance and servicing/

and seventeen days for the installation of new equipment.

Most of the latter time spent was associated with the

installation of the new 20 keV, 40 kW U.F. oscillator,

which was manufactured by Continental Electronics (Dallas,

Texas, U.-SoA.). The oscillator was delivered .late in

February, 1975, and the installation work began on March 3,

conducted by the Laboratory staff and the engineer from the

company. The installation proceeded very smoothly - most

of the work involved the design of new oscillator coupling

loops with the correct impedance match for the tube, and

the modification of some biasing circuitry. It was

discovered that the new EIMAC 4CW-50000E tetrode R.P. tube

would not oscillate in the cyclotron's stray magnetic field,

and the cooling water in the R.F. system had too low a

resistivity. Temporary Improvised iron bar shielding and

distilled water cooling corrected these problems, which

were subsequently solved (in August) by the addition of a

permanent magnetic shielding jacket to the oscillator box
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and the installation of a new water deionizing system in

the cooling lines. This latter system also purifies the

water in the entire cyclotron cooling circuit, eliminating

any future corrosion problems.

On March 15 a stable beam was obtained, and the cyclotron

has since been operating completely reliably. We have

experienced no problems with the performance of the new

oscillator. However, as originally anticipated, it has

not been possible to operate the new oscillator at full

power because of voltage breakdowns due to relatively poor

vacuum in the cyclotron. Operating at one-quarter ita

power capability, we have already achieved a 50% increase

in the proton beam intensity.

The next step in our effort to upgrade the cyclotron is

to improve the cyclotron vacuum from the present 5xlO~

to 10~ torr, which is required for the acceleration of

helium ions. This is to be achieved by the installation

of cryogenic pumps and getter pumps in the cyclotron.

Work on this project is well underway. An order for a

cryogenic refrigerator has been placed with the Canadian

Superconducting and Cryogenics Co., Montreal, and the

scheduled date for delivery is in February, 1976. The

refrigerator has a capacity of producing 150 W at 77°K or

20 W at 10°K. The cryopanels matching the capacity of
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the refrigerator have been designed and are being

constructed in the Laboratory. Due to space limitation,

to fit the cryopanels into the cyclotron vacuum tank

requires an extension of the tank, which has hastened

the change of the cyclotron Dee structure. The vacuum

tank extender box is being manufactured by International

Commodity Ventures Inc., Montreal, and the new Dee is

being fabricated in the Laboratory.

Since the cryopump has essentially no pumping speed for

hydrogen gas (aside from cryotrapping), additional pumping

speed must be provided for pumping hydrogen, which comes

mostly from the ion source. For this purpose, a system of

12 getter pumps, each 4" χ 12" χ 1.5" in dimension, have

been constructed and will be installed in the cyclotron

vacuum tank. The operation of these pumps utilizes the

cyclotron magnetic field and their pumping speed which is

linearly dependent on the field strength is considerable

in the cyclotron.

In the new vacuum system, one of the two presently used

16" diffusion pumps for the cyclotron tank will be

retained for initial pump-down purposes, but a freon cooled

baffle will have to be installed in it. Additionally,

the vacuum in the rotating condenser must also be

compatible with the requirements of higher R.F. voltage in
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the condenser. Plans are being made to replace the

diffusion pump in the condenser system with a turbo-

molecular pump equipped with a freon cooled baffle«

Installation work for the vacuum system improvements

is scheduled to begin in Feburary, 1976.

Work on the final stage of our plan to modify the

cyclotron R.F. system to permit the acceleration of other

ions (d, He , He ) has already begun. It involves

modification to the Dee structure (as noted above) and

the R.F. resonance lines. The modification is

complicated by the fact that some changes in the cyclotron

vacuum tank geometry are being made to accommodate the new

cryopumping system. To test the effects of these changes,

and to investigate the dependence of oscillator frequency

on line length and Dee structure, a full-scale wooden tank

model, lined with an aluminum sheet has been constructed.

This will first be made to resonate in a geometry closely

resembling the present system, and tests will then be made

using the revised cryopumping geometry, and the new Dee.

Then line-lengthening studies will be made, and correct

positioning of the coupling loops will be determined; it

is hoped that this achieves a design which will permit

rapid changeover from one operating frequency to another.

As noted earlier, the cyclotron has operated very reliably
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during this past year, and there was only one major

maintenance shut-down which lasted for two weeks in

August. During this shut-down, the oscillator trigger

system was revamped and the bearing in the rotating

condenser was replaced. The latter work also provided

an opportunity to install a new pick-off plate support

mechanism so that more accurate and stable alignment of

the rotor and stator could be obtained. In addition,

a new design of rotating vacuum seal was installed which

appears to have removed the previously persistent vacuum

problems in this area. On start-up, the improvements to

the condenser allowed increase in R.F. voltage on the

condenser of about 50%.

(b) Experimental Facilities

There are several improvements which have been implemented

on the PDP-15 computer based data handling system during

1975. To simplify some of the data acquisition procedures,

the computer memory size was increased from 16 Κ to 24 Κ to

provide additional bits to data words to prevent channel

overflow. The operation of the added memory is functional

at present, but some hardware changes and an increase in

cycling time for the CPU are needed before the memory can

be used with confidence. The Centronics fast character

line printer (120 character/sec.) we ordered in December,

1974, was delivered in February, 1975. The interface of
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at present. A data channel hardware will be constructed

shortly to replace this simple interface.
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Hardware has been constructed and installed to add a

second serial I/O terminal into the CPU. The need for

this arises because we wish to have two different terminals,

a teletype and an alphanumeric display terminal. These

terminals are selectable either by software or by a switch.

A CAMAC display module providing linear/log display and

light pen communication with the computer is under

construction. The display is entirely hardware controlled,

requiring computer assistance only for loading the display

parameters. This module will enable two different groups

to use the computer at the same time (not in the same

manner as B/F or RSX) or free the core presently taken up

by the display program for other purposes. If the display

interferes with data collection, it can be slowed down or

completely turned off.

The data handling system built around the PDP-8 computer

has continued to serve experiments dealing with long-lived

activities and be used for off-line data analysis.

The 200 ms transit time pneumatic transport system for
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(c)

cyclotron internal beam bombardments has operated smoothly

during the past year. However, the two second transit

time "rabbit" system has been reconstructed. This new

design eliminates some of the vacuum problems in the old

design/ requires less mechanical maintenance, has a gentler

delivery of bullets so as to avoid target breakage and

provides monitoring of the beam currents falling on the

target during bombardment. This has considerably simplified

the system operation.

As described in Project No. 7 of the next section of this

report, the superconducting beta ray spectrometer has been

operating routinely after a very difficult vacuum problem in

the cryostat was solved. The on-line mass spectrometer

project (No. 5, Section III) has achieved a breakthrough

in the ion source design. Now we can isotopically separate

not only the alkali ions but also Ga and In ions with an

order of magnitude increase in efficiency. We are

confident that the separation of a wider range of ions will

be achieved in the near future. The two instruments have

greatly enhanced our experimental program.

Outside users Whose Work Is Not Included In This Report

The facilities in the Laboratory continued to be used

by a number of outside users. During 1975 the fraction of
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cyclotron operating time devoted to external users was

about 12%. The allotment of time was as follows:

TIME ALLOTED

9:00 A.M. to 10:30 A.M.

Monday to Friday

2 Days

5 Days

3 Days

USERS

(Professor L. Yaffe at al.

Chemistry Dept.

(
(Professor J.J. Hogan et al.
/Chemistry Dept.

Carleton University and
McGill University
High Energy Physics Group

Dr. Y.L. Yamamoto et al·.

Montreal Neurological Hospital

Dr. J.T. Dancey

Montreal General Hospital
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III PROGRESS IN RESEARCH

This section presents an outline of the progress made in each

of the research projects of the Laboratory during 1975. The

names of the investigators associated with each project are

given and the publication referaiice numbers refer to Section

IV of this report.

1
I
ί

1. Nuclear Structure Studies on the Neutron Deficient

Nuclei in the Ν < 82 and Ζ > 58 Region

(J. Deslauriers, S.C. Gujrathi, G.G. Kennedy and S.K. Mark)

The systematic investigation of the nuclei lying in the region

with Ν < 82 and Ζ > 58 has continued during the past year.

The experiments employ beta, gamma and X-ray spectroscopy

techniques and the neutron deficient unstable nuclei are

produced by means of the ίρ,χη), (ρ,ρχη) and (ρ,αχπ) reactions

in the stable isotopes
 1 4 4

Sm,
 1 4 2

Nd and
 1 4 1

Pr.

For the Ν = 80, even-even nuclei, the structure of Nd and

Sm was investigated by observing the decay of Pm and

142 + —

Eu, respectively, each of which has a 1 and a 7 short-

lived beta decaying isomer. The decay lifetimes and energies

of these isomers were measured and compared with the

predictions of several nuclear mass formulae. The J
1
* and some

transition rates for the states in
 1 4 0

Nd and
 1 4 2

Sm were

determined and compared with those of the other Ν = 80, even-
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even nuclei. Results from this work have been summarized

in two publications (Section IV (a), Nos. 1 and 2).

i
ι
ι

141
The odd-A, Ν = 80 Pm was studied through the beta decay

141
of the 22.6 m and 10.2 m isomers in Sm. The former is

known to have a / = ll/2~ and the latter has been determined

here to be 1/2 , and their decay energies have been measured

to be 4.70 ± 0.06 and 4.56 ± 0.04 MeV, respectively.

141
Properties of Pm obtained from this study are compared

with those of the other odd-A nuclei in the same isotone

series. In this comparison it is interesting to state that

the 11/2 ·+ 5/2 M2 + E3 transitions in these nuclei have a

relatively cons cant B(M2) value while the B(E3) value

decreases almost linearly by a factor of 10 to the single

particle estimate as the mass increases from La to Eu.

A paper which summarizes these findings has been submitted

for publication (Section IV (b), No. 4), and this also

concludes our study of the Ν = 80 isotones.

139 140
In the Ν = 79 isotone series, the nuclides Nd, Pm and

141

Sm are being investigated by means of the beta decay of

the 4.15 m
 1 3 9

Pm, 14.5 m
 1 4 0

Sm and 42 s
 1 4 1

Eu. For the

decay parent Pm, it has been determined to have a J
11
 5/2

and a decay energy of 4.40 ± 0.08 MeV. There are 55
139

transitions among 19 excited states in Nd which have been

il
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observed in the study of this decay. The 1/2 first excited

139
state in Nd has been measured to have a half-life less

than 1 ns. The experimental work on the study of this decay

has been completed and the results are presently being

compiled for publication.

140
The decay properties of the 14.5 m Sm is currently under

investijation. Fifty transitions have been identified to

be associated with this decay and γ-γ coincidence measure™

ments have been performed. More experimental work is to be

carried out. For the decay of the 42 s Eu, the parent

state has been determined to have a j" = 5/2 and a decay

energy of 6.03 ± 0.08 MeV. There are 30 transitions among

141
17 excited states in Sm which have been observed. The

141
ground state of Sm has been determined to have a

J
11
 = l/2

+
, lying 1.58 keV below the 3/2

+
 first excited state.

The ll/2~ state at 628.6 keV in Sm has been observed to

have a 0.3% M4 decay strength to the 3/2 state, in addition

to its predominantly beta decay strength. The experimental

work on this decay study is near completion. A systematic

comparison of the structure properties of the odd-A, Ν = 79

isotones is being carried out.

Investigations on the Ν = 78
 1 3 8

Nd,
 1 3 9

Pm and
 1 4 0

Sm have

begun. These nuclides are created by the decay of the Ν = 77
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1 *ï9 140

Pro, Sm and Eu, respectively. For the decay of

•*• Pm, the half-life has been measured to be 3.25 m and

60 transitions have been observed; gamma-gamma coincidence
139

measurements have been performed. The Sm has two

isomers: 9.5 s and 2.6 m- A total of 6 transitions have

been observed to come from the decay of these two isomers.

The 140Eu has been observed to have a decay half-life of

1.6 s v'ith only two strong transitions following its decay.

In addition, the Ν = 75 Pm has been found to have a

half-life of 1.6 s and 12 transitions in
 1 3 6

Nd following

its decay. Much more experime: tal work on these nuclei

remains to be done.

2. Precision Half-Life and Branching Ratio

Measurements in Nuclear Beta Decay

(6. Azuelos and J.E. Kitching)

The study of the coupling constants in nuclear beta decay

requires the precise determination of the ft-values which/

in turn, necessitates the precise measurements of the

decay half-life and branching ratio. The objective of this

project is to improve the accuracy in the determination of

the renormalized axial vector coupling constant and to

investigate its constancy. During the past year the major

effort has been directed at the study of the Gamow-Teller

decay in mirror nuclei. The following new results on
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branching ratios and half-lives have been obtained, and

some of them Lave appeared in a publication (Section IV

(a), No. 6).

I
1
1
I

Nucleus

1 0
C

1 3
N

1 5
0

1 9
Ne

*
21
Na

2 9
P

3 5
Ar

3 7
K

Branching

98.59 +

-

-

> 99.97

95.8 ±

97.4 +

98.1 ±

97.75 ±

Ratio (%}

0.05

-

0.3

0.3

0.2

0.21

Kalf-Life (sec.

-

597.4 ± 0.6

120.95± 0.40

-

-

1.76 ± 0.01

1.193± 0.005

These nuclei were produced by the (ρ,χη) reaction on various

targets. There are several mirror nuclei which must be

produced by the (ρ,γ) reaction presently under investigation.

3. Decay of Ν « ζ
 6 2
Ga

(6. Azuelos, G.K. Bavaria, J.E. Crawford and J.E. Kitching)

The superallowed beta decay to or from the lowest lying

J
11
 = 0

+
, Τ a 1 state in the Ν = Ζ nuclei has been a subject

of many careful studies in connection with the accurate

determination of the vector coupling constant. For the

nuclei with Ζ < 20, the (J*, Τ) = (0
+
, 1) state lies above

the ground state, with the exception of
 34
CJl, while the
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/ 2
 shell nuclei all have this state as ground state.

en

However, this trend is broken in the next isotope Cu

which has been found to have a ground state (J*, Τ) =

(1 , 0). The purpose of this project is to identify the

62

next candidate Ga and to study its decay. We have

produced the nuclide by bombarding zinc targets in the-

cyclotron internal beam and using the high speed pneumatic

extractor to carry them to a shielded detection area^aoout

8 meters away from the cyclotron. The decay half-life of

62

Ga has been measured to be 120.8 ± 2.0 ms. Unfortunately,

it is not possible to make a precise beta end-point energy

measurement. It has, however, been estimated to be

8150 ± 80 keV, on the basis of Coulomb energy systematica.

The ft is deduced to be 3115 ± 175 s, with about half the

error arising from the uncertainty in the beta end-point

energy. This is consistent with the value of 3082 ± 2.1 s

derived from available data by Towner and Hardy (Nucl. Phys.

A205, 1973, 33). This is strong evidence that
 6 2
Ga has a

(j\ Τ) Β (0
+
, 1) ground state which undergoes superallowed

transition.
4. Study of the Light Mass Cd Nuclei From

the Decay of In Isotopes

(H. Huang, J.K.P. Lee and B.P. Fathak)

Structure properties of Cd nuclei with A < 106 are being

investigated through the beta decay of the corresponding
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In isotopes. The even-A neutron deficient In nuclides are

known to have a high spin and a low spin beta decaying

isomers and as such their decays populate states in the Cd

nuclei with a wide range of spins. The unstable In nuclides

are produced by the (ρ,χη) reaction on Cd.

I
I
I

In the decay of In, the half-lives of the two decaying

isomers have been measured to be 6.3 m (high spin) and 5.3m

(low spin), respectively. Their decay properties including

the excitation of 28 states and 34 transitions in. Cd have

been established. The spin and parity assignments to the

various states have been obtained from different beta and

gamma spectroscopic measurements. The results of this study

are being compiled from publication. The decay of In has

recently been investigated by other workers and our results

are in excellent agreement with theirs.

We have identified In, which has two decaying isomers

with half-lives 1.8 m and 2.1 m, respectively. Their decay

properties are being thoroughly investigated. Works on the

study of the decay of
 1 0 2

>
1 0 3

i
n
 have begun.

5. Ion Source and Target Development For The

On-Line Mass Spectrometer

(K.C. Chan, J.K.P. Lee, L. Lessard, L. Nikkinen and B. Pathak)

The Klapisch-Bernas surface ionization ion source has been
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developed following the discovery that the alkali elements

diffuse rapidly from graphite at high temperature (1500° -

2000°) and making use of the selective ionization of those

elements on certain surfaces (e.g. Ta and Re). This ion

source is being widely used in small on-line mass spectro-

meters. A disadvantage of this source is that the whole

assembly (graphite catcher foils and ionizing surface) is

at the same temperature. We speculated that the capability

of this ion source could be greatly enlarged to include the

non-alkali elements if we could separate the diffusion

function from the ionization function. By a judicious

choice of diffusion and ionization temperatures, and ionizing

surfaces, some non-alkali elements would be able to be ionized

and diffused out of the source. We have tested this idea

with different source constructions and have succeeded not

only in improving the yield efficiency by an order of

magnitude but also in extracting non-alkali elements such as

Ga and In from the ion-source. We believe, following the

discovery that, under certain conditions, In could be ionized

nearly as effectively as Rb or Cs, that, with the proper

selection of temperatures and ionizing surfaces, other

elements will be extracted. In parallel to this ion surface

development, we are developing methods of obtaining targets

of different elements, capable of withstanding the high

temperature needed to obtain fast diffusion from graphite. A

paper is being written on these different technical developments.
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6. Isotopic Distributions Of Fission Fragments

(K.C. Chan, J.K.P. Lee, L.Lessard, L. Nikkinen and B. Pathak)

With our recent success in extracting good yields of indium

and gallium from the mass spectrometer, it is now possible

to study the isotopic distributions of indium and gallium

from the proton induced fission of J Th and Ci,. We have

already obtained the Rb, In and Cs isotopic distributions, at

various proton energies (from 35 MeV to 100 MeV), from Th

targets. We have recently completed the In isotopic

distributions and obtained Ga distributions at two energies

(80 and 100 MeV) in the proton induced fission of Ci. We

are presently in the process of analyzing the data. When thie

project is completed, we will have completed isotopic

distributions of different fission fragments typical of very

asymmetric (gallium) asymmetric (Rb and Cs) and symmetric

(indium) fission. In the case of medium energy proton induced

fission, these distributions are typical of different

processes.Following recent radiochemical measurements of the

isotopif distributions of the Pm isotopes in the proton

238
induced fission of Ci, it has been concluded that these

fragments were produced in low energy deposition events due

either to direct interaction, or long pre-fission-neutron

evaporation chains, in the second case, it was speculated

that the complementary light fragment should carry more

excitation energy. The gallium distributions (gallium being

complementary to prometheum) should shed some light on this
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process. Indium being very close to symmetric fission

fragments should be typical, on the other hand, of high

deposition energy events.

We are currently fabricating a Ci, target and when this

target is available, we will be in a position to obtain

information on the target composition dependence of the

parameters extracted from these different isotopic

distributions.

Beta-Ray Spectroscopy Using A Superconducting Solenoid

and An I.G. Detector

(C.K. Chan, S.I. Hayakawa, R.B. Moore and D.M. Rehfield)

At present the spectrometer system is being used routinely

once or twice a week for beta end-point energy measurements

of various nuclei. A paper describing the design and

performance of the system was submitted and has been accepted

for publication (Section IV (b), No. 1).

The experimental program using this spectrometer has been

considerably delayed, first by failure of the original

cryostat and subsequently by a breakdown of the supply of

liquid helium during the late summer. The failure in the

cryostat appeared in late spring .̂fter several months of

successful operation. It appears that minute cracks opened

up in the thin wall stainless steel service tubes leading

into the helium container at liquid helium temperatures.
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It is theorized that these were due to the soft solder flux

used to seal the helium container at the final stage of

assembly. Several unsuccessful attempts were made to over-

come this problem. Finally, since the spectrometer had

worked perfectly in all other respects requiring no access

to the interior of the helium chamber during the previous

months of operation, it was decided to fabricate a new

cryostat with the helium container permanently sealed by

welding. This design was put into operation in early

September but the unavailability of liquid helium delayed

the operation of the spectrometer until late October.

|i

During this past year, the positron decay end-point energies

of 77Rb, 78Rb, 91Tcf
 92Tc and 112Sb have been measured. The

results obtained are typically of an accuracy of 30 keV

though some of the data are still under analysis and they

will be reported shortly. The nuclei whose decay energies

are presently being measured are the neutron rich Rb, Rb

91and Rb, which are produced in proton induced fission of

uranium and isotopically separated by the on-line mass

spectrometer.
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8. Study of the Light Mass Sn Nuclides

(A,J. Houdayer, S.K. Mark and K. Oxorn)

Structure properties of the single - closed shell Sn isotopes

with A < 114 are being investigated through the (3 decay of

the corresponding Sb isotopes produced by the (ρ,χη) reaction

112 114
on Sn and Sn targets. The study of the detiay of

(3.43 m)
114Sb, (53.3 s)

112
Sb and (23.9 s)

110Sb has been

completed and some of the results have been submitted for

114
Sb,publication (Section IV (b), No. 5). In the decay of

114
70 transitions among 26 excited states in Sn were observed

112 110
For Sb and Sb, 50 and 55 transitions among 24 and 20

112 110
states in Sn and Sn, respectively, were observed. The

112
decay energy for Sb has been measured to be 7.18 ± 0.05

MeV with the superconducting beta ray spectrometer, and those

for the decay of
110.114

structure of
110,112,114

Sb are presently being measured. The

Sn obtained from this work is compared

to the predictions of a BCS calculation using Tabakin inter-

actions .

109

The experimental work on the decay of (14.8 s) Sb, (74.8 s)

Sb and (6.25 m) Sb is nearly completed. For the

lll,113
sbi 3 4 a n d 4 1 Y

_
t r a n

g i
t
i

o n s
 among 14 and 15 excited

states in Sn and Sn, respectively, have been observed.

The decay energies of ' Sb have been measured to be

4.55 + 0.09 and 3.62 ± 0.09 MeV, respectively. In the decay

109
of Sb, 6 transitions have been identified and more
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experimental work is planned.

9. Decay of
 7 7

R5 and
 7 8

Rb

(G.K. Bavaria and J.E. Crawford)

77 78
The decay properties of ' -Kb are being investigated using

the pneumatic rapid extractor system. The Rb nuclides

are produced by the (ρ,χη) reaction on isotopically enriched

krypton targets encapsulated in thin-walled beryllium

containers. Work on this study is now nearly complete. The

78

Rb has been found to have two beta decaying isomers with

half-lives 5.74 + 0.06 m and 17.66 ± 0.08 m, respectively,

and their decays resulted in the observation of more than 60
78

new transitions and 27 new states in Kr. A complete

analysis has been carried out on the feedings to all proposed

78 78

levels in Kr from both the ground state of Rb and from

the isomeric level, and log ft values have been deduced. In

particular, two strongly fed levels at 3437.5 keV and 3893.2

keV have been observed. There is strong evidence that the
78

103.2 keV level in Rb is in fact not the isomeric one;

measurements of the conversion coefficient of the 103.2 keV

transition indicate an Ml + E2 mixture and suggest that the

103 keV level may be fed from another, slightly higher in
ι *7 ρ

energy. The β end-point energy of the Rb decay has been

measured to be 6.15 ± 0.15 MeV. The level feedings, as

measured by γ-spectroscopy are difficult to reconcile with

the observed shape of the beta spectrum. It is believed that
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the scattering from the target container walls may be

responsible for this discrepancy, and experiments are in

progress to see if this is in fact the case. The

publication of this work is in preparation.

10.

The analysis of the 77Rb data is more^difficult since the

Rb and Rb are also produced in the bombardment of the

isotopic mixture of krypton. However, the decay lifetime of

3.62 ± 0.01 m was measured, and 24 levels have been placed

in the proposed decay scheme. Five of these (at 1913.5,

2025.8, 2822.7, 3007.7 and 3054.3 keV) are new assignments.

The spin-parity of the ground state of Rb is unknown?

hence, Ĵ  assignments for levels in Kr are indefinite.

The e+ decay end-point has been measured to be 3.98 ± 0.12

MeV. More experimental work on this decay is in progress.

Structure of 101Pd and 100Pd

(S.I. Hayakawa, I. Hyman and J.K.P. Lee)

The recent interest in the Pd nuclei stemmed from the

speculated interpretation of quaaiparticle - core decoupled

band for the observed structure of these nuclei. We have

rexnvestxgated the structure of Pd through the decay of

Ag. The results we obtained in this study contradict

almost all those obtained previously in similar studies, but

are consistent with those derived from a heavy ion in-beam
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experiment on Pd. Combining these available data, a much

clearer understanding of the low-lying structure of

Pd is now obtained. This structure has recently been

successfully interpreted by de Takacsy and Das Gupta in

terms of one quasiparticle coupled to the Pd core with

strong band mixing, distinct from the previously speculated

decoupled band structure. A publication summarizing our

findings is in progress.

In our study on the decay of Ag, we have shown that the

previously reported 8 minute isomer actually belongs to

102Ag. However, Ag has been found to have two isomers

of half-lives 2.1 m and 2.3 m. The structure of
100Pd

observed from the decay of these isomers is found to resemble

102
that of Pd. The experimental work is near completion.

1

11. Positron Annihilation-in-Flight

(G. Azuelos and J.E. Hitching)

The probability of positron annihilation-in-flight for various

common absorbers has been computed. In addition, the effects

of self-absorption of 0.511 MeV photons, diminished by the

positron annihilation-in-flight probability, in the

absorbing material have been computed. This is due to the

fact that nuclear photons are emitted from the source of

activity buried say in an absorber but annihilation photons
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have a much greater spatial extent associated with the

range of positrons in the absorber. Hence, the thickness

of the absorber traversed in reaching the detector is

different for 0.511 MeV photons and for γ-rays of different

energies. The results have been compiled for publication

(Section IV (b), No. 2).

12. Nuclear Mass Relationships

(S.K. Mark and C.K. Scott)

One important aspect of the study of nuclei lying far from

stability is the extension of our knowledge of the nuclear

mass surface. There exist well-known mass equations -

determined from data along the valley of stability - with

which new mass measurements can be compared. In addition

to mass equations there exist nuclear mass relationships

of which those of Kelson and Garvey are the best known.

Mass relationships are of importance for two reasons: (1)

local structure of the mass surface can be reproduced in

more detail than achieved by global mass equations, and (2),

mass relationships are more accurate in predicting unknown

masses.

In our measurement of beta decay energies, we have obtained

a set of empirical mass relationships. This has led us to

a review and analysis of nuclear mass relationships. Mass
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relationships of particular interest presently being studied

are:

and

M(N,Z) - M(N-1,Z+1) - 2 M(NrZ+2) + 2M(N-l,Z+3)

+ M(N,Z+4) - M(N-l,Z+5)ssO

M(N,Z) - M(N+1) - 2 M(N+2,Z) +2 M(N+3,Z-1)

+ M(N+4,Z) -

Progress to date on this program includes: the development

of criteria to establish the "best" mass relationship,

development of computer codes including the recording of

the 1971 Atomic Mass Table on cards, and an incomplete

literature search for recent atomic mass information.

13. Wigner Symmetry Energy and Nuclei Far From Stability

(L. Lessard and O.K. Scott)

It is well known that the form of the symmetry energy term

in the semi-empirical mass formula is not well determined.

Myer's and Swiatecki found evidence for a "Wigner-term"

of the form IN-ZJ/A in nuclei with A < 50. However, the

information was too limited to be able to specify the

functional form of the term. Recent experiments at CERN

have indicated the need for a Wigner symmetry energy term

to fit the masses of neutron deficient Kr and Rb isotopes.
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This mass region is of considerable interest in this

Laboratory.

I
I
I

A method has been developed to extract the Wigner symmetry

energy term from mass data. The procedure requires an

extrapolation of the £xrst differences of known masses

along odd-A lines to the Ν = Ζ line. At the Ν =» Ζ line the

mass difference is the isodoublet displacement energy which

is fairly well known from models. Taking the mass difference

at the Ν = Ζ line as known, the discontinuity in first

differences implied by a term proportional to (N-Z| can be

used to extract the Wigner symmetry energy term.

Progress to date on this project includes initial

calculations which indicate that the above method will be

successful in the Kr-Rb mass region. As well, an analysis

of Coulomb displacement energy systematics has been

completed in order that the accuracy of the predicted iso-

doublet mass differences can be established. For completion

of this project, the only remaining work is to establish the

accuracy of the extrapolation procedure.
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14. Decay of Neutron Deficient Cs, Ba and La Nuclides

(L. Lessard, L. Nikkinen and B.P. Pathak)

Properties of neutron deficient nuclides of Xe, Cs and Ba

lying in the region 54 < Ζ < 58, Ν < 78 are being

investigated by means of the β decay of the corresponding

nuclides of Cs, Ba and La. Nuclei in this region have

been predicted to have competing modes of positive (prolate)

and negative (oblate) deformation. The unstable parent

nuclei are produced by the (ρ,χη) and (ρ,ρχη) reactions on

Cs and Ba targets and are chemically separated from

other elements.

The study of the decay chain
 1 2 6

Ba -»-
 1 2 6

C s ·+
 1 2 6

X e is now

nearly complete. A total of 112 γ-rays have been observed

from this decay chain. The assignment of γ-rays to the decay

of Ba and Cs is based on information obtained from X-ray -

γ-ray coincidence measurements. Decay schemes of Ba and

12fi 12 6

Cs are proposed. Twenty-eight levels in Cs with spins

0-3 are suggested to accommodate 88 γ-transitions. The

spins and parities of the levels are deduced from the log-ft

values, the gamma decay properties and the measured conversion
126

coefficients. The decay scheme of Cs consists of 11 levels
126

in Xe and 22 γ-transitions. Only threa of the low lying

levels were identified in earlier reports. The intensity of

+ 126

the e branch to the ground state of Xe has been evaluated
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by studying the intensity of annihilation photons with

respect to the intense γ-rays. Spins and parities of

12 6
excited states in Xe are suggested. The results will

be shortly communicated for publication.

i
ι

15. Spectroscopy of The Mass Separated Neutron Rich

Isotopes of Indium, Rubidium and Cesium

(K.C. Chan, J.K.P. Lee, L. Lessard, L. Nikkinen and B. Pathak)

The half-lives of the mass separated neutron rich indium

238

isotopes produced in the proton induced fission of Ci. have

been measured (In-120,121,122,123). In certain cases, two

Components are observed in the decay curves, from which we

should obtain isomer ratios. This information, in the case

of the indium/ is important since these isotopes, produced

in the symmetric fission mode, should be coming from high

deposition energy fission events. We are constructing a

system which will allow us to extend those measurements and

measure the end-points of the mass separated indium isotope

β-spectra.

A source extraction system has been built and tested to

obtain radioactive sources of the longer lived mass

separated neutron rich Rb and Cs isotopes and their decay

products. Preliminary measurements indicate that the

activity of those sources is high enough to measure β-spectra

with the superconducting β-spectrometer and to envisage more
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elaborate spectroscopie studies.

16. Decay Properties of
 75
'76,.8O^

(S. Hamdy and J.E. Kitching)

The structure of Kr and Kr has been investigated through

the decay of (35.6 s)
 7 6
Rb and (31.9 s)

 8 0
Rb produced by the

78
(ρ,χη) reaction on isotopically enriched gaseous Kr and

ft π ft η

Kr targets. In addition, the structure of Kr was also
80

viewed via the decay of Br. These measurements have

resulted in the discovery of a previously undetected level

at. 1960 keV in
 8 0
Kr.

The decay of Rb has been studied and a tentative decay

78
scheme proposed. The 50% contamination of the Kr target

by other Kr isotopes has greatly hampered the γ-γ

coincidence experiments. New measurements are planned

using higher isotopic enrichment of
 7 8

Kr.

Several attempts have been made to identify Rb and the

result to-date is negative.

17. A BCS Interpretation of the Neutron Deficient

Ν = 79,80 and 82 Isotones

(J. Deslauriers, G.G. Kennedy and S.K. Mark)

During the past year we have interpreted the structure of
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some of the Ν = 79,80 and 82 neutron deficient isotones

using a theoretical model formulated by N. de Takacsy and

S. Das Gupta. The model assumes a core consisting of 50

protons and 50 neutrons and the valence particles

,
 l n

n/2'occupying the f ive orbitals 2d
5
 ,

0
, l

and 2d, ,,. The residual interaction is the Tabakin

potential suitably renormalized by including second order

ladder graphs and some core polarization terms. The

parameters for the single proton and single neutron states

were found by fitting the odd-A, Ν « 82 and odd-A, Ζ • 50

nuclei.

For the even-even, Ν = 80 and 82 isotones, the'calculations

using the BCS method and Tamm-Dancoff approximation were

performed for two-quasiparticle states. Satisfactory agree-

ment between experiment and theory was obtained in level

energies and some transition rates, except for the first 3"

state which presumably contains a large collective octupole

component. To obtain the low-lying states for an odd-A,

Ν β 79 or 80 nucleus, a neutron or proton guasiparticle was

added to the appropriate Ν = 80 BCS state. The energy

spectra thus obtained gave satisfactory agreement with

experiment only for the l/2
+
, 3/2

+
 and ll/2~ states in the

Ν = 79 nuclei, and for the 7/2
+
, 5/2

+
 and ll/2~ states in

the Ν = 80 nuclei. Plans are being made to extend this

calculation to include three- and four- quasipartxcle states
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for the interpretation of the Ν = 77, 78 and 79 isotones.

18. Ra + Daughter Products As A Gamma Ray Calibration

Source

(H.G. Balian, N.W. Eddy and A.J. Houdayer)

A photon source consisting of Ra in equilibrium with its

daughter products, referred to a radium source,, is almost

ideal for the calibration of Ge(Li) detectors. Its large

number of gamma rays span over a wide energy range (46.52-

2447.6 keV) and its relatively long half-life (1602 years)

makes decay correction unnecessary (within 1% accuracy)

over a decade. This source is presently widely marketed by

Amersham-Searle. However, with the stringent demands of

present day nuclear spectroscopy work, the data available

on this source became imprecise and incomplete, and this

project is thus being undertaken.

Photon spectra from the source have been accumulated with

several large volume, high resolution Ge(Li) detectors,

as well as a Ge(Li) X-ray spectrometer. Precision standard

sources of Co, Ta, Hg and Am are being used for

calibration. The data are presently being analysed with

the help of sophisticated computer programs for stripping

γ-ray spectra. We expect to obtain a precision of better

than ±2% for the intensities of most prominent γ-rays.
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19. Trace Thorium Detection

(K.C. Chan and R.B. Moore)

227,
A simple test system has been set up to observe Pa

produced by (p,6n) reactions on thorium at 48 MeV in the

internal beam of the synchrocyclotron. Preliminary tests

indicate that the natural thorium contamination in 100

microgram per square centimeter aluminum foil can be

observed with less than 10 seconds of cyclotron boraard-

ment. Details of a simply operated system are now being

worked out and results should be available in early 1975.

It is hoped that the system will allow the detection of

thorium in a target sample to within one part per billion.

This would exceed the capability of any present techniques

by several orders of magnitude.

I
20. Dynamic Positron Emission Tomography For Measurement

of Three Dimensional Regional Cerebral Blood Flow

Using Radioactive Noble Gases

(A.J. Houdayer and R.B. Moore)

This project is conducted in collaboration with Drs. J.-L.

Galinier and L. Yaffe of the Chemistry Dept. and with

Drs. Y.L. Yamamoto, C.J. Thompson, E. Meyer.and W. Feindel

of the Montreal Neurological Hospital. I ts purpose is to

investigate the physiology and pathophysiology of

regulations of regional cerebral blood flow in various
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clinical states. This is performed through the use of

the non-invasive technique of inhalation of the positron

emitting noble gas. The annihilation quanta from the

tracer are then measured in coincidences by a ring of

32 3x3 cm Nal(TJl) detectors, which are constructed

specifically for obtaining sequential tomographic

distributions of the tracer through the brain to measure

three dimensional regional cerebral blood flow. The

apparatus is interfaced to a PDP-12 in the Hospital, and

the information is stored at 20 second intervals for a

total of 48 frames. Each frame is then analysed to

reconstruct a regional distribution of the tracer gas.

The radioactive gas tracers being tested are the Kr and

123Xe, both of which satisfy the energy and half-life

127,
requirements. They are produced by the
79

I(pf5n) and

Br(p,3n) reactions. Preliminary results obtained from

the tests are very encouraging. However, as it turns out,

the major difficulties are associated with the active

gas handling and the target construction, so that it will

withstand the full beam bombardment for the required

length of time. A new target has been constructed which

will allow the Kr or Xe gas produced during bombardment

to be swept continuously by a stream of helium gas to a

trap located outside the cyclotron. Tests with this new

target will be performed shortly.
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21. Short-Lived Radioactive Tracer for the Labelling

of Neutrophile Granulocytes

(A.J. Houdayer and M. Shapiro)

This project is being carried out in collaboration with

Dr. J.T. Dancey of the Montreal General Hospital. A search

has been conducted for suitable radioactive tracers for the

labelling of neutrophile. The physical requirements for

such a label include in-vitro compatibility with whole

blood, no labelling of red cells and a half-life greater

than the neutrophile blood transit time of about 7 hours,

but sufficiently short to minimize radiation dosage in

human subjects. It has bean found that buffered (9.15 h)

62

Zn provides successful in-vitro labelling for both

human and canine blood. In-vivo experiments with dogs are

in progress.

Ga also shows some promise as a label for neutrophiles.

In-vitro studies with commercial Ga (78 h) are underway.

Preliminary results with canine blood were encouraging.

Techniques are being devised to separate the (9.5 h)
 66
Ga

to be used in place of
 67
Ga. In addition to neutrophile

labelling, Ga can be used to replace the commonly used

Ga for the detection of soft tumours in humans. Other

isotopes which have or potentially have medical applications

are being studied.
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IV SCIENTIFIC PUBLICATIONS DURING 1975:

(a) Publications Which Appeared in Journals

This list includes only publications that actually appeared

in journals during 1975, by members of the Laboratory.

1.

2.

3.

4.

5.

6.

7.

"Structure of Sm from the Decay of
 1 4 2

Eu", G.G. Kennedy,

S.C. Gujrathi and S.K. Mark, Phys„ Rev. C12 (1975) 553.

"States in Ν = 80
 1 4 0

Nd Populated in the Decay of
 1 4 0

Pm",

G.G. Kennedy, S.C. Gujrathi and S.K. Mark, Z. Physik A27ii

(1975)

95 <3Q 1

"States in Mo and Mo Populated in the (He,a)· Reaction",

J.L. Schoonover, H.C. Cheung, J.E. Kitching, J.K.P. Lee and

S.K. Mark, Z. Physik A272 (1975) 99.

"Proton Stripping Reactions Populating Levels in
 9 5

'
9 7
'

1 0 1
T

C
»

f

H.C. Cheung, J.E. Kitching, J.K.P. Lee and S.K. Mark, J. Phys.

Gl (1975) 737.

"The (d,a) Reaction Viewed As A Two-Step Process", J.L.

Schoonover, P.F. Hinrichsen, J.E. Kitching, J.K.P. Lee and

S.K. Mark, Nucl. Phys. A234 (1974) 331. (This publication

appeared too late to be included in last year's list).

"Half-Lives of Some T=l/2 Mirror Decays", G. Azuelos and

J.E. Kitching, Phys. Rev. £12^ (1975) 563.

"Pulser Correction Techniques in Precise Half-Life Measurements

and Exponentially Decaying Rate Pulsers", G. Azuelos, J.E.

Crawford, J.E. Kitching and K.S. Kuchela, Nucl. Instr. and

Meth. 125 (1975) 579.
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8. "Direct Measurements of the Masses of "*• Li and " Na with

an On-Line Mass Spectrometer", C. Thibault, R. Klapisch,

C. Rigaud, A.M. Poskanzer, R. Prieels, L. Lessard and W.

Reisdorf, Phys. Rev. C12. (1975) 644.

9. "Independent Yields of Rb and Cs Isotopes From the Fission

of Natural Uranium Induced by Protons of Energies 80 and

100 MeV", J.Κ.P. Lee, G. Pilar, B.L. Tracy and L. Yaffe,

J. Inorg. Nucl. Chem. Γ7. (1975) 2035.

10. "Elapsed Time in He-Jet Systems With Long Capillaries",

C. Weiffenbach, S.C. Gujrathi, J.K.P. Lee and A. Houdayer,

Nucl. Instr. and Meth. 125. (1975) 245.

11. "The Decay of
 9 6 g

Rh and
 9 6 m

Rh", S.C. Gujrathi, C.
1
 Weiffenbach

and J.K.P. Lee, J. of Phys. Gl (1975) 67.

12. "The Decay of
 9 5

Rh to Levels in
 9 5

Ru", C. Weiffenbach, S.C.

Gujrathi and J.K.P. Lee, Can. J. Phys. 5J3 (1975) 101.

127

13. "Low Spin Isomers of Ba", B.P. Pathak and I.L. Preiss,

Phys. Rev. Cll (1975) 1762.

(b) Papers Submitted to Journals for Publication

This list includes only papers which are already submitted to

journals for publication by members of the Laboratory in 1975.

1. "A High Energy Beta Spectrometer Using An Intrinsic Germanium

Crystal in a Superconducting Solenoid", R.B. Moore, S.I.

Hayakawa and D.M. Rehfield, Nucl. Instr. and Meth. (Accepted).
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2. "The Probability of Positron Annihilation in Flight for

Allowed Beta Decay", G. Azuelos and J.E. Kitching, Nucl.

Data Tables (Accepted).

62

3. "Cyclotron Production of Zn for Medical Use", J.T. Dancey,

A.J. Houdayer and M.M. Shapiro, Int. J. Nucl. Med. and Bio.

(Accepted).

4. "Decay of N=79
 1 4 1 g

Sm", G.G. Kennedy, J. Deslauriers, S.C.

Gujrathi and S.K. Mark, Phys. Rev. C (Submitted).

5. "Structure of
 1 1 2

'
1 1 4

Sn Observed in the Decay of
 1 1 2

'
1 1 4

Sb,

A.J. Houdayer, P.F. Hinrichsen, T.Y. Li and S.K. Mark, Z.

Physik (Submitted).

6. "New Isomers
 8 5 m

Zr and
 8 4 m

y», R. lafigliola and J.K.P. Lee,

Phys. Rev. (Submitted).

7. "Constraint on the K^, Divergence Form Factor", E. Fischbach,

C.K. Scott and L.D. Simmons, Phys. Lett. (Submitted).

8. "Cross-Section Measurements and Phase-Shift Analysis of

4
p- He Elastic Scattering in the Energy Range 20-50 MeV",

A.J. Houdayer, Ν.Ε. Davison, S.A. Elbakr, W.T.H. van Oers and

A.D. Bacher, Phys. Rev. (Submitted).

(c) Contributions to Conferences

1. "On-Line Mass Spectrometer", J.K.P. Lee, Eastern Regional

Nucl. Phys. Conf., C.A.P., Quebec (1975).

2. "Structure of
 139

Nd", J. Deslauriers, G.G. Kennedy, S.C.

Gujrathi and S.K. Mark, Eastern Regional Nucl. Phys. Conf.,

C.A.P., Quebec (1975).
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4.

5.

6.

7.

3. "Α Computer Program to Analyse β-Spectra From An I.G.

Detector", S.I. Hayakawa, R.B. Moore and D.M. Rehfield, Bull.

C.A.P. 31 (1975) 7.

"The 5 and 7 States in "
L4U
Nd and ^"Sm", G.G. Kennedy,

S.C. Gujrathi and S.K. Mark, Bull. C.A.P. 31̂  (1975) 55.

"The Decay of Ag", I. Hyman, S.I. Hayakawa and J.K.P. Lee,

Bull. C.A.P. 31 (1975) 33.

"The Half-Lives of Some T=l/2 Mirror Decay", G. Azuelos and

J.E. Kitching, Bull. C.A.P. 31 (1975) 54.

"The Level Structure of
 7 8
Kr and

 7 7
Kr", G.K. Bavaria, S.

Calamawy, J.E. Crawford and D.M. Rehfield, Bull. C.A.P. 3JL

(1975) 55.

8. "Level Structure of
 1 0 1

Pd from Decay of
 1 0 1

Ag", I. Hyman,

S.I. Hayakawa and J.K.P. Lee, Bull. A.P.S. 2£ (1975) 720.

9. "States of Sm and Pm", G.G. Kennedy, J. Deslauriers,

S.C. Gujrathi and S.K. Mark, Bull. A.P.S. 2£ (1975) 623.

10. "Decay of
 1 1 2

'
1 1 4

Sb", A.J. Houdayer, P.F. Hinrichsen, T.Y. Li

and S.K. Mark, Bull. A.P.S. 2_0 (1975) 687.

11. "Partially Conserved Meson Charges", C.K. Scott, Eastern

Regional Theor. Phys. Conf., Kingston (1975).

12. "Properties of Abnormal Nuclei", C.K. Scott, Summer Seminar

in Nuclear Theory, Queen's University (1975).
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(d) Theses

1. "Decay of Neutron Deficient Rb", S. Hamdy, M.Sc. Thesis

(1975).

2. "Study of Kr Isotopes Using A High Speed Target Extractor",

G.K. Bavaria, Ph.D. Thesis (1975).

3. "Structure of Neutron Deficient Nuclei Near A=140", G.G.

Kennedy, Ph.D. Thesis (1975).

1
I

I
I
I



- 42 -

f

V PERSONNEL

(a) Academic and Research Staff

MARK, S.K.

CRAWFORD, J.E.

KITCHING, J.E.

LEE, J. Κ · Ρ ·

MOORE, R.B.

LESSARD, L.

GRANT, I.S.

EDDY, N.W.

GUJRATHI, S.C.

CHAN, K.C.

HAYAKAWA, S.I.

HOUDAYER, A.J.

SCOTT, C.K.

PATHAK, B.P.

PLA, C.

Professor and Director,
Foster Radiation Laboratory

Associate Professor

Associate Professor

Associate Professor (on sabbatical
leave to TRIUMF, commenced Aug. 1,
1975)

Associate Professor

Lecturer

Visiting Professor (on sabbatical
leave from the University of
Manchester, commenced Oct. 1, 1975)

Visiting Associate Professor (on
sabbatical leave from Concordia
university)

Staff at Dawson College

Research Associate (commenced
Sept. 1, 1975)

Research Associate

Research Associate

Research Associate (commenced
June 1, 1975)

Postdoctoral Fellow (commenced
June 1, 1975)

Postdoctoral Fellow (commenced
June 1, 1975)

(b) Technical and Supporting Staff

BAVARIA, Dr. G.K. Accelerator Physicist ·
(commenced Oct. 1, 1975)



- 43 -

(b) Technical and Supporting Staff (cont'd.)

I

(c)

DAVIES, E.

DELLA NEVE, M.

EDELBACHER, F.

EGYED, J.

JORGENSEN, C.

KAY, A.R.

KECANI, S.A.

KUCHELA, Dr. K.S.

LALEFF, S.

MILLS, R.H.

PAYMANI, R.

PLA, M.

POPOV, G.

Graduate Students

Name

AZUELOS, G.

BAVARIA, G.K.

DESLAURIERS, J.

HAMDY, S.C.

HUANG, H.

HYMAN, I.

KENNEDY, G.G.

MISKIN, J.

Machinist

Cyclotron Technician

Machinist

Chief Machinist

Electronics Technician

Laboratory Technician

Machinist

Electronics Supervisor

Administrative Secretary

Laboratory Superintendent

Electronics Technician

Part-Time Research Assistant

Departmental Draughtsman and
Photographer

Degree Sought

Ph.D.

Ph.D. (completed Sept. 30, 1975)

Ph.D.

M.Sc. (completed Sept. 30, 1975)

Ph.D.

M.Sc.

Ph.D. (completed Sept. 30, 1975)

M.Sc.



- 44 -

(c) Graduate Students (cont'd.)

NIKKINEN, L.

OXQRN, K.

REHFIELD, D.M.

SUTHERLAND, B.

M.Sc.

M.Sc.

Ph.D.

M.Sc,

(d) Summer Student Assistants

BARANY, A.

KEELER, R.

MISHKIN, S.

ROSENFELD, A.

TODOESCHUK, J.

I


