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(i)

CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Science

Further measurements have been made of the dependence of
heavy ion-induced X-ray yields upon the charge state of the ion.
The results confirm our previous measurements and establish that
a discrepancy between our results and those obtained elsewhere
is due to the use, in the latter case, of too high a pressure in
the gas target cell. A discrepancy between experiment and
theory still exists however.

The nature of the anodic oxide films on aluminum depends
upon the chemical composition of the solution in which they are
formed. With borate solutions the oxide is dense and has high
electrical resistivity for example. In comparison, the film
formed in oxalic-sulphuric acid solution is porous, with lower
resistivity. We have shown that the migration of atoms through
the growing oxide, which is a necessary condition for their
growth, proceeds by different mechanisms for the two types.

When a crystal is bombarded by energetic ions or atoms
the amount of radiation damage produced depends upon the
direction of the ions in relation to the crystallographic
directions, being least when the ions enter parallel to a major
axis. Recent experiments show that, for different bombarding
directions, the amount of damage produced is proportional to the
number of ions backseatsered from the crystal. This is as
expected since the number of scattered ions is a measure of the
number of violent collisions made by the ions.

Radiation Chemistry

The yield of excited nitrogen atoms formed in the
radiolysis of nitrogen gas, as deduced from experiments with
nitrogen-hydrogen mixtures, does not agree with our earlier
data obtained with nitrogen-nitrous oxide mixtures. Input
data for the 30-reaction model used to interpret the experimental
results are being examined since they may be the source of the
discrepancy.



The relative order of thermodynamic stability of metal
anions in ethylamine solution has been found to be
Na~ > K~ > Rb" > Cs~ > Li species > Ca species > e~ from
optical measurements on the solutions. The relative reactivity
of tntise species with biphenyl, an electron capture agent, has
been found to be in reverse order, from the experiments completed
so far.

Laser Photochemistry

The yields of molecular hydrogen and carbon monoxide
from multi-line laser irradiation of formaldehyde are 8 times
larger than the corresponding single-line yields. This is
attributed to better matching between photon energies and
vibrational energy levels, in the ladder of levels leading to
dissociation, than occurs with a single line laser. With a
single photon energy, one would not expect good matching for all
steps up the vibrational ladder, because the step spacing
decreases with increasing energy.

Multiphoton absorption of a hydrogen fluoride laser line
inmethanol vapour has been observed at low pressures, thus
demonstrating that collisions between the molecules are not
needed in this process. Energy absorption at the low pressures
encountered in these experiments was measured using a newly
developed microphone technique.

Homogeneous Chemical Exchange

Solubilities of hydrogen in cyclopentyl- and cyclohexyl-
amine, necessary for calculation of the rate of catalyzed
exchange of hydrogen dissolved in these solvents, have been
measured over a range of temperatures.

A kinetic analysis of the proton exchange rate between
potassium methylamide and methylamine and a reinterpretation of
published data on the ammonia-amide system have revealed
evidence of two catalytic species, the free methylamide ion and
the ion pair, in these solutions; the former is an order of
magnitude more reactive than the latter.

The equilibrium distribution of deuterium between the
hydroxyl groups of water and methanol can be calculated from
the protium-deuterium separation factors for the two species
measured in our laboratories. The result is in good agreement
with the therntochemical data but differs significantly from one
calculated from partition function ratios reported recently in
the literature.



(iii)

Surface Chemistry

The relative reactivity towards gaseous 02 of linear
and bridged CO species on a platinum (111) surface has been
measured and shows that the more weakly bound bridged species
is 3 times more reactive. This is the first successful
measurement of the difference in reactivity of separate absorbed
states on a single crystal face.

Analytical Chemistry

A method for the analysis of trace concentrations
(20 parts in 1012) of metal ions by high performance liquid
chromatography has been developed. The metal ions are pre-
concentrated on the top of the column which is later used to
separate the elements. So far the method has been applied to
the lanthanides and cobalt.

Nitric oxide has been found in the air present in the
empty NRX calandria tube used in the investigation into the
causes for the corrosion observed in NRX. The concentrations
are frequently higher than those for nitrogen dioxide reported
last quarter. Nitric oxide is probably contributing to the
corrosion since it will react with moist air in the tube to form
nitrous acid which is known to be a catalyst for nitric acid
attack on metals.

Materials Science

A least one e'.rly batch of Zircaloy fuel cladding has
developed a few cracked hydride particles on the inside surface
as a result of high residual stresses acting over long times.
Thus it is possible that some reactor fuel may start its
irradiation career with small sharp notches on the inner surface
of the cladding.

A correlation between accelerated oxidation of Zircaloy-4
in high temperature, high pressure steam and the electrical
properties of the corrosion film has been proposed by workers
elsewhere. Analogous work at CRNL has shown that the correlation
does not hold for Zircaloy-2.

The precipitation of hydride particles in zirconium and
titanium at low temperatures has been shown to proceed by shear
processes involving dislocstions of the atoms in the micro-
crystals forming the metal.

The zirconium single crystals being irradiated in the DIDO
reactor at Harwell continue to show very small dimensional
changes, and growth appears to have saturated.



The data on pressure tube elongation accumulated over the
past six years for the Picketing and Douglas Point reactors have
been successfully analysed using the ACCORD computer program.
The interaction of the fuel channels and end shields can be
predicted using the program and it is currently being used by
Ontario Hydro to assess the actions necessary in the future to
obtain maximum fuel channel life.



- 1 -

1. REPORT OF THE SOLID STATE SCIENCE BRANCH

F. BROWN

1.1 STAFF

1.2 ION PENETRATION 4

1.2.1 Charge-State Dependence of K-Vacancy 4
Production in Heavy Ion-Atom Collisions
using Highly Stripped Projectiles

1.2.2 Polarization of the Molecular Orbital 4
Radiation

1.2.3 Gas Target Development 5
1.2.4 Zinc Vapour Target Development 8
1.2.5 Heavy Ion Ranges in Ge 9
1.2.6 Stopping Power for Heavy Ions 10
1.2.7 Erosion of Frozen-Gas Films by MeV Ions 11
1.2.8 Surface Structure Analysis by Ruther- 13

ford Backscattering and Channeling
1.2.9 Dependence of Specific Energy Loss on 13

Target Thickness
1.2.10 High Velocity DSAM Lifetime Measurements 14

of the 1.982 MeV 2 + Level in leO
1.2.11 2.5 MV Positive Ion Van de Graaff 14
1.2.12 High Voltage Mass Separator 14

1.3 ELECTRON MICROSCOPY

1.3.1 Ion Simulation of Zr-2.5% Nb In-Reactor 15
Creep

1.3.2 Epitaxial Growth of Very Thin (14.0 nm) 15
Films of Ge

1.3.3 Micro-discharges in the Electron Gun of 16
the Elmiskop 101 and their Reduction

1.4 RADIATION DAMAGE AND METAL PHYSICS 17

1.4.1 Backscattering Measurements of Radiation 17
Damage in a Ti-2% Ag Alloy

1.4.2 Energy Dependence of Dechanneling from 17
Point Defects or Dislocations in f.c.c.
Metals

1.4.3 A Comparison of Damage Rates from 18
Channeled ani Random Beams of 0.6 MeV He

1.4.4. Backscattering Measurements of the 18
Diffusion of Ag in SiC



- 2 -

1.5 NUCLEAR METHODS OF ANALYSIS 18

1.5.1 The Anodization of Al in Acidic 18
Electrolytes

1.5.2 Determination of the Stoiciiiometry of 19
CdSe Thin Films

1.5.3 The Anodization of Superimposed Layers 19
of Niobium and Tantalum

1.6 COMPUTATIONS 21

1.6.1 The Influence of Thermal Displacement 21
Correlations on Surface Backscatterina
Yields

1.7 PUBLICATIONS, LECTURES AND REPORTS 22

1.7.1 Publications 2 2
1.7.2 Lectures 23



Branch Head

Secretary

Professional Staff

J
J
H
L
H.
D,
J.
W.
W,
N.
I.
P.
J.
J.
D.
M.

. BszSttiger^1)
•A. Davies
•K. Haugen<2>
.M. Howe
. Ishiwara*^)

.P. Jackson

. L'Ecuyer'^

.N. Lennard

.D. Mackintosh

. Matsunami^'
,V. Mitchell
.H. Mokler<6)
, R. Parsons
P.S. Pringle
C. Santry'
L. Swanson*'>

Shop

D.
B.

Dixon
H. McGilvray

- 3 -

SOLID STATE SCIENCE BRANCH

1.1 STAFF

F. Brown

Miss D. McConnell

Technical Staff

G.R
C.W
D.
J.
D.
H.H
A.F
M.H
G.A
D.A
R.D
O.M

;. Bellavance
'. Hoelke
Lanteigne
Lori
Phillips
. Plattner
. Quenneville
. Rainville
. Sims
.S. Walker
. Werner
. Westcott

Stores, Services

K.W. Dunlop ( 8 )

L.I. Graveline
W.M. Hartwick

(1) Attached staff. Institute of Physics, University
of Aarhus, Denmark, commenced 1978 June 28 and
terminated 1978 August 25

(2) Summer student, McMaster University, departed on
1978 September 8

(3) Attached staff, Tokyo Institute of Technology,
commenced on 19 78 July xO

(4) Attached staff, Université de Montréal, departed on
1978 June 29

(5) NRC Postdocto.-al Fellow, departed jn 1978 August 28

(6) Visiting scientist, Gesellschaft fur Schwerionenfor-
schung (GSI), Darmstadt, commenced 1978 May 29

(7) On leave for one year, Hahn-Meitner Institute, West
Berlin, Germany, returned 1978 July 1

(8) It is with sincere regret that we record the death
of W. Dunlop on 19 78 August 5



1.2 ION PENETFATION

1.2.1 Charge-State Dependence of K-Vacancy Production in
Heavy Ion-Atom Collisions using Highly Stripped
Projectiles

- I.V. Mitchell, W.N. Lennard, P. Mokler and G-C. Ball
(Nuclear Physics Branch)

A previous report (PR-CMa-45, section 1.2.1;
AECL-6327) described the dependence of the K X-ray
cross section upon the charge state, q, of the
incoming ion for Cû "1" •+ Kr (gas) collisions at 88.2 MeV.
While absolute cross sectionr for q £ 19 were found to
be in good agreement with those obtained at GSI^1'
discrepancies appeared for q > 19, i.e. where the Cu
2p-shell is open.

We have now repeated our measurements as a function
of gas cell pressure. For all available charge states
(q <̂  2 3) the cross sections were independent of pressure
fcr p K r < 16.0 Pa (1 Pa = 7.52 millitorr) and were
in excellent accord with the earlier results reported
in PR-CMa-45; AECL-6327. At higher pressures, the q-
dependence of the cross section is rapidly quenched,
presumably through charge-changing collisions. We have
also made measurements at 2.4 Pa using the GSI gas
target cell (on loan from GSI) and find a q-dependence
identical with our earlier results. Additionally, the
very clean X-ray spectra from the GSI set-up gave more
reliable evidence that the data are not affected by
metastable ions in the Cu*3+ beam obtained from the
Tandem Accelerator using foil stripping. The 30% dis-
crepancy persists between theoretical and experimental

slopes " for q > 19 in these Cu^ -*• Kr collisions.

(D A. Warczak, D. Liesen, J.R. Macdonald and P. Mokler,
Zeit. fur Physik A 285, 235 (1978).

1.2.2 Polarization of the Molecular Orbital Radiation

- P. Mokler, W.N. Lennard and I.V. Mitchell

In slow, heavy-ion atom collisions, inner-shell
vacancies may decay radiatively during the collision
itself. Such molecular orbital (MO) X-ray radiation
gives information on the states formed during the
collision. As this radiation is emitted from an aligned
system (the internuclear axis as a reference frame is
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aligned with respect to the beam axis) the MO X-rays
are emitted anisotropically and should be polarized.
In order to measure this polarization, experimental
equipment which is a combined development of GSI and
CRNL was installed at the beam line of the 2 MV High
Voltage Mass Separator (HVMS). In figure 1.2.2.1 a
sketch of the experimental equipment is given. The X-
ray polarizer consists of an interchangeable, flat,
Bragg-reflecting crystal oriented at 45° between two
orthogonal crossed Soller slit assemblies. Because of
the Bragg reflection condition only a certain X-ray
energy is reflected by a given crystal. Various
crystals were cut to provide different lattice spacings,
thus sampling discrete X-ray energies between 2.7 and
9.7 keV. At a crystal orientation of 45°, only X-rays
having a linear polarization perpendicular to the
scattering plane pj. will be reflected. Thus by rotation
of the polarizer assembly about an axis perpendicular
(vertical) to the beam direction, the linear polarization
of X-rays reflected by the crystal can be measured at a
few points in the MO continuum energy spectrum.

Using the molecular orbital radiation from P -»• Si
collisions, the available crystals and several Soller
slit assemblies were extensively tested. Five of the
available crystals gave reasonable first-order Bragg
peaks in the reflected X-ray spectra. The Soller slit
assembly was found to give a good peak-to-background
ratio at an angular acceptance of A6 = ± 2.5°. The first
polarization measurements at 2.7 keV in the X-ray spectrum
from 1.8 MeV P •* Si collisions resulted in a (15 ± 5)%
higher X-ray yield for polarization parallel to the
primary ion beam direction, compared to polarization
perpendicular to it. However, due to P build-up effects
in the target, the shapes and intensities of the emitted
X-ray spectra changed slightly with beam dose, thus
affecting the polarization measurements. This effect can
be continuously monitored with the help of the X-ray
spectrum from a proportional counter located at a fixed
angle of 90° (not shown in figure 1.2.2.1).

1.2.3 Gas Target Development

- I.V. Mitchell, W.tJ. Lennard, G.R- Bellavance and
G.A. Sims

A principal concern in experiments using gas targets
is the charge exchange in the beam, which can occur in
the region upstream of the interaction volume viewed by
X-ray and/or particle detectors. High charge state
purity is required in Ne*3+ •* Ne collisions, for example,
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Figure 1.2.2.1

Sketch of the set-up for X-ray polarization
measurements.

when testing the proportionality between K X-ray cross
sections and the incident Ne ion charge states.

We have developed a gas jet to be used routinely
for experiments requiring gaseous targets, small
collision volumes (of order a few mm3) and low back-
ground pressures.

A schematic diagram of the arrangement is shown in
figure 1.2.3.1. Gas entered through a capillary tube
that could be moved in any of three mutually orthogonal
directions. The target gas atom density was profiled by
monitoring the yield of ions scattered to 90° out of a
1 mm diameter incident Ar+ beam. Various capillary
diameters were used. The gas target vertical dimension
Ay (figure 1.2.3.1) was minimized subject to the constraint
that the incident beam not be spilled onto metal surfaces
seen by the particle detector.
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Figure 1.2.3.1

Gas target schematic diagram. D.&. , differential
aperture; A, beam apertures; C, capillary; FC, Faraday
Cup; DP, diffusion pump; TP2, TP1, turbo-molecular pumps.

- 3 - 2 - 1 0 1 2 3 1

Figure 1.2.3.2

Typical pressure profile recorded for Xe gas, mapped by
counting Ar+ ions scattered out of an incident 1 MeV beam.
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With a capillary diameter of 1 mm and Ay = 3 mm, we
obtained Xe target gas areal densities of 1.5 X 10lh cm"2

and a FWHM of 2.5 mm, as shown in figure 1.2.3.2. Prom
intensity contours we found the pressure reduction to
exceed a factor 50 at 4 mm from the centre of the jet.

A gas stripper for the 2 MV High Voltage Mass
Separator (HVMS) and a charge-state analyzer, to be
located downstream of the gas target, are both under con-
struction. The system will be tested with K- and KK-
vacancy production in Ne+ •+• Ne and Ne + + -»• Ne collisions.

1.2.' Zinc Vapour Target Development

- I.V. Mitchell, W.N. Lennard, P. Mokler with G.C. Ball
and N. Bray (Nuclear Physics Branch)

As noted in this progress report, section 1.2.1
a 30% discrepancy is found between the experimental and
theoretical K X-ray cross-section ratios for Cu^+ •+ Kr
at 88.2 MeV, 19 < g <_ 23. The theoretical value derives
in part from the value assigned to W&, the vacancy
transfer probability between the 3pu and 2pn MO
orbitals O-). The values for W A have only been established
experimentaily in solid targets (at slightly lower
velocities) and a test in the gas phase is therefore
warranted. The complementary collision system Br"3+ •* Zn
has been chosen (ZUA = 65) since, lacking a Kr beam, we
cannot pursue Kr"3+ * Cu measurements. To this end, a
Zn vapour target has been developed.

A sketch of the Zn vapour target is shown in
figure 1.2.4.1. We have tested this cell using a Cu beam.
With an oven temperature of approximately 750 K, we
deduced from the observed yield of Cu + Zn K X-rays that
the effective Zn vapour pressure intersected at the beam
was approximately 0.4 Pa (3 millitorr), which is
approximately 100 times smaller than the vapour pressure
of Zn inside the oven at 750 K. This pressure differential
is consistent with the conductance of the exit apertures
of the oven and the pumping speed of the cooling shield
inner surfaces. We observed no Zn metal deposits on the
heat shields in front of either the Si(Li) X-ray detector
or the surface barrier detector used to count scattered
projectiles, and the heat shields were adequate to protect
the detectors from any harmful heating.

'D W.N. Lennard, I.V. Mitchell, J.S. Forster and
D. Phillips, J. Phys. B 10, 2199 (1977).
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Figure 1.2.4.1

Zinc Vapour Cell Schematic Diagram

1. Beam apertures
2. Air cooled heat shield and Zn vapour pump (Cu)
3. Secondary heat shield (stainless steel)
4. Oven
5. Zinc charge
6. Collimating tubular aperture to X-ray

detector
7. Collimating slotted aperture to particle

detector
8. Faraday Cup

1.2.5 Heavy Ion Ranges in Ge

- H. Ishiwara and W.D. Mackintosh

We have measured the ranges of 0.5 - 1.5 MeV Bi ions
implanted in Ge using MeV He backscattering for the
analysis. At high doses (5 X 10 1 5 cm" 2), an anomalous
spread of the Bi ions was observed. (The standard
deviation is 3.5 times wider than the theoretical one,
though the value at a lower dose of 1 X 1015 cm"2 is
only 1.5 times wider than the theoretical one.) This
phenomenon was virtually independent of dose rate which
we varied by a factor of 10. At the higher doses, a
reduction of the backscattering yield derived from the
surface region of the Ge substrate was also observed.
The depth of this region was close to the implanted-ion
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range. We also noted a brown discolouration of the
implanted area. These effects were not seen in Si
implanted at the same doses and dose rates. These facts
suggest the formation of a surface layer consisting of
a germanium compound, thouqh the vacuum in the chamber
was kept less than 0.133 mPa (1 X 10~ 6 Torr) during
implantation. These effects are now being investigated
to ensure that the measured ranges of Bi ions in Ge are
not being adversely affected.

1.2.6 Stopping Power for Heavy Ions

- D.C. Santry, R.D. Werner and F. Brown

Work is continuing on a comprehensive study of
stopping power measurements for heavy ions in solids over
the energy region 200 to 2000 keV.

A recently published paper by Matteson, et at, d>
describes precision stopping measurements at a few
selected energies fcr He ions in gold. Figure 1.2.6.1
compares our measurements and those of Matteson with the
semi-empirical values recommended by Ziegler and Chu^ 2).
All three sets of data are in reasonable agreement. Our
data and those of Matteson are within 3% except for the
energy region 684 to 863 keV where differences are 4 to
6%. Matteson optimistically set their errors at 1.2%
while we are quoting errors of 4%.

Although the tables of Ziegler and Chu(2) provide
reasonable He stopping values for gold, this was not the
case for He ions in carbon (PR-CMa-41, section 1.2.3;
AECL-5851) or in aluminum (PR-CMa-42, section 1.2.2?
AECL-5971).

Presently we are examining stopping values for He
ions in silicon. Oxide free, self-supported films are
now being prepared on a routine basis, preliminary
measurements at 1 MeV are giving stopping values which
are 12% lower than those recommended by Ziegler and
Chu^2'. This result is particularly disturbing since
many backscattering experiments involved the use of
silicon and the results and conclusions were interpreted
in terms of the stopping values chosen from the Ziegler
and Chu tables(21.

(1) s. Matteson, J.M. Harris, R. Pretorius and
M.A. Nicolet, Nucl. Instr. Meth. 149, 163 (1978).

(2) j.p. Ziegler and W.K. Chu, Atomic Data and Nuclear
Data Tables 13, 463 (1974).
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Figure 1.2.6.1

Stopping cross section of gold for **He ions

+, Ziegler and Chu'2); •, Matteson, et al. (D; — , this
work.

1.2.7 Erosion of Frozen-Gas Films by MeV Ions

- J. B0ttiger, J.A. Davies, H. Haugen, J. L'Ecuyer,
N. Matsunami in collaboration with R. Ollerhead
(University of Guelph)

In previous reports on stopping power measurements
for MeV ions in solidified gases (PR-CMa-42, section
1.2.6; AECL-5971 and PR-CMa-45, section 1.2.4:
AECL-6327) we detected an anomalously large sputtering,
or erosion, of the frozen layer by the incident beam,
with the observed sputtering yields, S, being a factor
of 102 - lO4 higher than predicted by linear collision
cascade theory. In order to determine the mechanism
responsible for these anomalous yields, we have initiated
an experimental study of the dependence of S on various
experimental parameters such as (a) the nature, thickness
and temperature of the frozen-gas layer; (b) the thermal
conductivity of the underlying substrate; (c) the energy,
current density, and atomic number of the bombarding ion.
Two different frozen gases have been studied in detail,
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H2O and Xe, in order to provide a comparison between a
molecular film (where radiation chemistry effects may
play a role) and an inert-gas film (where only Van der
Waals forces are involved).

In both cases, S increases with increasing thickness
and temperature of the frozen film, but this dependence
is much stronger for Xe (figure 1.2.7.1) than for H2O.
S also increases when the thermal conductivity of the
substrate is lowered. For Xe, S is roughly proportional
to the total stopping power (i.e. to the energy deposited
per unit thickness); for ice, however, the observed
dependence on stopping power is much stronger than linear.

20

10

ON S F ^ / \ l /
(2000 A) V. /
at 20K i N

x / j

ON Be
at 40K

Xe

200 300

Thickness (1015 atoms/cm2)

Figure 1.2.7.1

Thickness and temperature dependence of Xe sputtering
by 1 MeV ^He. (1 A = 0.1 nm)
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Several possible mechanisms are being considered
in an attempt to explain these data.

'1) Collision cascade model: this not only predicts S
values that are too small by factors of 10~ 2 to
10"1*, but also would not explain the observed
dependence on film thickness and temperature.

(2) Beam heating: at the current densities used, the
maximum temperature gradient flT across the frozen
film is always negligible (i.e. < 10~ 3 K ) ; further-
more, the observed S values do not depend on the
current density.

(3) Coulomb "explosion" along each ion track: this
would not explain either the observed T dependence,
nor the negligibly small ratio {< 10"2) of sputtered
ions/sputtered atoms; it may, however, contribute
significantly to mechanism (4) as a means of con-
verting the electronic energy loss rapidly into
thermal motion.

(4) Thermal "spike" along each ion track: this can
explain qualitatively most of the observed parameter
dependences (especially in the case of X e ) , provided
most of the electronic stopping becomes converted to
thermal energy within approximately 1 0 " 1 1 s.

A preliminary report of this work has been written
and presented at the Budapest conference on Ion Beam
Modification of Materials.

1.2.8 Surface Structure Analysis by Rutherford Backscattering
and Channeling

- P.R. Norton with W.N. Unertl (University of Maine);
J.A. Davies, D.P.- Jackson, C. Sitter and J. Lori

See progress report PR-CMa-46, section 3.3.3;
AECL-6 401.

1.2.9 Dependence of Specific Energy Loss on Target Thickness

- D. Ward, H.R. Andrews (Nuclear Physics Branch),
I.V. Mitchell and W.N. Lennard

See progress report PR-P-119, section 2.17;
AECL-6366.
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1.2.10 High Velocity DSAM Lifetime Measurements of the 1.9 82 MeV

2 + level in lo0

- T.K. Alexander, J.S. Forster o.C. Ball, W.G. Davies
(Nuclear Physics Branch) ciia I.V. Mitchell

See procrress report PR-P-119, section 2.9;
AECL-6366.

1.2.11 2.5 MV Positive Ion Van de Graaff

- J. Lori

The accelerator operation was satisfactory during
the past three months, with the following schedule.

Month

June

July

August

* R.F.
** Gas

Operating Time
hours

187

190

195

Oscillator tube
select mechanism

High Voltage Mass Separator

Routine Checks
days

1

Failures
days

1*

1**

- G.A. Sims

Two major problems have occurred during the quarter.

(1) Severe sparking around the corona-point assembly.
The entire assembly was dismantled, cleaned and
inspected. The assembly was then remounted and no
apparent breakdowns are noticeable. However, new
insulators will be machined to replace the present
ones that show evidence of cracking.

(2) The ion source isolation gate valve is leaking which
allows SF& to enter the vacuum system. A new
bellows-bonnet assembly for this valve will be
installed when it arrives from the manufacturer.

All the corona needles (144) on the column and tube
structures were replaced as part of routine maintenance
shut-down.

The "beam-on" time during the previous three months
was 257 hours.
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1.3 ELECTRON MICROSCOPY

1.3.1 Ion Simulation of Zr-2.5% Nb In-Reactor Creep

- J.R. Parsons, R.W. Gilbert (Metallurgical Engineering
Branch) and C.W. Hoelke

The surface oxide on electropolished Zr disc
specimens is converted to an epitaxial f.c.c. structure
by in-microscope ion-irradiation. As shown in the
attached S.E.M. image (figure 1.3.1.1), epitaxial strains
are relieved by a macroscopic bending in the ion beam
direction. Micro-tensile specimens, shown in PR-CMa-44;
AECL-6179, were also found to have been macroscopically
bent in the beam direction. These specimens were first
strained until dislocation motion was observed and then
ion irradiated. In both cases Moire fringes and satellite
diffraction spots were observed but no unique contrast
effect was observed that could be related to misfit dis-
locations.

As discussed in PR-CMa-45; AECL-6327, these dis-
locations might exist at the oxide-metal interface to
partially accommodate the epitaxial strain. Also, if
present, they would need to be considered in an explana-
tion of radiation enhanced creep. We now suspect their
presence in regions opaque to 100 kV electrons,i.e. where
the macroscopic bending begins in the attached S.E.M.
image. To test this hypothesis we plan to irradiate the
front surface of an oxidized disc specimen and then thin
it from the back surface.

1.3.2 Epitaxial Growth of Very Thin (14.0 nm) Films of Ge

- C.W. Hoelke

A method of producing evaporated thin film specimens
of Ge suitable for multi-beam lattice imaging of dis-
locations and grain boundaries has been established. The
specimens are large grained polycrystals of predominately
low index orientation and contain many end-on dislocations.
They are made by depositing 14.0 nm of Ge as an amorphous
layer onto a cleaved (111) CaF2 substrate at 383 K then
crystallizing by heating at 883 K for 16 hours in argon.
A more detailed account is contained in the Proceedings
of the Ninth International Congress on Electron Micro-
scopy, Vol. 1, pages 134 and 135.



Figure 1.3.1.1

Scanning electron microscope imaae of a Zr foil after
ion irradiation. Prior to irradiation the foil was flat.

1.3.3 Micro-discharges in the Electron Gun of the Elmiskop 101
and their Reduction

- J.R. Parsons and C.W. Hoeike

Single crystal pointed filaments together with a
conical Wehnelt grid are the electron microscope gun
components of choice for high-resolution experiments.
The brightness and coherence of this electron source are
critically dependent on the distance of the filament tip
behind the Wehnelt grid aperture. Our use of this
electron source is far too frequently curtailed by micro-
discharges in the gun which destroy the filament tip.
Recently some trial and error experiments suggest that
these micro-discharges are significantly reduced by a
prior vacuum anneal of the Wehnelt grid.
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1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Backscattering Measurements of Radiation Damage in a
Ti-2% Ag Alloy

- M.L. Swanson and A.F. Quenneville

A crysbal of Ti was implanted with 3 X 1016 Ag
ions cm"2 and then annealed for one hour at 1070 K to
diffuse the Ag. The resultant average Ag concentration
in a surface layer 200 nm deep was 2%, indicating that
the diffusion coefficient of Ag was comparable to the
self-diffusion of Ti.

The crystal was irradiated at 30 K with 1.6 X 10 1 6

1 MeV He + ions cm"2 and then annealed up to 290 K in
40 K intervals. No displacement of Ag atoms irto
<112C> channels was detected at any stage. This result
does not exclude the presence of Ti-Ag mixed dumbbells.
Because of the high Ag concentration, only a displaced
fraction of fdAg = 0.03 would be expected if mixed
dumbbells were formed. A partial recovery of the
irradiation-induced dechanneling increment was observed
between 200 and 250 K.

1.4.2 Energy Dependence of Declic.nneling from Point Defects or
Dislocations in f.c.c. Metals

- M.L. Swanson, L.M. Howe, N. Matsunami and
A.F. Quenneville

The energy (E) dependences of dechanneling from
point defects and from dislocations are expected to differ
markedly (Y. Que're', phys. stat. sol. 3Q_, 713 (1968)). In
the former case, an E~ 1 dependence is expected using a
single scattering model, and in the latter case an E 1' 2

dependence is expected. Previously, we found that the
dechanneling of H + ions at 30 K in an irradiated
Cu-0.06% Au crystal showed an E~° -7 energy dependence
(PR-CMa-37; AECL-5551). In this case the defects should
consist of small point defect clusters. We have now
measured the dechanneling of both He+ and H + ions at 30 K
in an Al-0.05% Ag crystal which was irradiated at 70 K
with 3.2 X 10 1 6 2 MeV He+ ions cm"2 to produce isolated
vacancies and Al-Ag mixed dumbbell interstitials. The
energies used were 0.5, 1, 1.5 and 2 MeV He+ and 0.3,
0.6 and 1 MeV H+. The data are still being analyzed.

In addition, we have investigated H + and He+ de-
channeling in the energy range 0.3-2 MeV in a Cu crystal
containing mainly dipole dislocations produced by fatigue.
Preliminary results indicate a small positive energy
dependence for both ions.
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1.4.3 A Comparison of Damage Rates from Channeled and Random
Beams of 0.6 MeV~He+

- M.L. Swanson, with P. Offermann and K.H. Ecker (Hahn-
Meitner-Institut)

The production rates of Al-Ag mixed dumbbells by
channeled and random beams of 0.6 MeV He+ ions were
measured at 70 K in an Al-0.05% Ag crystal using the
backscattering-channeling technique. The results showed
that the defect production rate caused by a channeled
beam was equal to the production rate caused by a random
beam multiplied by the normalized yield from host atoms.

1.4.4 Backscattering Measurements of the Diffusion of Ag in Sic

- M.L. Swanson with P. Offermann (Hahn-Meitner-Institut,
Berlin)

A convenient way to measure very low diffusion co-
efficients is to implant the diffusing element and to
analyze the diffusion profile by backscattering measure-
ments after annealing. Polycrystalline slices of Sic
have been implanted with 1-2 X 10 1 5 Ag ions per cm2 at
an energy of 1 MeV. This energy was chosen to give a
penetration beyond the surface region and to reduce
problems of grain boundary diffusion. Backscattering
analysis with 2 MeV Ht+ before implantation showed a
very clean surface. The Ag profile after implantation
penetrated somewhat into the backscattering spectrum from
Si, but sufficient separation existed for a meaningful
diffusion analysis. The samples will be diffused at
1273 K.

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 The Anodization of Al in Acidic Electrolytes

- W.D. Mackintosh and H.H. plattner

Anodic oxidation of Al in electrolytes of oxalic
and sulphuric acid solutions gives an oxide film
different in structure from that formed in borate solu-
tions. Rather than being dense and exhibiting high
resistivity, as is normal for films produced in borate
solutions, they are porous and have a low resistivity.
We have now carried out marker experiments to see if they
also differ in mode of formation. As we did previously,
we introduced marker atoms into specimens by low energy



- 19 -

ion implantation and determined their depth before and
after anodization by Rutherford backscattering analysis.

Some specimens were implanted with 2 X 10 1 5 Xe
atoms/cm2 at 40 keV directly into metal; others were
first anodized so that they were covered with an oxide
film 10-7 5 yg/cm2 thick. In this case the implanted
ions were entirely distributed in the oxide layer. The
amount and depth of the implant was then determined.
The specimens were anodized to thicknesses ranaing from
30 to 250 yg/cm2 in either 0.3 mol/L sulphuric acid or
0.8 mol/L oxalic acid at a constant current of 3 mA/cm2.
On subsequent analysis the marker atoms in all specimens
were found to be at or very near the surface and none
had been lost during oxidation. This contrasts with
anodization in borate electrolytes where the marker atoms;
become buried, and suggests that growth is either due
solely to movement of anions or takes place between the
matrix and the base of the pores.

1.5.2 Determination of the Stoichiometry of CdSe Thin Films

- W.D. Mackintosh and H.H. Plattner in cooperation with
F.R. Shepherd (Bell Northern Research)

The intent of this work was to investigate the
feasibility of using Rutherford backscattering analysis
to determine the stoichiometry of CdSe films supported
on Si substrate and which had been formed under a variety
of conditions. To obtain the maximum possible separa-
tion of the peaks in the spectra derived from the Cd
and Se, He+ ions at an energy of 2.4 MeV were used.

In one series of samples where the films were
< 100 ran thick the peaks were almost completely resolved.
The Se/Cd atom ratios varied from 1.02 to 1.06 with an
estimated error of ± 0.05. In another series where the
film was much thicker, the peaks could not be adequately
resolved.

1.5.3 The Anodization of Superimposed Layers of Niobium and
Tantalum

- J.P.S. Pringle

Two basic questions arise in connection with the
atomic migrations leadina to oxide film formation on a
metal surface. First, how much do the metal and oxygen
move? And second, how do they move? To answer the
first question, a marker experiment is required, in
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which the relative migration of metal and oxygen is
determined from the position of an inert immobile marker.
To answer the second question, tracer experiments are
required, one for the netal and one for the oxygen, in
which the nature of tho migration process is determined
from changes in the concentration profile of the tracer.
Both types of experiments have been performed here in
anodic tantalum oxide, and the results described in
previous progress reports.

Very recently, Perriere, Rigo and Siejka^1^ have
reported experiments on the anodization of superimposed
layers of niobium and tantalum. The original motive
for this work appears to have been a desire to perform a
metal tracer experiment, that is, to use a thin layer of
the one metal as a tracer for the migration of the other.
When the niobium layer was superimposed, the order of
the atoms was conserved during the anodic oxidation; but
when the tantalum layer was superimposed, the results
were very different. As the underlying niobium began to
anodize, part of it started to bore its way through the
tantalum oxide layer already formed; the final result
was a layer of niobium oxide on either side of the tantalum
oxide, with the latter about one quarter of the total
oxide thickness beneath the surface. In response to a
suggestion by the present writer, Perriere, et al. (2) also
studied the migration of an 18O tracer in these systems.
When the niobium layer was superimposed, the oxygen
order, like the metal order, was conserved; but when the
tantalum layer was superimposed, the oxygen order was
partially inverted, again just like the metal order.

These observations can be explained in terms of
known processes for the individual metals. Two properties
are important; the fact that niobium atoms migrate faster
than tantalum atoms means that there is no tendency for
the latter to overtake the former when the niobium layer
is superimposed, and so the metal order is conserved.
Because the metal order is conserved, the system behaves
normally and the oxygen order is also conserved. The
second property is that niobium oxide is less resistive
to the passage of the anodizing current than tantalum
oxide; this means that niobium is anodized preferentially
to tantalum. When a tantalum layer is superimposed,
therefore, the current will tend to flow through thin
spots in the resulting tantalum oxide layer to form
relatively more niobium oxide under these spots. Because
the niobium oxide occupies a larger volume than the
niobium metal consumed, it tends to force its way out
through the thin spots to the oxide surface. Once it does
so, there is a thread of niobium oxide passing right
through the tantalum oxide layer, and providing a
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relatively easy path for the passage of further current.
The upshot is that the tantalum oxide layer takes on the
form of a mesh, with the current flowing through the
niobium oxide occupying the holes in the mesh. Because
little or no current flows through the tantalum oxide, it
is effectively inert and immobile - just the qualities
required for a marker! Its final position, one quarter
of the total oxide thickness beneath the surface, is thus
explained. Moreover, the oxygen atoms in the tantalum
oxide layer are in effect trapped, so that they can be
overtaken by other oxygen atoms migrating through the
holes in the mesh; this accounts for the partial inversion
observed with the 180 tracers.

Perriere, Rigo and Siejka thus set out with the
intention of performing a tracer experiment, and finished
up performing a marker experiment;

(I' T. Perriere, S. Rigo and J. Siejka, J. Electrochem.
Soc. 1£5, 1549 (1978).

j. perriere, S. Rigo and J. Siejka, Electrochem.
Soc. Extended Abstracts, Vol. 78-1, No. 196,
p. 468 (1978).

1.6 COMPUTATIONS

1.6.1 The Influence of Thermal Displacement Correlations on
Surface Backscattering Yields

- D.P. Jackson and J.H. Barrett (ORNL)

The techniques for incorporating thermal displacement
correlations (PR-CMa-27; AECL-47 51, and PR-CMa-31;
AECL-5037) in computer simulations have been applied to
calculate their effects on the surface backscattering
yields (usually denoted N in atoms/string). N is the
quantity measured experimentally in the surface structure
experiments being conducted here (PR-CMa-43; AECL-6090)
and in many other centres.

The method used combines the technique reported
previously^-^^ in combination with the nuclear encounter
probability approximation due to Barrett'2). Realistic
correlat-on values for the three low index strings of
molybdenum(3' and platinum'4), deduced from experimentally
measured phonon distributions, were used in the calcula-
tions .
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The results show that the decreases in N due to
correlations are significant for the cases examined.
For the most correlated (close-packed) directions, e.g.
Pt <110> and Mo <111>, these effects should I.e. observable
within current experimental capabilities. The remaining
problem in this area concerns the likelihood that the
correlation between a surface atom and the next atom in
the r:hain (i.e. essentally a bulk atom) may be different,
than that for two analogous bulk atoms. This is now
under investigation.

'1} D.P. Jackson and J.H. Barrett, Computer Phys. Comm.
1^, 157 (1977) .

( 2 ) J.H. Barrett, Phys. Rev. B Z_, 1527 (1971).

(3) D.P. Jackson, B.M. Powell and G. Dolling, Phys.
Lett. 5LA, 87 (1975) .

'4' B.M. Powell and G. Dolling, Neutron and Solid
State Physics Branch.

1.7 PUBLICATIONS, LECTURES AND REPORTS

1.7.1 Publications

Surface Structure Analysis of Pt(lll) and Pt(100)
Surfaces by MeV Ion Backscattering and Channeling (SAIBAC)
- P. Norton, J.A. Davies, D. Jackson, N. Matsunami and

J. Andersen, J. Vac. Sci. Technol. 1S_ (2), 650 (1978);
AECL-6062.

Defect-Solute Atom Interactions in Hexagonal Close-
Packed Metals as Investigated Using Channeling Techniques
- L.M. Howe, M.L. Swanson and A.F. Quenneville

J. Nucl. Mat. §9_ & 7£, 744 (1978) .

7-Beam Lattice Images of [110] Oriented Ge
- J.R. Parsons and C.W. Hoelke

Proceedings of the 9th Int. Cona. on Electron
Microscopy, 1, 290 (1978).

Bending of Zr Thin Foils by in-situ Ion Irradiation
- J.R. Parsons and R.W. Gilbert

Proceedings of the 9th Int. Cong, on Electron
Microscopy, 1, 368 (1978).

Lattice Defects in Deformed and Irradiated Zr3Al
- L.M. Howe and M.H. Rainville

Proceedings of the 9th Int. Cong, on Electron
Microscopy, 1, 404 (1978).
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Epitaxial Growth of Very Thin Films of Germanium
- C.W. Hoelke
Proceedings of the 9th Int. Cong, on Electron
Microscopy, 1, 134 (1978).

A Universal Scaling Law for K-Vacancy Production in
Heavy Ion-Atom Single Collisions
- W.N. Lennard, I.V. Mitchell and J.S. Forster
Phys. Rev. A. (in press)

How Accurate are Absolute Rutherford Backscattering
Yield Measurements
- J. L'Ecuyer, J.A. Davies and N. Matsunami

Nucl. Instr. Meth. (in press)

Erosion of Frozen-Gas Films by MeV Ions
- J.. Bjzittiger, J.A. Davies, J. L'Ecuyer, N. Matsunami
and R. Ollerhead
Int. Conf. on Ion Beam Modification of Materials,
Budapest, 1978 September 4-8 (in press).

The Importance of Screening Correction in Accurate RBS
Measurements at MeV Energies
- J. L'Ecuyer, J.A. Davies and N. Matsunami

Int. Conf. on Ion Beam Modification of Materials,
Budapest, 1978 September 4-8 (in press)

Temperature Dependence of Pt(lll) Surface Relaxation
- J.A. Davies, D.P. Jackson, N. Matsunami and P.R. Norton

Surface Science (in press)

Point Defect Annihilation Kinetics and Irradiation
Creep in Ordered Alloys
- E.M. Schulson, M.L. Swanson and S.R. MacEwen

Philosophical Magazine A T7, 575 (1978)

1.7.2 Lectures

An Analysis of Point Defect Annihilation Kinetics in
Ordered Alloys During Irradiation by Energetic Particles
- E.M. Schulson, M.L. Swanson and S.R. MacEwen

Presented at the Can. Met. Phys. Conf., Kingston,
1978 June 14-16.

Role of Computer Simulation in the Interpretation of
Ion Scattering Experiments
- D.P. Jackson
Presented at the Gordon Conference on Particle-Solid
Interactions, Andover, rJ.IJ., 1978 August 7-11.
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Atom Site Characterization in Materials Using Channeling
Techniques
- L.M. Howe and J.A. Davies
Presented at the NATO Summer School on Site
Characterization and Aggregation of Implanted Atoms
in Materials, Aleria, Corsica, 1978 September 10-23.

Foreign Atom Location by MeV Ion Channeling
- J.A. Davies
Presented at the Albany Summer School on Physics and
Applications of Ion Beam Interactions with Solids, Albany,
1978 July 24 - August 5.

Channeling - Prom A Historical Pe- -pective
- J.A. Davies
Presented at the Aarhus Anniversary Symposium on the
Penetration of Charged Particles Through Matter,
Aarhus, 1978 September 20-22.

Basic Notions of Implantation Processes
- J.A. Davies
A 3-hour series of lectures presented at the Corsica
Summer School on Atom-Site Characterization in Solids,
Corsica, 1978 September 10-23.

The following lectures were presented at the Int. Cong,
on Electron Microscopy, Toronto, 1978 August 1-9:

I/Bending of Zr Thin Foils by In-Situ Ion Irradiation
- J.R. Parsons and R.W. Gilbert

2/7-Beam Lattice Images of [110] Oriented Ge
- J.R. Parsons and C.W. Hoelke

3/Lattice Defects in Deformed and Irradiated
- L.M. Howe and M.H. Rainville

4/Epitaxial Growth of Very Thin Films of Germanium
- C.W. Hoelke

The following lectures were presented at the Int. Conf.
on Ion Beam Modification of Materials, Budapest;, Hungary,
1978 September 4-9:

I/The Importance of Screening Corrections in Accurate
RBS Analyses at MeV Energies
- J. L'Ecuyer, J.A. Davies and M. Matsunani



- 25 -

2/ion Bombardment of Ordered ^
- L.M. Howe and M.H. Rainville

3/Erosion of Frozen Gas Films by MeV Ions
- J.A. Davies, J. L'Ecuyer, N. Matsunami,

R. Ollerhead and J. Bjzittiger

The following lectures were presented at the University
of Catania, Italy, 1978 September 27-28:

I/Channeling Investigations of the Interactions
Between Irradiation-Produced Defects and Solute Atoms
in Metals
- L. Howe

2/The Irradiation-induced Transition from the Ordered -*•
Disordered -»• Amorphous States in Ion Bombarded Zr3Al
- L.M. Howe

The lectures listed above may not be available in print.
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

2.2.1.1 High-Voltage/Spark-in-Oxygen Excitation of Solution
Residues

The application of this technique to the analysis of
PuO2/UO2 fuel pellets for metallic impurity content is
currently in progress. This analysis procedure will be
used to monitor the quality of fuel produced by the CRNL
Pu/U Fuel Fabrication Facility. The objective of the
spectrochemical analysis procedure is to provide
reasonable precision and accuracy, while minimizing the
potential for plutonium contamination.

Plutonium and uranium are separated from impurities
by extraction of nitrate complexes into tributyl phosphate
(TBP), after which the impurities which remain in the
nitric acid medium are detected by spark excitation of
dried residues on pyrolytic graphite mini-plate (6 mm x
6 mm) electrodes contained in Lucite chambers. Electrodes
are discarded after a single excitation while the
simple Lucite spark-chamber, which has demountable
electrodes and quartz windows, can be decontaminated and
re-used. Sensitivity tests of the mini-plate electrodes
used together with a 9 mm counter electrode indicate
that detectability is within a factor of two of the
conventional CRNL dried residue procedure which utilizes
a large (25 mm x 25 mm), rotating pyrolytic graphite
electrode sparked against a flat counter electrode.

Containment of trace amounts of a-active material
which might remain after the TBP extraction will be
ensured by a triple barrier system (PR-CMa-44, AECL-6179).

Preparation of impurity element calibration curves,
using NBS UO2 standards, is in progress.

2.2.1.2 Carrier Distillation Method for Zirconium Alloys

A new set of standards for the determination of
impurities in research grade zirconium XL alloy by the
carrier distillation technique has been prepared.
Samples and standards are excited in a flowing argon
atmosphere, in a specially fabricated quartz housing.
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2.2.2 Analytical Support for Heavy Water Production Plants

- R.M. Cassidy, S. Elchuk, R. Harpur, T. Longhurst

2.2.3 Atomic absorption Spectrometry

- M. Hurteau, D. Bellavance

2.2.3.1 Automated Electrothermal Atomic Absorption

Measurements of cross-contamination (memory) effects
arising from the use of Pt/Rh needles with an automatic
sampling system (PR-CMa-45, AECL-6327) show that these
effects are less important than contamination arising
from poor quality control during the manufacture of
pyrolytic-graphite-coated furnace tubes. Repeated
thermal cycling does not always reduce background
contamination, suggesting that the pyrolytic coating
is frequently of poor quality or is not thick enough
to contain the atomic vapor of matrix impurities. Recent
reports have indicated a renewed interest in the use of
metal foil liners in graphite tube furnaces to improve
sensitivity by eliminating the formation of involatile
metal carbides. We feel the same approach can be used
to reduce background contamination effects. However,
the 3 mm internal diameter of graphite tube furnaces
used with the Techtron CR-63 source unit precludes the
use of foils. Instead, we have attempted to coat the
interior of furnace tubes with atomic vapor from a
molybdenum target heated by an electron beam welder.
A continuous adherent coating was obtained for a graphite
tube with a 'grooved1 interior. Conventional smooth
tubes were not coated uniformly.

Further work is planned to study the feasibility of
obtaining uniform furnace tube (interior) coatings using
electron beam heating of refractory metals such as
tungsten, tantalum and molybdenum. An improved graphite
supporting jig has been constructed for this purpose.

2.2.3.2 Analysis of Pt/C Catalyst (Powder) for Pt

Sealed bomb acid digestion of Pt/C catalysts to
provide improved recovery of Pt from a variety of
substrates is currently being evaluated. Recovery
efficiency will be studied as a function of acid
composition and heating time.
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2.2.4 ICP/Atomic Emission Spectrometry

- G. Jarbo, M.T. Hurteau, .7.P. Mislan

A new atomic emission instrumentation system, the
Instruments SA JY38P ICP/Spectroanalyzer, has been
acquired for analysis of metals, especially refractories
such as B, Zr, U, Th, and non-metals such as sulfur and
phosphorus in aqueous and organic media. The JY38P
consists of a Jobin Yvon 1 metre focal length monochromator
(concave holographic grating) having a dispersion of
0.5 nm/mm, a Plasmatherm 27.5 MHz, 2.5 kw generator, an
automatic coupling unit and a quartz torch assembly
joined to a concentric glass nebulizer.

Readout of individual spectral lines can be achieved
as an analog recorder trace for qualitative analysis or
by digital integration for quantitative analysis.

The JY38P will be used initially to examine nuclear
fuel and structural material (Zircaloys) for minor
impurities and alloying constituents.

2.2.5 Chromatography

- R.M. Cassidy, S. Elchuk, R. Harpur

2.2.5.1 High-Performance Liquid Chromatographic Separation
of the Lanthanides

A spherical 5 um bonded-phase cation exchanger
(Nucleosil) has been compared with a 13 pm conventional
cross-linked styrene-divinylbenzene resin (Aminex). The
5 um bonded-phase packing is more efficient but the
Aminex resin appears to have better selectivity.
Consequently the separation on the Aminex resin is
almost as good as that obtained on Nucleosil.

The presence of interference peaks due to reagent
impurities and slow dissolution of pump components has
been noted previously for bonded-phase packings. For
the Aminex resin these peaks are not present and this
is likely due to changes in column selectivity and the
presence of larger concentrations of hydroxyisobutyric
acid (HIBA) in the eluent. The HIBA could be masking
some of the reactions between the impurities and the
reagent used for detection after in-stream post-column
reaction. The Aminex resin can also be used as a
precolumn for Nucleosil and with this column configuration
the size of the interference peaks observed for Nucleosil
is reduced by a factor of 10 to 100.
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2.2.5.2 Low Level Metal Ion Analysis

Previously it has been shown (PR-CMa-45, AECL-6327)
that if large samples are used, it is possible to pre-
concentrate small concentrations of metal ions (<1 ng-mL 1)
on the top of Nucleosil columns and subsequently,
quantitatively determine these metal ions by gradient
elution. For seven of the lanthanides studied this
procedure could not be applied due to the presence of
large interference peaks. With Aminex, however, these
interference peaks are not present and quantitative
recovery is possible for all of the lanthanides with
virtually no interferences. It is estimated that
detection limits of better than 20 pg-mL ! could be
obtained for most of the lanthanides.

This on-column preconcentration technique has also
been investigated for the determination of small
concentrations of cobalt. Such analyses are required for
activity transport studies. For this work a citric acid
elutent was used and the cobalt was detected with a
variable wavelength detector after post-column reaction
with 4-(2-pyridylazo)resorcinol (PAR). This reagent forms
with cobalt a stable complex which has a large molecular
extinction coefficient (>50,000). The minimum amount of
cobalt that can be detected is ^0.5 ng. Figure 2.2.5.2
shows that good recoveries are obtained for a 10.0 mL
sample containing 1 ng-mL"1 cobalt. If interferences
and reagent purity can be controlled then it should be
possible to achieve detection limits of <5 pg^mL"1 for a
100 mL sample. Preliminary investigations of water from
the H-4 loop (Bldg. 250) have shown a cobalt concentration
of 10 to 50 pgTnL-1 .

2.2.5.3 Ion Chromatography

A new anion exchange packing (Vydac AX) was tested
for separation efficiency. While the Vydac AX is more
efficient that AE Pellionex SAX (̂ 200 theoretical plates/
metre compared with <100 theoretical plates/metre for AE
Pellionex SAX) there is a noticeable decrease in
resolution with use and the capacity of the exchanger
appears to be unusually small. The cause of this
deterioration is presently unknown and measures taken to
minimize column 'aging' have failed.

Aminex Q-150S was acquired as a potential replacement
for Dowex AG 50W-X8, the cation resin used in the stripper
column. The new cation exchange resin was found to have a
higher capacity which has the effect of increasing the
operational life of the stripper column.
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2.2.6 Mass Spectrometric (Magnetic Sector) Analysis
of Gas Mixtures

- J.P. Mislan, H. Herrington, L. Junop

2.2.6.1 On-Line Data Acquisition and Processing

During this period the CEC 21-620A mass spectrometer
was down for an extended period for repairs. When repairs
were completed this opportunity was taken to interface
the mass spectrometer to the Hewlett Packard Model 3352B
Lab. Data System. The existing amplifier of the mass
spectrometer was replaced with a Cary Model 401
vibrating reed electrometer. This gave a greatly reduced
amount of background noise and in addition provided a
0-1 V output to interface to the data system. The
electrometer was connected to an A/D converter of the
data system and the ion peaks generated during a mass
scan were processed by the computer using the same
software that is used for analysis of chromatograms.

Integration parameters were adjusted to further
condition ion peak signals. The CEC 21-620A mass
spectrometer was modified to give an increased scan
speed of X2, X4 (switch selectable). A program in HP
Basic was written to calculate the % composition of the
sample from the peak areas, taking into account
interferences (common ion effects).

It was found that peak identification was very
reproducible. The peak areas gave a standard deviation
comparable to peak height measurements. The program now
identifies and calculates results for mixtures containing
up to 17 components.

For complex mixtures containing organic components,
manual data processing will be required.

Development of additional mass spectrometer programs
for H and D analysis of Zircaloys by isotope dilution/
mass spectrometry is continuing and interfacing the
computer to the Micromass 601 mass spectrometer is being
pursued after good initial results.

2 . 2 . G . 2 Analysis of Impurities in 133Xe

Samples of commercial grade '3 3Xe prepared by Atomic
Energy of Canada Radiochemical Company, Isotopes Group
have been analyzed for fixed gas impurities by mass
spectrometry. The radioactive samples [3.4 x 101* mCi
(1.25 TBq)] were analyzed on the automated CEC 21-620A mass
spectrometer. The following impurities were detected
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and measured: N2/ O2, Ar, CO2, and Kr. Representative
samples of each production batch will be forwarded to
CRNL for quality control monitoring until suitable
analysis facilities can be acquired in Ottawa.

2.2.7 Quadrupole Mass Spectrometry

- T. Longhurst, R.M. Cassidy

2.2.7.1 Examination of Iodine Species Escaping from X-7
and X-2 Exhaust Filters

In a continuing effort to identify radioiodine
species and organics escaping from carbon filters, air
from the filters used for the X-2 and X-7 loops has been
sampled and analyzed by gas chromatography - mass
spectrometry (GC-MS).

Approximately 300 to 400 L of air from the X-7
filters were passed through a liquid nitrogen trap and
the trapped components analyzed by GC-MS. Large amounts
of many organic species were observed. Since species as
large as C10H12, which should normally be strongly
adsorbed on carbon, were observed it appears that the
filters on the X-7 loop ventilation system are heavily
loaded with organics. Such a heavy loading would reduce
the efficiency of the filters for the removal of iodine
species.

A similar sample from the X-2 loop was also analyzed
and no appreciable amounts of either radioiodines or
organics were observed.

2.2.7.2 Analysis of SF6 for S2F10

Disulfurdecafluoride (S2F10) is a highly toxic
compound which is produced as a by-product in the
manufacture of SF6. An analytical technique is required
for S2Fio in the SFG insulating gas used in accelerators.
Some preliminary work has been done to determine which GC
column packings would be suitable for the separation of
S2F10 from SF6. Special GC columns and a supply of S2F10
have been ordered.

2.2.7.3 Examination of Poisoned CECE Catalyst

Recently a test bed of platinum catalyst for the
CECE process was rapidly poisoned during operation. In an
effort to determine the nature of the deactivating
species, a preliminary examination of some of the catalyst
was done by mass spectrometry.
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Mass spectral analysis of species thermally
released from the deactivated catalyst indicated the
presence of a large quantity of NO and possibly a small
quantity of N2O. A relatively small quantity of a
mixture of unknown organic species was also released from
the sample.

2.2.8 Analytical Support for NRX Calandria (Corrosion)
Working Party

- J.P. Mislan, M.T. Hurteau

2.2.8.1 Continuous Monitoring of Calandria Tube Air for
Nitrogen Oxides

Continuous monitoring of nitrogen oxides in
calandria tube E-ll for a three week interval, using a
Philips PW 9762 NO/NO2/NOX Analyzer (demonstrator),
confirmed in general the observations made previously
by manual sampling and colorimetric detection. Total
nitrogen oxide (N0x) concentration varied with time, but
the average value was about 5 ppm; a higher concentration
was observed from the upper sampling probe, than from the
lower, and a depletion effect with time was observed.

The unique finding made possible by the continuous
monitor was the detection of nitric oxide (NO). The
Philips analyzer detects NO specifically by a chemi-
luminescent reaction:

NO + 03 -s- N02* + 02

+
N02 + hv (1.2 um)

Nitrogen dioxide (NO2) is also detected as NO, after a
reduction step. Total nitrogen oxides (N0x) can also be
displayed continuously as the sum of NO and N0 x. Nitric
acid vapor is not detected by this analyzer. Nitric
oxide was frequently detected at higher concentrations
than N02. This finding indicates that nitrous acid (HONO)
is present in the calandria tube along with HNO3 according
to the reactions:

NO + N02 + H 2O^=^2HONO

or 2N02 + 2H2O=s^=HNO3 + HONO

Nitrous acid is recognized as a catalyst for nitric acid
dissolution of metals.
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During a 24 hour monitoring period following reactor
start-up the N0x concentration in air drawn from calandria
tube E-ll was found to be very low (<0.02 yL-L"1). A
similar situation occurred while conducting batch analysis
tests for NO2. The N0 x concentration was observed to
increase rapidly, then level off at 1-0.2 pL-L"1. On
injecting air into the bottom of E-ll using a stainless
steel bellows pump operating at ^20 L/min, the NOX was
observed to rapidly decline to the very low level
measured previously. These observations seem to indicate
that a significant air-flow was prevalent in calandria
tube E-ll after start-up resulting in a low N0 x
concentration, due to a dilution effect. The air-flow
then declined due to a change in ventilation conditions
and was restored by injection of air from the external
pump. The NOX reading from the Philips PW 9762 analyzer
thus served as an indirect indicator of calandria tube
air-flow. Only one experiment of this type was performed.
There is a possibility that the N0x concentration varied
with a rapid change in neutron flux, but this prospect
seems somewhat remote.

A newly constructed air sampling plug was installed
in G-ll which is a peripheral calandria tube position.
The concentration of N0x was found to be one-third that
found for E-ll which is in agreement with the differences
in neutron flux.

2.2.8.2 Corrosion-Probe Deposits

The observation of aluminum nitrate on the lower
sections of the aluminum sampling tubes on the air
sampling plug used in calandria tube position E-ll has
prompted a monitoring program for aluminum nitrate on
probes located in several tube positions. For this
purpose, two 'dummy' sampling plugs have been
constructed to permit monitoring in four calandria tube
locations (E-ll, G-l, L-21 and H-6). Two factors should
be considered in interpreting corrosion probe results:

(1) corrosion probes are constructed of 57S aluminum
alloy whereas calandria tubes are constructed of 2S
alloy and

(2) corrosion probes may indicate the degree of vapor
phase acid attack whereas calandria tube corrosion may
occur primarily as a consequence of condensed phase
(liquid) attack. Nevertheless, aluminum nitrate
accumulation on corrosion probes as measured by leaching
(during shut-downs) and atomic absorption analysis, is a
simple, direct measurement of the effects of corrosion
products resulting from the radiolysis of air.
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2.2.8.3 Temperature and Pressure Measurements

A thermocouple equipped sampling probe provided
information on temperature in the region of the sampling
probes. The temperature varied between 45°C and 85°C.
A new set of thermocouples has been installed to verify
these readings. A continuous pressure transducer
coupled between the top and bottom of calandria tube
E-ll indicated pressure fluctuations from 0 to 25 mm of
H2O. A positive pressure is interpreted as indicating
significant air-flow.



2.2.9 Analysis Requests

Received
from

System
Materials

Metallurgical
Engineering

Physical
Chemistry

Fuel
Engineering

General
Chemistry

Type of Sample

Reverse osmosis feed solutions 87
Metal specimen from Li+ absorption
test 1

Solutions from bitumen leach-rate
tests

Douglas Point boiler scale
Deloro alloys
Fuel descaling solutions
Fuel decrudding solutions
Heat exchanger crud

Crud from pressure tube end fitting 1

Zr-2.5% Nb pressure tube specimens 2
Zr-2.5% Nb pressure tube specimens 14

H2 from supply vessels 4
Process water from H2/H?O exchange
rig 2

Alkali metals in solution 32
Ion-exchange test solutions 19
Pt/C catalysts 2
Crud from H2/H2O catalyst evaluation 1

Zircaloy specimens 10
Fission Gas 3

XL Zirconium alloy sample 1
Deloro alloy solutions 6
Inconel specimens 1
Uranium-TBP extraction test solutions 5
Environmental samples (sand and water) 8
Lithium fluoride 1

No. of
Determinations

87

3 8 3
1
6

16
14

1

3 8 3
2

30
80
70
28

28

2
14

21

2
67
19
2
28

14
27

5
6
3

15
15
27

Type of Analysis Done

Na

Li, Zr

Na
Zn, Si
Fe, Ni, Cr, Mn, Co
Pe, Ni, Cu, Co, Cr
Fe, Ni, Cu, Co, Cr
Qualitative
spectrographic

Qualitative
spectrographic

Nb
H

Impurity content

Cl"
Na, K, Ca, Cs, Li, Rb
Pt
Pt
Qualitative
spectrographic

H
Quantitative mass
spectrometry

Sn, Mo, Ni, Cr, Cu
Ni
Fe, Ni, Cr
Ce, Cu, B
Fe
Al, Mn, Zn, Ca, Cr, Ni,
Cu, Cr, Fe, Pt, Mn, Mo

o

I



Received
from

General
Chemistry
(continued)

Chemical
Engineering

Reactor
Physics

Fuel
Materials

Solid State
Science

Radiation &
Industrial
Safety

Chemical
Operations

CPD

Type of Sample

Electrolyte solution

H2 gas from experimental rig
Ti-Ni coupons

Uranium-TBP extraction test
solutions

GS Mobile Pilot Plant process
water
GS Mobile Pilot Plant process
water
Crud from CECE electrolyte

Gold solutions
Gold solutions

U02

2ED-2 D20

Contamination - test swipes

99Mo-process gas samples

13 3Xe gas

No. of
Samples

4

4
1

18

92

32

1

4
4

No. of
Determinations

28

20
28

175

184

32

30

28
112

Type of Analysis Done

Ni, Cu, Cr, Fe, Pt,
Mn, Mo
Impurity content
Qualitative
spectrographic

Qualitative
spectrographic

Fe, Al

2 5 ''UV measurement

Qualitative
spectrographic

Pb, Cu, Al, Au, Ag, Si
Qualitative
spectrographic

16 Fe, Ni

1

4

10

4

24

4

56

28

Quantitative
spectrographic

Be

Impurity content

Impurity content

TOTAL 808 2743
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Fission Product Deposition - Laboratory Studies

- W.J. Edwards

The flotation-type separation procedure, used to
produce a narrow particle-size range of magnetite adsorption
substrate, has been subject to numerous modifications and
adjustments. It has not been possible, however, to produce
a product of satisfactory uniformity and reproducibility
from the commercial magnetite starting material.
Microscopic examination reveals that many of the 'larger1

particles are in reality clumps of extreme fines. The
material in these clumps appears to be partly magnetized
and resists breaking up. In addition there is some
evidence of chemical impurity in the commercial chemical.

The hydrothermal (224°C) synthesis for magnetite,
recently developed by Booy & Swaddle (1), has been
investigated as a possible alternative source of magnetite.
This synthesis has been duplicated and several batches of
magnetite have been prepared. The product has a fairly
narrow crystal size range with an absence of extreme fines.
Microscopic examination reveals shiny single crystals of
well developed form. This material appears very promising
as a substrate for adsorption studies. The synthesis
yields are 80-90%.

(1) M. Booy and T.W. Swaddle, Can. J. Chem. , 56̂ , 402 (1978).

2.3.2 Neutron Activation Analyses of Zirconium and Zircaloy

- W.J. Edwards

Further work on this project (PR-CMa-45, AECL-6327)
has shown that transit times with available reactor
irradiation facilities can be made sufficiently short to
permit analyses for Al, Cu, Ti and V impurities, all of
which have very short-lived activation products.

An investigation of commercial pneumatic carrier
equipment for use with the Health Physics Branch 14.3 MeV
neutron generator to produce an oxygen analysis system has
been disappointing. Available equipment has been found
extremely expensive. Inquiries are being made about
adapting local designs for pneumatic transfer.
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2.3.3 y-Spectrometry Laboratory

- P. A. Robinson

A total of 237 samples was received during the
period June 9 - September 11, 1978. These were analyzed
as follows:

Na(l) spectra
Ge(Li) spectra

decay curves beta
gross beta

28
112

140

21
146

167

DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

X-l

4

32

X-2

1

-

X-3

-

4

X-4

-

20

X-5

2

18

X-6

3

20

U-1

3

16

U-2

4

16

U-5

4

20

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-2

3

X-4

3

X-5

2

X-6

2

U-1

4

U-2

3

U-5

4

NRU

35

Special
Analysis

80

WNRE

4
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

- W.M. Thurston, M.W.D. James

The following is a summary of deuterium analyses for
the period 1978 June 6 - September 6.

No. of Samples Branch Program

9,905 General Chemistry Electrolysis-Catalyst

Exchange

19,265 Physical Chemistry H2-H2O Exchange

18 BHWP, GBHWP and PHHWP Interlaboratory
Comparisons

7 Pickering GS D2O Inventory Program

9 Miscellaneous Water
Analyses

29,204

2.4.2 The Absolute Determination of the Deuterium
Content of H2O

- W.M. Thurston, M.W.D. James

No progress to report. Work on this program is
expected to be resumed in October.

2.4.3 Heavy Water Analysis - Cooperation with
Production Plants

- W.M. Thurston, M.W.D. James

2.4.4 D/H Analyses by Density

- W.M. Thurston, M.W.D. James
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2.5 ELECTROCHEMISTRY

2.5.1 Evaluation of the Ag/Pd Method for Removing Hydrogen
from the Pressure Tube Annulus Gas

- M. Hammerli, W.J. Olmstead

No progress to report for this quarter.

2.5.2 Effect of HNO3 and N2 on the CECE-HWP Laboratory
Demonstration Unit*

- M. Hammerli, A.S. Denovan

2.5.3 Possible Detection of N2 or Nitrogen Compounds at an
Iron Cathode in 30 wt•% KOH - 1 mol/L KNO3 Electrolyte

- M. Hammerli, W.J. Olmstead

2.5.4 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan

2.5.5 Boron Hydride Release from Boron Containing Electrolytes

- M. Hammerli, W.J. Olmstead

2.5.6 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

We are interested in developing a procedure for the
direct determination of boron in water (0.1 - 10 mg/L)
using ion-selective electrodes. A fluoroborate (BFi,~)
selective electrode is commercially available, and a
procedure for the determination of boron using this
electrode has been published (1). This procedure has the
drawback that the boron in the sample (usually present as
a form of boric acid) must first be converted to the BFi,~
species by heating in the presence of HF. The conversion
rate increases with increasing HF concentration and
temperature; however, excess HF interferes with electrode
response at low BFi," levels.

(1) R.M. Carlson and J.L. Paul, Anal. Chem., 40, 1292 (1968)
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A direct determination of boron as boric acid would
be preferred, to overcome these problems. We are
investigating possible modifications to liquid ion-
selective electrodes to increase their selectivity to
borate. As a first step, we are studying the response of
the BF^" electrode to determine the limits of detection
for BF.J-, and the extent of HF interference.

2.5.7 H2S-in-Water Monitors

- J. Gulens (in collaboration with M. Cooke, Glace Bay
Heavy Water Plant)

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Speotrometry

- I.H. Crocker, S.V. Armstrong, C.H. Knight

Trace impurity analyses were done on several elements
and compounds in cooperation with various groups and branches
at CRNL. Comprehensive trace analyses of these materials
at the levels of detection required would have been
difficult or impossible by other analytical techniques.
For example:

(1) Detection and estimation of C, Na, K, Ca, Fe, Cu
and Se at the concentration level of 10~6 to 10~7

impurity atoms per matrix atom in specially purified
cadmium and tellurium. This work was in aid of the
continuing program to develop cadmium telluride detectors
by the Counter Development Section of Neutron and Solid
State Physics Branch.

(2) Detection and estimation of possible neutron
absorbing elements in lithium fluoride aggregate
enriched in 6Li isotope (ref. PR-P-116: 3.16, AECL-6090
and PR-CMa-44: 2.6.1.3, AECL-6179). Fourteen elements
were detected and measured in material used as shielding
in the N4 thermal neutron facility. This work contributed
to measurements of the neutron capture cross section of
90Zr in a continuing study by the Neutron Nuclear Physics
Section of the Neutron and Solid State Physics Branch.
(ref. PR-P-117: 3.13, AECL-6177).

Eight of the fourteen elements reported were also
determined by atomic absorption spectrometry to cross check
the accuracy of the analyses, because the lithium fluoride
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aggregate was found by spark source mass spectrometry
to be heterogeneous in composition.

In addition to analyses for CRNL, cooperative
analyses were also done for an external agency. Columbia
River water samples were provided by the Water Quality
Branch, I;-i3..ind Waters Directorate of the Pacific and
Yukon Region. They requested a general survey of trace
metal concentrations in these river water samples, which
were taken at the Canada - United States border, before
the initiation of an intensive program of studies. We
detected and reported twenty-two trace elements in each
of the two samples studied so far.

2.6.2 Reactor Materials Isotopic Analyses

- I.H. Crocker, J.A. Schruder, S.R. Bokwa, C.H. Knight

Isotopic analyses by thermionic emission mass
spectrometry of thirty-five samples of uranium fuel,
irradiated and unirradiated, and miscellaneous other
elements including neodymium, were completed for Fuel
Engineering, Nuclear Materials Control, and General
Chemistry Branches.

Two irradiated fuel pellets were dissolved and the
uranium contents purified for mass spectrometric analyses.
The balance of the Bldg. 250 hot cell time was devoted to
solidification of 15 L of highly active waste solution
arising from previous sample dissolutions. The solid
residue was sent to active waste storage. The Bldg. 250
hot cells are expected to be decontaminated this month,
and remodelled to permit plutonium enriched fuels to be
handled in the future.

2.6.3 The Anion Exchange Separation of Uranium,
Plutonium, Rare Earths and Americium

- S.R. Bokwa, B.J.F. Palmer

Studies on the feasibility of separating the rare
earths, americium, uranium and plutonium on a single anion
exchange column are continuing. The elution characteristics
of these elements during separation have been determined,
as well as their distribution coefficients in 75%
acetone - 25% concentrated HC1 on BioRad AGMP-1 anion
exchange resin. Experimental work on synthetic solutions
containing neodymium, americium, uranium and plutonium is
nearing completion, and trial separations on actual
irradiated fuel solutions have begun. The experimental
data are being evaluated prior to being reported.



- 48 -

2.6.4 Separation of 95Zr and 95Nb from
Irradiated Fuel Solution

- S.R. Bokwa

At the request of D.H. Lister of System Materials Branch,
approximately 7 Ci (289 GBq) of 95Zr and 2 Ci (75 GBq) of
Nb have been separated from irradiated fuel solution.

Anion exchange in hydrochloric acid and mixed hydrochloric-
hydrofluoric acid solutions was used to separate the 95Zr
and 95Nb isotopes from uranium and fission products.

These isotopes will be used in out-of-reactor loop
250-H4 to study fission product transport.

2.6.5 Fissile Material Measurement in the 99Mo Facility

- F.C. Miller, C.H. Knight, J.A. Schruder, I.H. Crocker

As a continuation of the work outlined in PR-CMa-45
(AECL-6327) to develop an analytical procedure to determine
accurately the uranium remaining in a 9 9Mo pencil after
irradiation, an irradiated U-Al pencil was dissolved in the
analytical hot cells in Bldg. 250. A weighed quantity of
2 3 3U was added to the dissolver flask prior to addition of
the pencil. The pencil was dissolved in nitric acid
containing 8 g-dm~3 mercury catalyst to accelerate the
dissolution of aluminum in nitric acid. An aliquot of the
dissolver solution was cleansed of fission products on
two TBP - Fluoropak 80 reversed phase chromatographic
columns, and the isotopic composition of the resultant
uranium fraction was determined with a thermionic
emission mass spectrometer. Measurement of the -33U/235U
ratios showed that total 2 3 5U in the irradiated pencil was
887 ± 5 mg. The estimated- 2 3 5U content based on a computer
prediction of burn-up was 87 8 mg.

Due to the shut-down of the analytical hot-cells in
Bldg. 250 for modifications, immediate further work on this
project is not possible, but additional dissolvings are
planned if facilities become available in either Bldg. 225
or Bldg. 234.

2.6.6 Analytical Support - Plutonium Fuel Fabrication Line

- F.C. Miller, L.G. Shurrock, B.W. Hildebrandt,
I.H. Crocker
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2.6.6.1 General

A total of 11 samples were analysed for the
production line during the past quarter. The
following analyses were completed:

0/M

Carbon

Metallic -
Impurities

Moisture -

11

8

6

3

2.6.6.2 U02 Scrap Recycle

In cooperation with production line personnel, a
program to determine the feasibility of recycling the
UO2 scrap after oxidizing to U 30 e rather than after
reconverting to U02 was initiated. Several experimental
runs were done in which variations in the length of the
oxidizing cycle and in the relative amounts of U3O8
added to U02 were carried out. The blended powder was
analysed to determine if it met specifications for 0/M
ratio, carbon content and metallic impurities. Although
the blended powder met specifications, metallographic
examination of the resultant pellets has shown that they
are of inconsistent quality and that further work on the
relative amounts of U3O8 added needs to be done.

2.6.6.3 Analytical Support for Other Groups

As reported in PR-CMa-45: 2.6.6 (AECL-6327) the
Leco Hydrogen analyser in the Pu fuel fabrication line
laboratory was being utilized to help reduce the large
backlog of hydrogen-i:i-cladding analyses originating
with several other branches. In spite of the illness of
the assigned Analytical Chemistry group technician, the
Pu laboratory staff were able to complete 189 hydrogen
analyses for Metallurgical Engineering, System Materials
and Materials Science branches. The use of this
instrument for this purpose had to be discontinued early
in September because of pressure of other work.

A request by Fuel Materials Branch for controlled
potential coulometric uranium analysis on samples from
a set of U-Al ingots was satisfied.
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2.7 REPORTS, PUBLICATIONS, LECTURES

2.7.1 Lectures

Heavy Water as a Valuable By-product of Electrolytic
Hydrogen
M. Hammerli
Presented by M. Hammerli at the International Association
of Hydrogen Energy, 2nd World Hydrogen Energy Conference,
Zurich, Switzerland, 1978 August 21-24.

Influence of Redox Environments on the Mobility of Arsenic
in Ground Water
J. Gulens, D-R. Champ and R.E. Jackson
Presented by J. Gulens at the American Chemical Society
176th National Meeting, Division of Environmental Chemistry,
Miami, Florida, 1978 September 10-15.

The Rapid Separation of the Lanthanides on High-Efficiency
Bonded-Phase Ion Exchangers
R.M. Cassidy, S. Elchuk
Presented by R.M. Cassidy at the American Chemical Society
176th National Meeting, Miami, Florida, 1978 September 10-15.

The lectures listed above may not be available in print.
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J.H. Rolston
J.D.
E.A.
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Symons
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J. Schnittker"

Visiting Scientist, Universite Laval, terminated
1978 September 22.

2University of Waterloo Co-Operative Program Student,
terminated 1978 September 1.

3Attached Staff, University of Maine, reported 19 78 August 14,
terminated 1978 September 1.
"National Program Summer Student, terminated 1978 September 1.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- A.W. Boyd, O.A. Miller and R.A. Rensink

(a) Yield of Excited N Atoms in N2 Radiolysis

The measurements of the NO2 yield from the radiolysis
of N2-N2O mixtures have continued (see PR-CMa-45, AECL-6327).
The. method of determining the NO2 by its absorption at
415 nm was checked in pure N20 by comparison with the yields
of N2 and 0 2 and in the mixtures by comparison with the
method of Shinn (1). These confirmed the yields of NO2
shown in Figure 3.2.1.1.

As stated in PR-CMa-45 these N02 yields appear to be
consistent with a value for the yield of excited N atoms
from N 2 radiolysis G(N(

2D)) ^ 3.5. This is based on
computer calculations using some 30 reactions. As the
rate constants are not all precisely known there is some
uncertainty in this G(N(2D)) value.

To obtain another value for this yield, measurements
have been made of the absorption of NH in the Febetron
radiolysis of N2-H2 mixtures. Ground state N atoms do
not react with hydrogen but reaction [1] is fast.

[1] N(2D) + H2 •* NH + H

k1 = 3 x 10
9 L-mol-'.s"1 (2)

The NH was observed by its absorption at 336 nm using the
apparatus described previously'3'. To obtain a value of
the yield the initial optical density of the NH in the N2-
H2 mixtures was compared with that of NH in pure ammonia.
Taking the yield of NH in NH3 to be G(NH) = 0.8 (4) the
yield in the N2-H2 mixtures is G(NH) = 0.8 ± 0.1 both in
the presence and absence of SF6. This implies that
yield of excited N atoms from the neutral dissociative
excitation of N2 is G(N(

2D)) = 0.8 ± 0.1. This is much
lower than the value derived from N2-N2O measurements.
The effect of changing rate constants on the computed NO2
yields in those mixtures is now being studied.
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The second-order rate constant derived from the decay
of the NH absorption signal in NH3 and the dose is
7 x 10 1 1 L-mol~I-s~1 in good agreement with the value of
Meaburn and Gordon(5). The rate constant for this decay
in the N 2-H 2 mixtures is >v3 x 1 0 1 1 L-mol"1-s"1- In NH 3

the disappearance of NH is believed to be due to both
reactions [2] and [3].

[2] NH + NH •+ N 2H 2

[3] NH + NH 2 + N 2H 3

In mixtures reaction [3] should be absent but reaction [4] may
also occur.

[4] N + NH •+ N 2 + H

However the rate constant for NH disappearance is not
significantly different in the N 2-H 2 mixtures containing
SF6 and this suggests that the value of k2 is approximately
3 x 1 0 M l ^ 1

(1) M.B. Shinn, Ind. Eng. Chem. Anal. Ed. 1^, 33 (1941) .

(2) G. Black, T.G. Slanger, G.A. St. John and R.A. Young,
J. Chem. Phys. 5_1, 116 (1969).

(3) W.A. Seddon, C. Willis, M.J. Young and E.B. Selkirk,
Atomic Energy of Canada Limited Report AECL-3583 (1971)

(4) D.B. Peterson, National Bureau of Standards Report
NSRDS-NBS 44 (1974).

(5) G.M. Meaburn and S. Gordon, J. Phys. Chem. 7_2_, 1592
(1968).

3.2.2 Pulse Radiolysis of Liquid Systems

- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and
L.W. Thomson

(a) Stability of Alkali Metal Solutions

Optical studies of metal species at equilibrium in
mixed metal ethylamine (EtNH2) solutions are continuing
(PR-CMa-45, AECL-6327). In order to ascertain the
relative contributions of the component species in the
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composite optical spectra, the asymetrical absorption
band of each individual species has been normalized to a
standard shape. The "best fit" was obtained using a
Gaussian distribution on the low energy side and a
Lorentzian distribution on the high energy side(J-).
Analysis of the optical spectra of bicomponent mixtures at
equilibrium indicate a relative thermodynamic stability
in the order Na~ > K~ > Rb~ > Cs" > Li species > Ca species

Biphenyl was used as a scavenger to determine the
bimolecular rate constant (Table 3.2.2.1) for electron
attachment by pulse radiolysis. The results so far show
that the relative reactivity of these species runs counter
to the thermodynamic stability within the series.

We are also attempting to correlate alkali metal
solubilities with the equilibrium and redox potential
data as suggested by Battisti and Trasatti(2),

(1) B. Bockrath and L. Dorfman, J. Phys. Chem. J2.' 1509
(1975).

(2) A. Battisti and S. Trasatti, J. Electroanal. Chem.
79, 251 (1977).

Table 3.2.2.1

Bimolecular Rate Constants for Reaction
with Biphenyl at 25°C in Selected Solvents

Rate Constant x 10~10 (L-mol"1-s~!)

Species

e

(Li+ - e~)

(Na+ - e~)

Cs"

K~

THF*

11

1

0.55

PrNH2*

13

1.5

EtNH2

% 20

5

5

o.:

* Tetrahydrofuran

** n-propylamine
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(b) Flash Photolysis of Alkali Metals in Ethers

Studies have been extended to include solutions of
Rb~ and Rb/Na mixtures in tetrahydrofuran (THF). In
both cases the results are consistent with the mechanism
reported in PR-CMa-45.

[1] M" -*&+ (M+,e ") + e " -£—> (M+,e-)

Based on the material balance in reaction 1,
and the transient spectra observed in mixed metal solutions,
we have been able to deduce the extinction coefficients,
eK~' eRb~ a n d eCs" ^lative to e N a- . Taking e ^ - =
8.2 x 10"* mol-L"-1 -cm"1 (3) the corresponding values for
eK_, e ^ . and e C s_ range from 1.1 x 10

5 to 1.3 x 105

mol-L"1•cm"'.

Examination of the M~ spectra in THF, assuming a
Gaussian-Lorentzian band shape shows that the band widths
for K~, Rb~, and Cs~ are significantly less than that of
Na~. Since the oscillator strength, f, for each species
is expected to equal 2.0(3) the extinction coefficients
can be calculated from equation [2]' '

[2] f = 4.32 x 10~ 9 [1.065 ^1/2
G + 1-571 " 1 / 2

L3 x £
M~

where w^/2^ and ui/2L a r e the Gaussian and Lorentzian
half-widths, respectively. Values obtained in this
manner are in good agreement with those deduced from flash
photolysis.

Similar calculations applied to the ion-pair spectra
also show good agreement with values deduced from flash
photolysis and are consistent with previous pulse
radiolysis studies'-''.

(1) B. Bockrath, J. Gavlas and L.M. Dorfman, J. Phys.
Chem. 79_, 3064 (1975) .

(2) J.A. Delaire, J. Belloni, P. Cordier, M. Delcourt,
Protons and Ions Involved in Fast Dynamic Phenomena,
Elsevier Scientific Publishing Co. (1978), p. 245.

(3) M.G. DeBacker and J.L. Dye, J. Phys. Chem. 75, 3092
(1971).

(4) F.Y. Jou and L.M. Dorfman, J. Chem. Phys. 5£, 4715
(1973).
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(5) G.A. Salmon, W.A. Seddon and J.W. Fletcher, Can.
J. Chem. 52, 3259 (1974) .

3.2.3 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans, F.K. McClusky and S.L. Chin

(a) Laser Induced Decomposition of Formaldehyde

Laser induced decomposition studies of formaldehyde
(see PR-CMa-44,-45; AECL-6179,-6327) have continued.

The relationship between the frequencies of various
DF laser lines, and the IR transmission spectrum of CHtO
(containing the fundamentals vi(C-H), V5(C-H) and several
combination bands)(1) is shown in Fig. 3.2.3.1. The most
intense DF lines (̂  20-60 mJ) are located in progressions
to the "red" (lower frequency) of the most intense
molecular absorption lines. The results of using
individual DF lines or a combination of lines to irradiate
formaldehyde are given in Table 3.2.3.1. In spite of
the fact that the laser radiant energy for all lines lasing
simultaneously is less than the sum of the single line laser
radiant energies, the yields are larger (80-fold) for
simultaneous radiation as compared to the sum of the
yields for irradiation by each line. Clearly more
efficient use of the radiant energy is being made in the
"all lines" experiment. This enhanced yield may be
interpreted as a more efficient absorption of the available
photons arising from a better matching between the photon
energies from the different laser lines and particular steps
up the anharmonic vibrational ladder (which is characterized
by decreasing energy spacings for each step up) than would
be possible for a single laser frequency. Due to the low
density of vibrational states (PVTR ^ o e s n o t equal 1 level
per wavenumber until ^6 DF photons have been absorbed),
there may not be absorbing states coincident with a single
line laser frequency for all steps up the vibrational
ladder. The observation of an enhanced yield due to
multiline irradiation is important for laser isotope
separation since it implies that simultaneous irradiation
by more than one (carefully chosen) laser frequency can be
used to optimize the efficient use of laser photons(2/3)#

Studies on selective irradiation of CH2O in a mixture
of CH2O/CD2O at low pressures have shown large separation
factors ( > 30). These large separation factors indicate
that >85% of the hydrogen product has its origin in non-
free radical processes.

(1) A.S. Pine, J. Mol. Spectrosc. 70, 167 (1978).
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Figure 3.2.3.1

The transmission spectrum of formaldehyde with the DF laser
line frequencies superimposed.
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Table 3.2.3.1

Comparison of Individual and Multiline
Irradiations of Formaldehyde

DF
Laser
Line

P2(6)

P2(5)

Pi (7)

Pi (6)

Pi (5)

Each in
sequence(c)

All lines(d)
simultaneously

V

(cm"')

2680

2703

2743

2768

2792

.28 ( a )

.98 ( a )

.05(b»

.25<b>

.69(b)

Radiant
Energy

per Pulse
(mJ)

59+31

45+15

37+13

26+ 8

20+10

200+50

Nurrber
of

Pulses

5000

1000

1000

1000

2000

200 per
line

100

Pressure

(kPa)

2.776

2.641

2.641

2.641

2.641

2.688

2.714

YHYD

9.5xlO12

8.7xlO12

4.7xlO12

3.1xlO12

1.9xlO12

2.3x10'3

1.9xlO15

Ycoie)

1.2x10'3

1.9xlO13

l.OxlO13

5.6xl012

4.7xlO12

1.6x10'3

2.3x10'5

(a) T.F. Deutsch, Appl. Phys. Letters 10̂ , 234 (1967) .

(b) R.M. Talley, H.M. Kaylor and A.H. Nielsen, Phys. Rev. 77, 529 (1950).

(c) Each DF single line (total of 27) was sequentially focussed into the sane
CH2O sample for 200 pulses. Due to the low product concentrations relative to
background air, YQQ could be low by as much as a factor of 3 or 4. Other yields
quoted are accurate to within a factor of 2.

(d) The intracavity grating was turned perpendicular to the laser axis allowing
gain on all lines.

(e) Y x = (nuntoer of molecules of product x per pulse)/PCH2O'
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(2) R.V. Ambartzuniian and V.S. Letokhov, Accts. of
Chem. Res. 10^, 61 (1977).

(3) R.V. Ambartzumian, N.P. Furzikov, Yu. A. Gorokhov,
V.S. Letokhov, G.N. Makarov and A.A. Puretzky,
Opt. Commun. 18, 514 (1976).

(b) Multiphoton Absorption Studies

The advantage of the spectrophone cell described in
PR-CMa-45, AECL-6327 in multiphoton absorption studies
relative to conventional two beam absorption spectroscopy
can be seen from a consideration of the Beer-Lambert Law
in two different forms.

[la] I = ioe"
onl

= v 1 - «
I o and I are the intensities of the incident and trans-
mitted beams respectively (Iaks

 = Io ~ *) / an(3 0 is the
absorption cross section, n the absorber density and I
the path length. Conventional spectroscopy is performed
by measuring the absorbance (logiol /I). However,for
weak absorption (anî. << 1), I % Io and meaningful
measurements require very accurate measurements of I and Io-
This serious limitation for transmission spectroscopy can
be overcome by measuring labs directly [absorbance can be
taken as logio (1 + Iabs/Io']- This can be easily
accomplished since at a fixed pressure the microphone
response is proportional to the optical energy absorbed in
the spectiophone cell. By this technique, we have been
able to measure values of Iabs/^o a s l° w a s 10" 5

(absorbance = 4.3 x 10~6 which is equivalent to being able
to measure I and Io to an accuracy of 10 ppm for a
conventional system). Total absorbed energies as low as
10~8 J can be observed, and a range of Io values which
spans 5 orders of magnitude can be studied.

In PR-CMa-42, AECL-59 71, we reported measurements
of multiphoton absorptions.of the HF Pj (6) line by CH3OH
for pressures of 0.708 - 10^973 kPa. Since, for the lowest
pressure used, each CH3OII molecule undergoes 10-15
collisions during the laser pulse it was not possible to
determine if collisions were participating in the multi-
photon absorption process. These experiments could not,
by conventional absorption techniques, be extended to
lower pressures, and it was decided to study this system
by the spectrophone technique. Figure 3.2.3.2 shows the
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RADIANT ENERGY FLUENCE (J/cm2 )

Figure 3,2.3.2

Dependence of microphone signal upon radiant energy fluence for
absorption of the HF Pi(6) line by CH3OH at various pressures.
The large circles locate the microphone signal corresponding to
absorption of ̂ 0.5 photons per molecule in the beam. The
experiments at 67 Pa to 2.75 kPa used a 122 cm focal length lens,
and those at 6.7 and 13 Pa used a 63 cm focal length lens.
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microphone signal as a function of laser radiant energy
fluence for methanol pressures between 6.7 Pa and 2.75 kPa.
A preliminary calibration of the microphone signal was
done by comparing the absorption and transmission results
for a pressure of 2.75 kPa. For lower pressures, the
microphone signals corresponding to < n > 'v 0.5 (0.5 photons
absorbed per molecule seeing the laser beam)were calculated
and these are shown in Figure 3.2.3.2 as the large circles
whose size represents the uncertainties for this procedure.
For a two-level system the saturation limit of < n > as
a function of intensity is 0.5,"hence, the significance of
< n > greater than 0.5 is that multiphoton absorption must
be occurring (although multiphoton absorption may still
occur for < n > less than 0.5). The occurrence of micro-
phone signals greater than those corresponding to < n > =
0.5 indicates that multiphoton absorption is occurring at
pressures down to 67 Pa (average of 1-2 collisions) and
probably down to pressures as low as 6.7 Pa (0.1 - 0.2
collisions). These results clearly indicate that kinetic
collisions are not essential for the multiphoton absorption
process in methanol. Improved calibration techniques are
being developed.

3.2.4 Laser Magnetic Resonance (L.M.R.)

- D.R. Smith and J.D. Bonnett, with J.S. Geiger (Nuclear
Physics Branch)

The InSb Far Infrared (FIR) detector (model IR-D-4)
was received from Advanced Kinetics and, after a commission-
ing period, now operates routinely at pumped liquid helium
temperature (1.5 K) .

This completes the facilities necessary to commence
research on our long-term goal-detection of free radicals
formed by IR multiphoton molecular dissociation (see
PR-CMa-40, AECL-5808, section 3.2.4). During the past
quarter several gases have been irradiated, in the FIR laser
intracavity detection zone, by intense, focussed CO2 laser
pulses. A lens mount, allowing shorter focal length and
shorter path length of sample gas before the focal region,
was installed. No signals have been observed due to
various electronic noise problems, especially pulses
from the CO2 laser thyratron. Various shielding
techniques were used to reduce the noise pulses to an
acceptable level. Signal averaging techniques will
likely be required for further improvement.

Some theoretical work is in progress, to assess the
sensitivity of the LMR spectrometer, in relation to the
number of free radicals which are expected to be formed.
There is some concern that sensitivity may be reduced by
the fact that the free radicals are formed in a very small
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volume (focal zone of the lens) while the FIR laser flux is
about 2 cm in diameter. An additional development is that,
since this program was initiated, some improved data have
been reported(1) based on fluorescence detection of free
radicals. Estimates of yields based on these data will
be fed into our calculations.

(1) R.V. Ambartzumian and V.S. Letokhov in "Chemical
and Biochemical Applications of Lasers", Vol. Ill,
edited by C. Bradley Moore, Academic Press, 1977.

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water

- J.P. Butler, J. den Hartog, F.W. Molson, J.H. Rolston
and D.E. Clegg

The results of this research are given in an internal
CRNL report.

3.3.2 Surface Studies by X-Ray and UV Photoelectron Spectroscopy
(XPS and UPS)

- P.R. Norton and J.W. Goodale

(a) Adsorption and Reactivity of CO on Pt(lll)

The difference in reactivity towards oxidation between
linear and bridged CO has been measured by XPS and dynamic
measurements of the work function. If the reaction

C0(ads) + 1 / 2 % g a S )

is first order in the coverages of linear and bridged CO,
at 298 K the reactivity of the less strongly bound bridge
state is three times that of the linear state. This
corresponds to a difference in apparent activation energy
of ^ 7 kJ-mol"1 which is approximately twice the difference
in heats of adsorption measured by thermodynamic techniques.
This is the first successful measurement of the difference
in reactivity of separate adsorbed states on a single
crystal face.

(b) Adsorption of O2 on Pt(lll) at Low Temperatures

There is currently interest in the properties of
a molecular oxygen species that is adsorbed on Pt(lll) at
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T ^ 100 K. It is not clear from photoemission studies
whether any dissociatively adsorbed oxygen is present at
these temperatures. Since the dipole moments of the
atomic and molecularly adsorbed species are expected to
have opposite signs, they should be readily distinguishable
by work function techniques. It is believed(D that the
low temperature state is an important catalytic
intermediate in oxidation reactions on this surface.
Measurements on this system have therefore been started.

(c) Single Crystal Preparation

A second Pt(100) slice has been prepared to allow
continuation of the measurements of the reactivity on the
reconstructed and unreconstructed surfaces.

(1) John L. Gland, General Motors Research Lab., Private
communication.

3.3.3 Surface Structure Analysis by Rutherford Backscattering
and Channeling

P.R. Norton with W.N. Unertl (University of Maine);
J.A. Davies, D.P. Jackson, C. Sitter and J. Lcri
(Solid State Science Branch)

Work has continued on development of the techniques
necessary to carry out surface structure studies by back-
scattering and low energy electron diffraction (LEED).
Replacement of the ruby beads by Pyrex beads has reduced
the heat leaks into the sample to the point where
temperatures of ^110-120 K are now achievable. A Pt(100)
single crystal has been mounted on the goniometer and
cleaned by ion bombardment, oxidation at 1200 K and heating
in vacuum. Good LEED patterns have been obtained for the
reconstructed surface and the transformation back to the
bulk structure has been observed upon adsorption of CO at
< 300 K.

A method of electrically isolating the sample while
cooling has been successfully developed.

The Faraday cup for measurement of the ion beam
current has been successfully calibrated against the back-
scattering yield from a bismuth implanted silicon target.
The consistency was within counting statistics. The
vacuum performance of the cup assembly is satisfactory, a
24 hour bake at 393 K producing pressures <5 x 10 1] kPa.

The LEED-Faiaday cup assembly was attached to the
chamber and the electrical leakage at 300 V was
< 1 x 10"12 A. This is less than 0.1% of the expected
LEED beam intensities. Modifications are required to
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both the horizontal and vertical supports to correct
errors in the positioning of the Faraday cup.

Problems were encountered with the present method
of cooling the solid state detectors during bake-out.
Contaminants condense on the cooling tubes that are
difficult to remove on subsequent warming. Tests are
continuing to determine the source of the contaminants
and a newly designed model is being built that will require
much smaller temperature gradients to maintain a given
detector temperature.

3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and Cyclo-
hexylamine (CHA)/Cyclopentylamine (CPA)

- E.A. Symons, M. Clermont and J. Schnittker

(a) Chemistry of the Catalyst Solutions

Commercial lithium, sodium, and potassium hydrides
(Ventron Corp.) were contacted with CPA at temperatures
up to 95°C. Only the KH reacted, slowly; thus only KCPA,
and presumably KCHA, solutions can be prepared via the
hydride.

The solubilj ties of sodium and potassium cyclohexyl-
amides in cyclohexylamine at 23°C are 0.09 mol-L"1 and
0.046 mol-L" 1, respectively.

(b) D2 - CHA/CPA Isotope Exchange

The solubility of dry H 2 gas has been determined in
CHA at -15°C (freezing point - 17.7°C) to + 25°C and in
CPA at -61°C to 25°C using a gas chromatographic m e t h o d ^ .
The results, shown in Figure 3.4.1.1, indicate an
approximately linear dependence of gas solubility on
temperature over the ranges studied. Hz is slightly
more soluble in CPA than ^n methylamine(2) (e.g.
2.0 vs 1.7 x 10"" mol fraction at 0°C).

The blade/shaft unit of the high speed stirred cell
has been modified by using more and smaller holes (56 vs 12)
in the blades, and pressure sc.iops at the inlet holes on"
the shaft to increase gas/liquid contact. Although mixing
was visibly much improved (as seen in a test rig), kinetic
results for KCHA were still dependent on stirring rate at
-15°C. Tests will be done with KCPA and CsCPA solutions
at -70°C.



Temperature dependence of hydrogen gas solubility in cyclopentyl-
amine (CPA)and cyclohexylamine (CHA); total pressure 101 kPa.
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From the H2 solubilities and the volume of the vapour
space over the solutions and in the circulation lines,
the factor to convert the pseudo-first-order D2 exchange
rate constants kofos ("vapour") to k,-,̂  ("in-solution")
can be calculated (range 200-700). For example, with
0.05 mol-L-3 KCHA/CHA at -15°C, k v a p = 5.0 x 10~

5 s"1,
kso2n

 = 1.5 s - 1 and ti I-J % 0.5 s. For 0.05 mol-L~
KCPA/CPA at -70°C, kvap = 5.8 x 10"

1* s'1 , k s o l n = 0.39 s"1

and t-, /o y 1.8 s.1/ z

The isotope effects 2kjjD/kn previously reported
(PR-CMa-45, AECL-6327) were derived from a computer
fitting of the data to a kinetic model [la] and [ib]
based on the expected indirect formation of H2 via HD.

[la] D2 + R-NH2 -• RNHD + HD; k_.

[lb] HD + R-NH2 •* RNHD + H2; k u n

A revised model, which includes a contribution from a
direct route [2] gives a much better fit to the experimental

[2] D2 + 2R-NH2-* 2RNHD + H2; k
1

data. However, the significance of the direct/indirect
ratio (generally about 75%/25% gave the best fit) is not
clear; this ratio was independent of stirring rate
(4,600-10,400 min"1) at least for KCHA at -18°C. The
isotope effect values are now in the range 20-25, which is
abnormally high. These observations may illustrate the
difficulty of applying a simple kinetic model to data
obtained under conditions of mass transfer limitation -
true chemical rate constants are still required.

(1) E.A. Symons, Can. J. Chem. 49̂ , 3940 (1971).

(2) R.G. Moore and F.D. Otto, Can. J. Chem. Eng. 5_£, 355
(1972).

3.4.2 Isotopic Exchange Reactions in Protic Solvents Studied by
NMR Spectroscopy

- J.D. Halliday and P.E. Bindner

Interpretation of the kinetic results (PR-CMa-3 7,
AECL-5551) for the proton exchange reaction [l] between
methylamine (MA) and potassium methylamide (PMA) has
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[1] CH3NH2 + CH3NHK 5=4 CH3NHK + CH3NH2

yielded information on the relative reactivity of a free
ion and ion-paired species in solution. Conversion of
the observed pseudo-first-order rate constants, l/t'fs"1),
to second-order rate constants, k2(L-mol"

1-s~1), using the
rate equation [2] yielded values of k2 (Figure 3.4.2.1)
which, contrary to [2], varied with the stoichiometric
(s) concentration of PMA catalyst, [PMA] S.

-d[CH3NH2]
[2] = k2[PMA] = 1/T'

[CH3NH2]dt

This was unexpected since Swift, et al. claimed no such
concentration dependence for the ammonia-potassium amide
proton exchange reaction. However, re-analysis of their
data disclosed an error in calculation and a similar
concentration dependence of k2 for the ammonia-amide
system is clearly evident(2).

These concentration dependencies of k2 imply that the
active catalysts are not simply the added PMA and amide
salts but involve additional species in solution, such as
free ions or ion-pairs. Since the dissociation constant
for PMA has been determined as a function of temperature
by Symons(3), this hypothesis can be tested by calculating
the free ion and ion-pair concentrations in the PMA
solutions and modifying the rate equation [2], to include
both species [3].

[3] k2[PMA]s = k2FI[CH3NH] + k2Ip[CH3NHK]

where k
2 F I

 = k2 (free ion)

and k
2 i p

 = ^2 (ion pair).

For a given temperature, the reasonably consistent values
of the two second-order rate constants (Table 3.4.2.1),
calculated over a wide range of stoichiometric PMA
concentrations, show that only the free ion and the ion-
paired species need be considered in accounting for the
observer! dependence of k2 on stoichiometric PMA concentra-
tion.
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Figure 3.4.2.1

Concentration dependence of second-order rate constant,
vs reciprocal absolute temperature.
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Figure 3.4.2.2

Calculated second-order rate constants for free ions and ion
pairs in PMA/MA solutions vs reciprocal absolute temperature.
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Table 3.4.2.1

Calculated Rate Constants for Free Ions
and Ion Pairs

Temp. (°C)

12.6

- 2 3 . 1

-45 .8

-80 .8

k

(1

(4

(1

(5

2 FI ( L

. 4 7 ±

. 1 0 ±

. 6 9 ±

. 4 7 ±

• m o l "

0.

1 .

0 .

1 .

. 6 0 )

. 2 9 )

, 43 )

36)

• s

X

X

X

X

)

109

108

108

107

(8.74 ± 7.17) x 107

(3.91 ± 3.27) x 107

(1.89 ± 1.62) x 107

This analysis represents the first direct observation of
the difference in the relative reactivities of the free
ion and ion-paired species in these solutions. The free
ion is 17 times more effective than the ion-paired species
at 12°C. The exchange rates of the two species show
different temperature dependencies (Figure 3.4.2.2) as
the relative rate ratio decreases to about 9 at -81°C.

Arrhenius activation parameters are given in Table
3.4.2.2.

Table 3.4.2.2.

Activation Parameters for Free Ion and Ion-Paired
Species at 25°C

k 2 F I

k 2 I P

E a (kJ-mol"1)

1 5 ,

1 3 ,

. 1

,0

AH (kJ-

12

10

mol~

.6

.5

M AS' ( J •mol~l

-27 .

-99 .

• K " 1 )

5

6

These values may be compared with the activation parameters
calculated for the KNH2/NH3 system (1), AH* = 16.6 + 2.1
kJ-mol"1 and AS* = -49.9 + 8.3 J-mol"1-K"1.
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The negative entropies of activation AS^ may be
interpreted in terms of an increased restriction of the
solvent molecules surrounding the activated complex. The
larger value of AS^ (-99 J-mol~J-K"-1) for k2jp compared
to that for k2Fi(-27 J-inol"

1-K~J) indicates the less
reactive species requires a greater participation of the
solvent structure in forming the transition state.

(1) T.J. Swift, S.B. Marks and W.G. Sayre, J. Chem. Phys.
44_, 2797 (1966).

(2) T.J. Swift, personal communication.

(3) E.A. Symons and J.D. Bonnett, Can. J. Chem. 56, 1518
(1978) .

3.4.3 Separation Factor for Deuterium Exchange Between Methanol
and Water

- J.H. Rolston and D.E. Clegg

The equilibrium distribution of deuterium between the
hydroxyl groups of liquid methanol and water is described
by the equilibrium constant K](d) of equation [1].

[1] CH 3OHU) + HDOU) i.
 s CH3ODU) + H 2 O U )

Recently Fenby' ^ has calculated K i U ) = 0.454 at 25°C
from reduced partition function ratios and has compared
this with experimental values which range from 0.45 to 0.6.
An independent measurement of K](S,) can be made from the
expression K! (£) = ctpfeOH/2 'aHzO where the a values are the
protium-deuterium separation factors for molecular
hydrogen with methanol and water respectively. A value
of KjtS,) = 0.56 at 25°C has been calculated from measure-
ments of «MeOH (PR-CMa-45, AECL-6327) and aH2g <2) which
is in agreement with the best estimate of K! (J>) = 0.6 in
methanol available from thermochemical data (3). Contrary
to Fenby's theoretical study, this indicates deuterium
prefers to reside in the hydroxyl group of the alcohol
rather than in that of water.

(1) D.V. Fenby, Aust. J. Chem. 3£» 2 3 7 1 (1977).

(2) J.H. Rolston, J. den Hartog and J.P. Butler, J. Phys.
Chem. 8_0, 1064 (1976) .

(3) G.L. Bertrand and T.E. Buchfield, J. Phys. Chem. 7JL'
1547 (1975).
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3.4.4 Parity Violation in Photo Disintegration of Deuterium

- A.B. McDonald (Nuclear Physics Branch), E.D. Earle
(Neutron & Solid State Physics Branch), W. Zaleski and
J.J. Hill (Nuclear Physics Branch) and D. K. Evans

See PR-P-119, section 2.2, AECL-6366.

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Temperature Dependence of Pt(lll) Surface Relaxation
- J.A. Davies, D.P. Jackson, N. Matsunami and P.R. Norton,
with J.U. Andersen

Surface Science (in press).

3.5.2 Lectures

Stability of Alkali Metal Solutions
- J.W. Fletcher and W.A. Seddon
6th International Conference on Non-Aqueous Solutions,
University of Waterloo, 1978 August 7-11.

Adsorption and Oxidation of CO on Pt(lll) Studied by
Photoemission, Thermal Desorption Spectroscopy and High
Resolution Dynamic Measurements of Work Function
- P.R. Norton
Physical Chemistry and Physics Divisions, General Motors
Research Labs., Warren, Michigan, 1978 August 10

Surface Studies by Photoemission, Dynamic Work Function
and MeV Ion Scattering Techniques
- P.R. Norton
Seminar presented at the following places:

Cambridge University, U.K., 1978 May 18
Nottingham University, U.K., 1978 May 19
Liverpool University, U.K., 1978 May 23

Laser Isotope Separation
- D.R. Smith and A.W. Boyd
16th R&D Program Committee Meeting held at Chalk River
Nuclear Laboratories, Bldg. 508 Conference Room,
1978 August 17.

The lectures listed above may not be available in print.
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking of Zircaloys
- B. Cox and V. Ling

Although we failed to find any cracked hydrides in
as-received fuel-clad tubing by detailed metallography,
whereas a few "oxide-fingers" could be observed after
stressed specimens of cladding were oxidized in air at
500°C for a few days (PR-CMa-45), we could still not be
sure that the broken hydrides which oxidized to give the
"oxide fingers" had broken on loading the specimens. In
order to check this point, several rings of as-received
tubing were given the same oxidation treatment and
examined metallographically. No "oxide-fingers" were
seen in the as-received specimen from batch MLI-788; this
batch showed the most, and the best-developed "oxide-
fingers" after stressing. However, in a specimen of as-
received tubing from a batch of similar vintage (MLI-791)
a total of five "oxide-fingers" 10-15 pm de°p was
observed. Thus, for batches of tubing with high residual
hoop tensile stresses at the inside diameter, which have
stood for many years (̂  17) since fabrication, it appears
that a few hydrides will have already crt ked, whereas
many others will crack immediately when an additive hoop
tensile stress is applied at the start of a stress corro-
sion test. It is possible, therefore, that some reactor
fuel may start its irradiation career with small sharp
notches up to 30 vim deep at the inside surface.

4.2.2 Electrical Properties of Oxide Films on Hafnium
- B. Cox and V.C. Ling

Hafnium and zirconium are very similar both chemi-
cally and metallurgically, yet hafnium is much more
resistant than zirconium to corrosion in high temperature
waterfl]. Hafnium, despite its good corrosion resistance,
has shown some unexpected responses to steam pressure[2],
which indicated 'hat a more porous oxide was formed at
low pressure than at high [the reverse of the effect with
zirconiun.). Electron microscope examination of thin
oxide films (0.6 um) formed in water[3] showed much oxide
cracking and grain boundary penetration of the metal,
again the reverse of the situation for thin oxides on
zirconium alloys. There observations appeared to conflict
with the observed good corrosion resistance of hafnium,
so we decided to study the electrical properties of the
oxide to look for anomalies.

Hafnium specimens were oxidized in both binary
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nitrate and ternary nitrate/nitrite salt baths at 300°C
for ^ 23 <3,:ys. At the end of this exposure, oxide films
were very thin (1st order, pale blue, ̂  100 nm) and
weight gains were low [^ 1.3 mg/dm2). This compared
with an expected oxide thickness of about 0.5 urn on
unalloyed zirconium at an equivalent time. The current-
voltage curves were normal, and similar in shape to those
for zirconium. The estimated oxidation currents were
lower for hafnium than for zirconium, consistent with the
lower oxidation rate, and plots of the log oxidation
current versus log time suggested an initial oxidation
rate law close to parabolic. No anomalous behaviour has
been observed for hafnium so far.

References

[1] "Metallurgy of Hafnium", Ed. D.E. Thomas and
E.T. Hayes, USAKC, 1960.

[2] D.R. Silvester, J.V. Arthurs, C.E. Austing and
J.N. Wanklyn, UKAEA Report, AERE-R4706 (1965).

[3] G.P. Sabol and S.G. McDonald, Proc. of Symp. on
"Stress Effects and the Oxidation of Metals", Ed.
J.V. Cathcart, ECS, New York, 1974, p.352.

4.2.3 Oxidation of Zirconium Alloys in High Temperature High
Pressure Steam
- N. Ramasubramanian and S.B. Thomas.

Samples of Zircaloy-2 and zirconium-2.5 wt% Nb
in the as-received and in several heat-treated conditions
were oxidized, for 4 h in 11 MPa (1700 psi) steam at
773 K. Zircaloy-2 in the as-received and B-quenched
conditions gained ^ 70 mg/dm^; when slow-cooled (in
air) from the 6 phase (Widmanstatten platelet structure)
the samples gained ^160 mg/dm^. Optical examination
of the oxide surfaces showed microfissures and cracks in
the greyish black oxide on the as-received material. The
oxide film on the {3-quenched sample had a smooth
appearance. In the case of the air-cooled sample, some
of the a platelets showed accelerated oxidation
resulting in cracked, crumbled oxide growth; the rest of
the platelets had a smooth greyish black oxide. X-ray
microprobe analysis of the platelets with accelerated and
normal oxide growths did not reveal any major differences
in the distribution of the alloying additions.

The weight gained by the Zr-2.5% Nb samples was in
the range of 30 to 50 mg/dm ; the weight gain decreased
in the order as-received > 3 quenched > 6 quenched and



- 79 -

annealed at 500°C, 24 h > f$ quenched and annealed at
500°C, 7 days. Optical examination of the samples showed
smooth oxide films with nc detectable cracks or accelera-
ted growth.

Following the oxidation, the samples were polar-
ized in molten KNO3-NaNO3

 a t 7 7 3 K- Zircaloy-2
samples in the as-received and g-slow cooled conditions
attained lower negative rest potentials (-0.2 V) than
those in the 3-quenched condition (-0.7 V). The resis-
tance of tl- oxide film on the latter was an order of
magnitude ler than the former ones. In the case of
Zr-2.5% Nb : heat-treated samples attained higher
negative re^ potentials (-0.5 to -0.7 V) in the molten
salt than th< as-received sample (-0.3 V). The resis-
tances of the oxide films on the heat-treated samples did
not show any systematic variation but were higher than
that of the as-received sample. The oxidation currents
evaluated from the polarization data were orders of
magnitude lower than that expected from the weight gain
data and thus were determined by the conductivity of the
oxide towards salt decomposition, and whatever oxidation
of the alloy was occurring in the salt at 773 K.

The oxide grown on Zircaloy-2 in the g-quenched
condition was free of cracks and fissures. Therefore, it
is not surprising that is was associated with a higner
negative rest potential and resistance during polariza-
tion compared to the cracked and crumbled oxide grown on
the as-received and p slow-cooled specimens. Stringers
of second-phase precipitates in the platelet boundaries
might provide the electrical conductivity required to
keep the rest potential at low negative values in
8 slow-cooled Zircaloy-2 . During oxidation in steam one
might expect a similar trend in oxidation potentials to
exist. However, accelerated oxidation is observed with
Zircaloy-2 in the 0 slow-cooled condition. This is
contrary to the prediction by Urquhart et al. (J. Electro-
chem. Soc. 125, 199, 1978) for Zircaloy-4. Therefore,
their proposed relation between a high negative rest
potential and accelerated oxidation in high temperature
high pressure steam does not seem to hold good in the
case of Zircaloy-2.

4.2.4 Zirconiufli/Zirconia Epitaxy
- R.A. Ploc

Further to PR-CMa-41, Section 4.2.4, considerably
more effort has been applied to interpreting and correct-
ing the co-incident lattice site data of Bonnet (Labora-
toire de Thermodynamique et Physicochimie Metallurgiques,
C.N.R.S., St. Martin d'Heres). Due to the inordinate
number of calculations and data checks required, a
computer program is being written and used to translate
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Bonnet's data into hypothetical electron diffraction
patterns to test the validity of his proposed Zr/ZrO2
epitaxy models. These theoretical patterns will be
compared to their experimental counterparts. Within a
short time, hypothetical diffraction patterns will be
obtained for the Zr/aZrC>2 model and work is
proceeding on the Zr/cubic ZrO2/aZrC>2 scheme.

4.2.5 Structural Dependence of Zirconia on the Anodic Current
Densities
- P.. A. Ploc

C. Ortega of the University of Paris (Groupe de
Physique des Solides de l'Ecole Normale Superieure) has
found that anodic zirconia films formed in 5 wt% ammonium
citrate at current densities of 0.1 and 5 mA/cm possess
distinctly different electrical resistivities. We have
examined such films (unfortunately with two different
oxide film thicknesses) and found the following:

(i) Low Resistivity Film (current density=0.1 mA/cm2)
- film thickness - 70 nm (30 volts)
- uniform oxide film thickness
- both cubic and monoclinic ZrC>2 present
- diffraction patterns in the form of 'rings'
- 50 nm thick oxide crystallites
- small voids (̂  5 nm diameter) net distinguish-

able.

(ii) High Resistivity Film (current density-5 mA/cm )
- film thickness - 40 nm (20 volts)
- uniform oxide film thickness but two distinct

layers
(a) first layer is polycrystalline cubic with

textured aZrO2
(b) Second layer, 100% polycrystalline cubic

ZrC>2
- 50 nm diameter oxide crystallites (equiaxed)
- micropores highly evident

Work is to continue with the examination of oxide
samples of similar thickness and other samples formed at
different anodic current densities and ambient tempera-
tures.

4.3 METAL PHYSICS

4.3.1 Hydride Precipitation in Zirconium Thin Foils Stimulated
by 100 kV Electron Irradiation
- G.J.C. Carpenter and J.F. Watters

For a number of years, workers in this laboratory
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and elsewhere have observed that hydride precipitation
may occur during examination in the electron microscope
of zirconium foils, prepared by electropolishing at low
temperatures (typically ^ 225 K). Since this phenomenon
renders the specimens essentially worthless, its cause is
being examined in some detail.

It was initially believed that the hydrides were
caused by hydrogen which had been picked up during elec-
tropolishing, precipitating due to the small temperature
rise caused by the electron beam (? 20 K). However,
annealing experiments, using susceptible foils, have
shown that heating is not responsible for the hydrides,
which only form during irradiation with the 100 kV
electron beam.

Stereoscopic microscopy and contrast experimt ^s
have both shown that the hydrides precipitate at the foil
surfaces, with one of the surfaces frequently predomina-
ting. There is no relationship between the preferred
surface and the direction of the electron beam. It is
therefore concluded that hydrogen is trapped near one or
both of the specimen surfaces during electropolishing and
becomes liberated by irradiation with the electron beam.
Since collisions of the 100 kV electrons with hydrogen
atoms can transfer energies up to ^100 eV, it is not
surprising that de-trapping and irradiation-enhanced
diffusion of hydrogen may occur. As a result, it appears
unlikely that a simple technique for alleviating the
problem can be devised.

.3.2 Mechanisms of Hydride Precipitation and Dissolution in
Zirconium and Titanium
- G.J.C. Carpenter

In zirconium and titanium, various hydride phases
have been reported to precipitate' from solid solution
with structures of the type f.c.c, f.c.t., and b.c.c. If
precipitation occurs at low temperatures, such that the
hydrogen may diffuse, but the h.c.p. matrix atoms are
essentially immobile, shears are necessary for the crys-
tallographic transformation to proceed. Shears are likely
to be of practical significance when the interaction of
hydrides with a stress field is considered.

A review of the literature has shown that there is
evidence indicating the importance of shear processes in
the precipitation of hydrides in titanium alloys,in addi-
tion to zirconium and its al]oys[l]. Conversely, at
sufficiently high temperatures, self-diffusion in the
parent phase may be rapid enough for hydride formation by
the normal nucleatior and growth process. Evidence for
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this can be deduced from work on Zr-Cr-Fe by Northwood et
al. [2],

Hydride formation in both zirconium and titanium
is accompanied by dislocation generation, believed to be
caused by the volume misfit, although there is also the
possibility of a contribution from the transformation
shears[1]. There is evidence that a significant propor-
tion of these dislocations may survive dissolution of the
accompanying hydrides, a phenomenon that becomes
important under conditions of thermal cycling. Together
with the precipitation mechanisms, these effects have
been reviewed and written up for publication.

References

[1] G.J.C. Carpenter, The Precipitation of Y~zirconiuln

Hydride in Zirconium, to be published in Acta Met.

[2] D.O. Northwood, R.W. Gilbert and L.E. Bahen, Can.
Met. Quarterly, 1975, 14.

4.3.3 Radiation Growth of Zirconium Single Crystals
- G.J.C. Carpenter, R.A. Murgatroyd* and J.P. Watters

Neutron irradiation and growth measurements of
zirconium single crystals at 350 K and 550 K are continu-
ing at AERE, Harwell. Since growth appears to have
saturated in some specimens, the possibility of anneal-
ing out the radiation damage and using the same specimens
to study growth at low doses is being examined. In
particular, it is desirable to check for the transient
strain observed by Fidleris[l] in a c-axis specimen at
473 K. This information would provide a valuable basis
for consideration of the growth mechanism in zirconium.

References
[1] V. fr'idleris. Atomic Energy Review, publ. IAEA

(1975) 1^, 51.

4.3.4 Analysis of Fuel Channel/End Shield Interaction
- S.R. MacEwen and A.R. Causey (Metallurgical Engineering
Branch)

Measurements of the elongation of the pressure
tubes in the power reactors at Douglas Point and

•United Kingdom Atomic Energy Authority
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Pickering have been made by Ontario Hydro over the past
six years. The ACCORD* programme has been used to
analyze the data to obtain the free elongation rate, and
the optimum, material dependent, constants in the creep
rate and growth rate equations for the fuel channels in
Douglas Point, Pickering 1 and 2, and Pickering 3 and 4.
Three papers, co-authored with H.C. Jamieson and
A.B. Mitchell of the Ontario Hydro, are in final draft
form. The titles are:

1. Measurement and Analysis of the Elongation of
Zircaloy-2 Pressure Tubes in CANDU Reactors.

2. Measurement and Analysis of Pressure Tube
Elongation in the Douglas Point Reactor.

3. Measurement and Analysis of the Elongation of
Cold-Worked Zr-2.5 Nb Pressure Tubes in CANDU
Reactors.

4.3.5 Mechanical Testing

^ j ^ _ ^ _ ^ _ ^ Cre_e£ Tes_t£3
- F. Santone and S.R. MacEwen

The algorithm used to maintain a constant stress,
o c, during a creep test with the computerized Instron
has been completely revised, and a new code for the
Alp'ia-16 computer has been written. The original algo-
rithm, written at the time of purchase of the computeri-
zed Instron in 1973, was based on the equation

A* = <f(oc-a) •••(!)

where A2. is the crosshead speed, K is a parameter
dependent on the stiffness of the test frara<e.- E is
Young's modulus, o c is the desired creep stress, a is
the actual stress and is a constant loop-gain factor.
Every 0.1 s, a new value of a is ob!-=;ined by the computer
and the crosshead speed is updated according to (1).
Clearly, if the test specimen is deforming plastically,
o must be less th--n crc in order to generate the
crosshead speed required to maintain the creep rate of
the specimen. Thus, the actual stress held during a
creep test will be less than the desired stress by an
amount Aa which depends on a, K, and the creep rate of
the specimen. If the creep rate is linear, Aa will be

•Analysis of CANDU CORe Deformation
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constant. However, if the creep rate is decreasing with
time, as is the case for low temperature transient creep,
Aa will also decrease with time. An example of the type
stress-hold behaviour obtained using the original algo-
rithm is given in Figures 4.3.3.2 and 4.3.3.3 of
PR-CMa-43. For low creep rates, Aa is small, < 0.1 MPa,
and could be tolerated. However, for high creep rates,
such as are obtained when one changes from a tensile to a
creep mode of deformation, Aa is unacceptably large.

The new algorithm, designed to alleviate these
problems, is based on the following equation:

M = P K F + M (Oca) _ ( 2 )

The terms TZ and AT are the average creep rate of the
specimen ana the average crosshead speed respectively.
Both are calculated as background tasks using linear
regression analysis through five points obtained over a
time period, <St. This time period is_an ingijt constant
and must be sufficiently large that £p and AJ. do not
reflect digitizing error. The first term of (2), there-
fore, relates the crosshead speed to the current creep
rate of the specimen; K is the machine stiffness
dependent constant as in (1), and 3 is a constant, 6 < 1.
The second term of (2) is essentially equation 1, with
the important modification that the loop-gain constant
a is now a function of the average crosshead speed. An
equation of the form a = A + B £n(A~J), where A and B are
input constants, is currently being used. As previously,
the crosshead speed is updated every 0.1 s, using the
last calculated values of E ^ and A~X and the instanta-
neous value of a.

Figures 4.3.5.1 and 4.3.5.2 give examples of the
stress-time behaviour obtained using the old and new
algorithms respectively. In both cases, a Zr specimen was
initially deformed, at a strain rate of 2 x 10~5 s at
room temperature, to establish a flow stress. The mode
of deformation was then changed from constant strain rate
to constant stress. Thus, the command stress in each
case was the maximum stress shown on each figure. With
the original algorithm a large, initial, drop in stress
and a time dependent t are evident. With the new algo-
rithm, excellent stress-hold control is obtained.

(ii) Transient Creep in Zr
- F. Santone, M.A. Elve and S.R. MacEwen

A total of six crystal bar Zr specimens have been
deformed at room temperature in an attempt to establish
the structure dependence of the Gibbs free energy for
plastic flow. On each specimen, a sequence of test
modes, consisting of:
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(a) constant strain rate (tensile test)

(b) stress relaxation or strain-rate change

(c) constant stress (creep test)

was repeated at approximately 1% strain intervals. The
data are being analyzed to obtain work-hardening rates,
strain-rate sensitivity, and transient creep rates, as
functions of the flow stress.

(iii) High Temperature Creep in Zirconium
- O.T. Woo and S.R. MacEwen

Existing creep theories and literature have been
reviewed. Experimental work is awaiting the arrival of
the Tenupol electropolishing machine.

(iv) Plastic Deformation of B-Transformed Zircaloy-4
- O.T. Woo and S.R. MacEwen

Results for the yield stress and dynamic strain
ageing of B-transformed Zircaloy-4 have been analyzed,
and a paper is being written for publication.

,3.6 Irradiation Creep
- M. Miller and S.R. MacEwen

( i ) TP—°Ee—i-£al. Ĉ a_lcul̂ t_iori of Irradiation Creep and
Grow^h_Ra_te_s~* ~~

The programme WEED (PR-CMa-31, AECL-5037) calcu-
lates the growth (or creep) rate tensor, in either a
single crystal or a polycrystal, allowing for crystallo-
graphic texture, grain size, grain shape, and non-random
distributions of dislocation Burger's vectors. Inputs to
the programme are the fluxes of vacancies, di-vacancies,
and interstitials to all of the possible sinks, the
current rate of change of each of the point defect
concentrations, and all of the parameters required to
define the metallurgical structure of the specimen. The
programme ZEUS, which calculates how the irradiation-
produced point defects are partitioned among the possible
sinks, has been modified to produce magnetic tape output
of all of the input data required by WEED. WEED has been
modified to accept this tape as input thereby eliminating
the need for the transfer of data from ZEUS to WEED via
punched cards.

(ii) l.ff.e£t_oJL £r2,i]l §AiE.e_oH ;Lr£.a£i.EtioH £ r £ e E 2L
Growth

The effects of grain volume, grain shape, and the
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choice of grain boundary annihilation probability
function on the growth or creep rate which results from
dislocation climb, and the annihilation of point defects
at grain boundaries only, are being investigated. Two
models are being used to calculate the Stress Induced
Preferential Absorption (SIPA) rate. In one, the screw
dislocations are assented to act as sinks and thereby form
helices; in the other, tha screws are assumed to act as
pipes, causing the vacancies to migrate by pipe-diffusion
along the screws to grain boundaries. In agreement with
work reported previously to the Discussion Group on
In-Reactor Creep Mechanisms (Internal Report), it is
found that the latter model gives a higher SIPA rate, but
that the effect depends on grain shape and the nature of
the dislocation structure.

The growth rig for experiment RX60-B is now
completely assembled, and bench tests are being done to
establish the response of the pneumatic gauge pressures
to changes in specimen or rig temperature. The apparatus
is slated to enter NRX in-reactor creep facility #6 in
October.

4.3.7 Defect Studies in Pure Metals by Positron Annihilation
Measurements (PAM)
- G.M. Hood and R.J. Schultz

4.3.7.1 AP£lic^ti0!! toAluminum and Platinum

Extensive investigations of positron annihilation
in Al have been made wich a view to determining the equi-
librium vacancy formation energy, hv. It has been
determined that a large uncertainty (̂  10%) must attach
to hv values so derived[1], Identifiable contribu-
tions to this uncertainty relate to the temperature
dependences of positron annihilation in the free and
(vacancy) trapped states. These quantities are generally
not well known, while experimental evidence tends to be
contradictory[2].

Measurements of the temperature dependence of
positron annihilation in both quenched and well-annealed
Al have been made. The results are consistent with tem-
perature dependence coefficients of the L parameter for_fi
vacancy-trapped and free positron states of 44 + 4 x 10
and 23 t 3 x 10~6, respectively.

In general, the value of the results for the
vacancy-trapped state is limited by the relatively short
temperature interval over which the measurements can be
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made - the upper temperature limit, -vl70 K for Al, is
determined by the mobility of the vacancy.

In principle, a study of the temperature depen-
dence of positron annihilation at vacancies in Pt should
yield better information than is obtained from Al, since
the upper temperature limit for such studies is ^ 400 K.
To date, experiments on Pt have shown the feasibility of
sealing positron sources in a "sandwich configuration'1' -
i.e. between Pt discs.

4.3.7.2 AP£l,i.ca.t.i.on. ,to_Pol̂ cry£t£ll_irie_Z_ii:£Otiiuiii and_Ti_tani_um

(A) Electron Irradiated a-Zr and a-Ti (in conjunction
with M. Eldrup and O.E. Mogensen, Risa)' National
Lab., Denmark, and J.R. Befttiger, Arhus University
Arhus, Denmark).

(i) The "As-Irradiated" States of Zr and Ti

(a) Lifetime measurements

Results, to date, show "defect-trapped"
positron lifetimes, for both Zr and Ti, which
are about 60% longer than the corresponding
free-state values. For a-zr, this result is
quite similar to that determined from a pre-
vious investigation on polycrystalline
a-Zr[3]

(b) Doppler-broadening measurements

Results have shown qualitative agreement
with the lifetime measurements insofar as
there is an increase in the peak height para-
meter (L) for the electron irradiated
specimens vis-S-vis results for the
well-annealed, unirradiated state.

Both the L parameter and lifetime measure-
ments are in accord with positron trapping at
vacancy-type defects in the irradiated
materials.

(ii) Recovery of <*-Zr and a-Ti from Electron
Irradiation Damage

Results from isochronal annealing studies (to
450 K) show recovery equivalent to ^ 40% of the
as-irradiated defect signal. For both a-Zr and a-Ti,
details of recovery are sample dependent.



(B) Neutron-Irradiated a-Zr (in conjunction with
G.J.C. Carpenter)

Initial PAM, via Doppler-broadening, show enhanced
L parameter values with respect to results characteristic
of positron annihilation in bulk a-Zr. These results are
in qualitative accord with observations on electron-
irradiated ct-zr.

4.3.7.3 Analyses of_ Doppl^er Broadening_o£_ J:h£ Annihilation
PhotopeaTc

One of the problems encountered in the analysis of
annihilation photopeak shapes concerns the extent of
contributions associated with electronic instabilities
in the spectrometer. Although, in general, such
instabilities are not found to be of obvious concern, it
is, nonetheless, desirable to optimize the ability of the
analysis routines to "recognize" and detect the extent of
such extraneous contributions to the measured peakshapes.
In accordance with this tenet software modifications are
being made. These will essentially incorporate a
reference peakshape analysis routine as suggested
elsewhere[4].

References;

[1] G.M. Hood and R.J. Schultz, "Positron Annihilation
and Vacancy Formation in Al", to be published.

[2] PR-CMa-44, section 4.3.6.

[3] G.M. Hood, M. Eldrup and O.E. Mogensen, Radiation
Effects, 3_2, 101 (1977).

[4] D.P. Kerr, P.D. Fellows, D.J. Sullivan and
R.N. West, Physics Letters, 6jLA(6) 418 (1977).

4.3.8 Recrystallization of Zircaloy-4 Fuel Sheathing
- E.M. Schulson and J.A. Roy

Observations of the area fraction recrystallized
were made using the technique described by Gagn§ and
Schulson (Met. Trans. 7A (1976) 1775). Figures 4.3.8.1
and 4.3.8.2 compare the results for the hardness versus
the annealing temperature (from L. Hunt, Fuel Engineering
Branch) with the fraction unrecrystallized versus the
annealing temperature, respectively. Figure 4.2.8.3
illustrates the annealed microstructures for three
different states of recrystallization. The points to
note are the following:
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Figure 4.3.8.1 Hardness versus annealing temperature (60 s) for both cold-rolled and
chemically thinned Zircaloy-4 sheathing.
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Figure 4.3.8.2 Unrecrystallized fraction versus annealing temperature (60 s) for both
cold-rolled and chemically thinned Zircaloy-4 fuel sheathing (E.M. Schulson)
Same specimens as used to construct Figure 4.3.8.1.
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Figure 4.3.8.3. Transmission electron micrograph illustrating (a) unrecrystallized, (b) partially
recrystallized and (c) completely recrystal]ized Zircaloy-4. The specimens had
been cold-rolled and then annealed for 60 s at (a) 838 K, (b) at 885 K and (c) at
940 K
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(i) Zircaloy-4 retains full hardness up to the onset
of recrystallization, thus confirming the observa-
tions of Lee (J. Nucl. Mater. 21 (1970) 159).

(ii) Both the chemically thinned and the cold-worked
materials are completely recrystallized at
^ 920 K, when ramped at 120-220 K.s"1 and held
for 60 s, at temperature.

(iii) Recrystallization of the cold-worked material
begins around 820 K, when ramped to temperature at
120-220 K.s"1.

(iv) The onset of recrystallization of the chemically
thinned material is not apparent from the present
data, because the as-received material appeared to
be partially recrystallized.

(v) The recrystallized grains rapidly reach a diameter
of 1-2 ym, at least for temperatures between
885 and 940 K.

(vi) The difference in hardness between the two initial
material states, for a given anneal, reflects a
difference in the degree of recrystallization;
i.e. the lower value indicates a larger degree of
recrystallization, as expected.

4.4 LECTURES, PUBLICATIONS AND REPORTS

4.4.1 Lectures

The Application of Positron Annihilation Spectroscopy
to the Determination of Vacancy Formation Energies in
Metals
- G.M. Hood
Presented at AERE, Harwell, May 10, 1978.

The Defect Structure of Solids with Particular Reference
to Point Defects in Metals and Alloys
- G.M. Hood
Presented at the University of East Anglia, May 12, 1978.

A Critical Assessment of the Current Situation Regarding
the Vacant Lattice Site Population in Al under Equili-
brium Conditions
- G.to. dood
Presented at Ris0 National Laboratory, May 28, 1978.
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The Determination of the Defect Structure of Metals and
Alloys with Particular Respect to the Advantages and
Limitations of Positron Annihilation Spectroscopy
- G.M. Hood
Presented at Arhus University, June 7, 1978.

Mechanisms of Hydride Precipitation and Dissolution in
Zirconium and Titanium
- G.J.C. Carpenter
Presented at the Canadian Institute of Mining and
Metallurgy and the American Society of Metals, August
27-30, 1978.

Evidence for a Shear Mechanism for the Precipitation of
Y-Zirconium Hydride in Zirconium
- G.J.C. Carpenter
Presented at the International Congress on Electron
Microscopy, Toronto, Ontario, August 1-9, 1978.

4.4.2 Publications

Evidence for a Shear Mechanism for the Precipitation of
y-Zirconium Hydride in Zirconium
- G.J.C. Carpenter
To be published in Congress Proceedings (International
Congress on Electron Microscopy, Toronto, Ontario,
August 1-9, 1978).

A Technique for Preparing Thin Single Crystal Specimens
for Proton-Irradiation Creep Experiments.
- G.J.C. Carpenter, J.P. Watters and L.R. Bourque
Submitted to: Journal of Physics E (Scientific
Instruments).

Mechanisms of Hydride precipitation and Dissolution in
Zirconium and Titanium
- G.J.C. Carpenter
To be published in the CIM Quarterly.
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5. REPORT OF UNIVERSITY OF TORONTO

J. C. Polanyi

(1) In the past quarter we have had two further
manuscripts accepted for publication stemming from work performed
under this contract. The titles and journals are listed below,

(a) Reactive Cross Section as a Function of Collision
Energy. I. H(D) + Br 2 -> HBr(DBr) + Br.
J.W. Hepburn, D. Klimek, K. Liu, J.C. Polanyi and
S.C. Wallace
J. Chem. Phys. (in press).

(b) Location of Energy Barriers. VIII. Reagent -»-
Product Energy Conversion on Surfaces with Sudden
or Gradual Late-Barriers.
J.C. Polanyi and N. Sathyamurthy
Chem. Phys.

(2) Item (a) of the above gives the first report of the
effect of isotopic substitution--D substituted for H in the
present instance—on the reactive cross section, S r, for any
reaction. Classical trajectory studies (White and Su, J. Chem.
Phys. 57_, 2344 (1972); 58_, 4482 (1973); Blais and Truhlar, J.
Chem. Phys. 61, 4186 (1974)) have predicted a diminution in S r

with increasing collision energy, E r e i , for the reaction
H + Br2 •*• HBr + Br (la) as well as a similar behaviour but with
larger cross section for D + Br 2 -* DBr + Br (lb). The first
experimental data, obtained in the present work, are in good
accord with both predictions.

The procedure used was to measure the density of Br
formed in reaction (la) or (lb), by laser-induced fluroescence,
at the crossing point of a beam of atomic hydrogen or atomic
deuterium with a 300 K beam of Br2. The beam of H or D was a
seeded supersonic beam of controlled energy, E r e l % 4-33 kJ-mol"1.
The velocity distributions of FI and D were measured directly by
means of a slotted-disc time-of-flight method, employing a
quadrupole mass spectrometer detector.

An interesting finding from this study, pertinent to
isotopic reaction rates, is that the increased S r for reaction
(lb) can be in large part explained classically by the slower
approach of D. It has been noted (in earlier work from this
laboratory) that the mass combination L + HH — where L =light
and H = heavy — is a kinematically unfavourable one sTnce on
the scaled energy-surface a wide entry valley terminates in a
narrow exit. An increase in mass of L by 2x (with U_ constant)
diminishes this kinematic "problem" and enhances S r.
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When Sr(Ej-ei) is replotted against the relative velocity,
vrel' t n e n< t o within experimental error the difference in Sr

between (la) and (1b) is eliminated.

It is instructive that, even for such light reagents as
H and D (which would be expected to show quantum behaviour, and
doubtless do), classical mechanics provides a satisfactory
rationale for isotope effects on reaction rate.

(3) The theoretical study under (lb), above, concludes
our investigation of a novel and noteworthy feature of reactive
interaction potentials, outlinad in the following paragraphs.

It has been accepted for some years past that in order to
achieve high isotopic separation ratios, chemically, it is
advantageous to employ endothermic reactions. This category of
reaction exhibits—for reasons that we have explored in earlier
theoretical w o r k — a steep dependence of reaction rate on reagent ij
vibrational excitation. Since reagent vibrational excitation
can be highly isotope-specific, so can endothermic reaction rates.

One must recognize, at the same time, that there exists a
category of potential-energy surface with a gradual ("G-type")
rise in potential in the endothermic direction. For these surfaces :
a sufficient fraction of the energy-barrier extends along the
endothermic coordinate-of-approach to necessitate the presence in
the reagents of a minimal amount of translation, Ergi. The j
contrasting category with a sudden ("S-type") rise in potential '
to the endothermic barrier-crest is to be preferred for reactive
isotope separation. Fortunatsly it is often possible to identify
the reactions with G-type surfaces by examining product attributes
for the reverse, exothermic, reaction.

In the quarter that has just passed we have investigated
the G- versus S-type categorization in a different context. There
has been discussion of the possibility of forming vibrationally
excited molecules of a desired chemical species (for example one
might be &-•eking an alternative route to laser excitation for the
formation of CH2D2^ employed by Hsu and Manuccia, of the U.S.
Naval Research Laboratories, as reactant in a successful H/D
isotope separation procedure..) as the products of a reaction
which 'feeds' on readily available vibrationally excited reagents.
This idea has gained currency in the light of the observation
(primarily stemming from investigations performed in this labora-
tory) that reagent vibration is in many instances efficiently
converted to product vibration; AV •> AV .

We have just completed a theoretical study (item (b) of
section (1) above) which examines the extent to which this
adiabaticity (AV •* AV') is dependent on the topology of the
potential-energy surface. Our results can be tersely summarized.
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The extent of adiabaticity is found to be significantly
greater on the gradual (G-type) surfaces than on the sudden
(S-type) ones. This has to do with the fact that a gradual rise
to the barrier is associated, at the same time, with a gradual
onset of the perturbation which causes the old bond to break and
the new one to form, i.e. a gradual curvature of the reactive
channel on the potential-energy surface. The contrary holds for
the S-type surface. A gradual perturbation maintains the
'integrity' of the reagent degree of freedom, whereas a sudden
perturbation does not. Consequently if the objective is to
exploit the channeling of reagent vibration into product vibration
the preferred type of reaction is precisely the opposite to that
described for direct isotopic selectivity; G is preferable to S.

(4) As projected in our last quarterly report we have been
able, in the present quarter, to exploit our quadrupole-beam
(two molecular beams and two laser beams) apparatus in a novel
type of study of multiphoton-dissociation.

Multiphoton dissociation (MPD) by high intensity lasers is
an isotope-specific process that shows exceptional promise as a
means to isotope separation. In laboratories where MPD is
studied directly with a view to achieving this objective (for
example at AECL) pressures of working material are used which offer
the possibility of scaling to practical mass-flows. Under these
conditions some difficulty is experienced in separating the role
of simple (collision-free) MPD from that of concurrent collision-
induced energy-transfer processes. The study of MPD under the
collision-free conditions of a molecular beam (as in the work of
Y.T. Lee and co-workers at Berkeley, or K. Kompa and associates
in Munich) has assisted greatly in clarifying the fundamental
MPD event. There remains, however, a need for the study of MPD
plus energy-transfer under the controlled conditions—single
collisions of known energy—that are best achieved in molecular
beam experiments. We have undertaken an attempt to make good
this deficiency in molecular-beam MPD experiments, sponsored by
AECL, presently underway in our laboratory.

The "dissociating beam" consists of an effusive spray of
molecules (5-10 ymol-s }coming from a multichannel array. This
is intersected in the pure MPD mode by focussed CO2 TEA laser
radiation (100 ns pulses in the spectral range approx. 925-1080
cm" 1), repeated at 0.5 Hz. The CO2 laser beam is normally
focussed to a point just ahead of the CF3Br beam, by means of a
50 mm dia., F = 50 cm, NaCl lens. The Br(2P3//2) produced by MPD
(if any) is detected by laser fluorescence induced by a second,
concurrent, laser pulse in the vuv (5 ns duration, 154.1 nm and
the Br*(2P,,2) by a similar pulse (153.2 nm) .

In our recent experiments MPD gave rise to Br (but, as yet,
no detectable Br*) when the incident radiation fell in the range
of frequency approx. 1050-1080 cm"1. Radiation in the 925-980
cm~] region gave no Br. These findings are as anticipated for
collision-free operation in view of the absorption spectrum of CFaBr.
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In full four-beam operation the "dissocation bea,m" CCF3Br) ,
the intense laser beam (CO2) and the diagnostic laser beam Cvuv)
were supplemented by a molecular beam of "collision partners".
This molecular-beam, in the experiments performed to date,
emerged from a tungsten oven at 1800 K and consisted of (a) pure
He(Erel = 33 kJ-mol"

1), (b) pure Ar (Erei = 27 kJ-mol"
1) or

(c) 95% He + 5% Ar (Erei = 134 kJ-mol"
1). Prior to turning on

the beam of collision-partners, the CO2 laser was de-focussed so
as to drop the yield of Br stemming from 'pure' (collision-free)
MPD to ^20%. The effect of the feeble collisions (conditions (a)
and (b)) on the yield of Br was nil. There was some evidence—
as yet inconclusive—that the energetic collisions (condition (c))
may have increased [Br]. Further experiments are under way.

Two possible mechanisms for collision-assisted multiphoton
dissociation come to mind. One may be able to transfer
vibrationally excited CF3Br from the discrete vibrotational states
into the quasi-continuum region, or one might transfer CF3Br out
of the quasi-continuum to dissociation. Since the initial infra-
red excitation would play an essential role in either case, it
follows that isotopic selectivity would be achieved, as it is
through MPD. Conceivably there may prove to be advantages to
using less intense lasers to initiate vibrational excitation, and,
thereafter, collisional processes (electron or ion impact) to
achieve dissociation. More work at a fundamental level would
appear desirable.
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