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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS
T. A. Eastwood
Solid State Studies
The results of equilibrium charge state distribution measurements have
clarified the role of Auger de-excitation (of projectile inner-shell
vacancies) in determining the mean ionization, q, for projectiles emerging
from carbon foil targets. While the Auger contribution to q can be
significant in some cases, it does not account for much of the difference in
q-values observed between gaseous and solid targets. Thus, the hypothesis
current in the literature has been shown to be inadequate in explaining the
strong increase of q with target atomic number even after subtraction of the
inner-shell vacancy contribution.
Additional evidence for the existence of unique solute atom-vacancy
complexes has been obtained in dilute tin and indium alloys of aluminum using
heavy ion channeling techniques. A detailed study of the displacement of
solute atoms as a function of irradiation temperature and fluence shows that
the displaced atoms are located in both the tetrahedral and the octahedral
sites. From this it is inferred that multi-vacancy complexes, involving
respectively four and six vacancies surrounding each solute atom, are
i nvolved.
An accurately reproducible resistive heating stage has been developed
for use in the ultra high vacuum target chamber on the Van de Graaff
accelerator. This broadens considerably the scope of our surface scattering
studies. It has enabled a detailed investigation to be made of the Pt(lOO)
surface phase transition from the ordered (lxl) phase to the reconstructed
(5x20) phase. Evidence has been obtained that the so-called "clean (1x1)
surface" does not actually exist, but. is being stabilized by the presence of
a residual trace of adsorbed hydrogen.

Radiation Chemistry
Further information on the yield of electronically excited nitrogen
atoms, N ( 2 D ) , during radiolysis of nitrogen has been obtained by studying
the reaction of added hydrogen to form NH X ( % ) . The rate constant ratio,
for reaction of N(^D) with H2 compared to its reaction with N2» has
also been obtained.
Computer simulation of radiolysis of aqueous solutions of gadolinium
nitrate or sulphate predicts that the effect of Gd + 3 on the hydrogen
yield is minimal. This is because the scavenging action of Gd + 2 (a
transient product) on OH, is compensated for by the reduced generation of
other OH scavengers. It is also expected that SO/^" should have
little effect. However N03" causes an increase in H£ yield through a
very complex series of reactions. Preliminary experimental data agree with
the predicted yields of H2 from these solutions.

(ii)

Pulse radiolysis of aqueous iodide solutions, in the presence of the
electron scavenger N^O, indicates the formation of 3 transient species,
probably \\, I(H20) and HOI". These decay to I3, 12 and possibly a
third product in alkaline solutions.
Laser Photochemistry
Experiments have shown that larger OH-containing molecules undergo
infra-red (IR) multiphoton decomposition more easily than smaller molecules
of the same type.
This confirms predictions based on IR multiphoton
absorption studies reported last quarter.
The nanosecond pulse carbon dioxide laser recently obtained from
Lumonics Research Ltd. has been commissioned and characterized. Energy per
pulse and energy contrast ratio were measured for the 10 pm P band.
Performance was improved by incorporating a gaseous saturable absorber (a
SF6/N2 mixture), replacing one of the two p-type Ge saturable absorbers.

Hydrogen Isotope Separation
Studies of the hydroxyl ion catalysed exchange of deuterium between
fluoroform and water-dimethyl sulphoxide (DMSO) mixtures have continued.
Fluoroform solubilities have been measured, enabling exchange data to be
converted to in-solution rate constants. This rate constant increases by a
factor of 10? from pure water to 70 mole % DMSO. The enthalpy, entropy and
free energy of activation have been measured.
The system dimethyl amine-cesiurn dimethyl amide has been shown to be
amenable to NMR studies of proton exchange rates, though ionic dissociation
constants for the salt will be required to analyse the rate data.

Analytical Chemistry
Ion chromatography has been shown to be effective in the determination
of trace concentrations of metal ions in "purified" water in the pg.mL"!
region.
The technique was used to identify contamination problems
associated with certain laboratory deionizer units. Similar determinations
were done on H-5 loop water and on NRX cooling water.
Among the cations
determined were Cu, Zn, Pb, Ni, Co, Fe, Mn and Ca.
As part of the continuing effort to develop a reliable technique for
the determination of hydrogen in zirconium alloys, hydrided specimens of
Zircaloy-2, Zr-2.5% Nb, and Excel alloy have been analyzed using our stable
isotope dilution analysis technique. The hydrided specimens are intended to
serve as standards after adequate validation has been done, because at
present no reliable standards for hydrogen in zirconium or its alloys are
available from other sources.
One of the d i f f i c u l t i e s in preparing such
standards was demonstrated by the erratic results obtained from a series of
determinations of hydrogen in a dozen specimens cut at random from a section
of Zr-2.5% Nb pressure tube. I t appears that the distribution of hydrogen in

(iii)

the pressure tube was non-homogeneous, and this probably confused the results
of an earlier inter-laboratory comparison.

Surface Chemistry
X-ray and ultraviolet photoelectron spectroscopy and dynamic work
function techniques have been used to study the adsorption and subsequent
reduction of O2 on P t ( l l l ) . Under some conditions, reaction on the surface
is rate l i m i t i n g , rather than the more commonly observed adsorption
rate-limited type of kinetics.
The electronic conductivities of the oxides formed on Zr-2.5 wt.% Nb
alloy in oxygen-containing environments at 573 K are less than those of
oxides formed in oxygen-free steam. This is in the wrong direction to
explain the enhanced oxidation rates in oxygen-containing environments. The
ionic conductivities of oxides formed in all media seem to be very similar at
equal pre-transition oxide thicknesses.
The cubic oxide phase formed anodically on zirconium has a larger
l a t t i c e parameter than that reported for bulk cubic zirconia. This
difference results in an improved f i t of the metal and oxide lattices for the
observed epitaxial relationship.
The gaseous hydrogen cracking of Zr-2.5 wt.% Nb double cantilever
beams seem to show a lower c r i t i c a l stress intensity, K^, than the
delayed hydride cracking process, which was responsible for the cracking of
Zr-Nb alloy pressure tubes.
It is surmised that a different hydride phase
may be formed at the crack t i p in the two instances, and the differences in
KJH would then be ascribed to the different fracture toughnesses of the
two hydrides.
In gaseous hydrogen cracking the sides of the crack have
layers of eThe s t a b i l i t y of Y-ZrH may be greater than previously thought, as the
solid hydride layer formed behind a "hydrogen window" of nickel plate when a
section of Zr-2.5 wt.% Nb alloy pressure tube was corroded in 573 K LiOH
solution appears to be Y-ZrH, rather than the expected 5-ZrHx.

Metal Physics
I t has been confirmed that only i n t e r s t i t i a l loops with <a>-type
Burgers vectors are formed during electron irradiation of zirconium and
Zircaloy-2. The <c>-type dislocations observed after long irradiations are
thought to be artifacts arising from the use of thin f o i l s .
The vacancy
loops observed after neutron irradiation must, therefore, be associated with
the damage cascades.
Growth results on neutron irradiated zirconium single crystals have
shown that the introduction of <a>-type dislocations suppresses growth,
whereas twins and <c>-type dislocations enhance growth. The differences

(iv)

between Zircaloy-2 and zirconium growth are thought to result from the action
of the t i n , in the Zircaloy-2, as a vacancy trap.
The Bauschinger effect (a phenomenon by which plastic strain in one
direction in a polycrystalline metal causes a reduction in the yield stress
for applied stresses in the reverse direction) in cold-worked Zircaloy-2 has
been shown to be similar to effects observed in dispersion hardened
materials.
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1.2

1.2.1

ION PENETRATION

Charge State Distributions of Heavy Ions Emergent from Thin Foils:
The Zi-Dependence for C Foils (Zg = 6)
- W.N. Lennard and D. Phillips
We have extended our measurements of post-foil charge state distributions for projectiles emerging from t h i n carbon f o i l s to span the
region 5 £. 1± 26. Figure 1.2.1.1 shows that the mean ionization, q,
increases strongly with Z-| with a broad peak occurring at Z-j ^ 15. The
dashed 'line represents a linearly increasing function of Z^.
The
crosses are interpolations of gas target data (Z-| ->• N£, O2) (1).

Figure 1.2.1.1 - The solid circles show the mean post-foil ionization,
q, measured for p r o j e c t i l e s , Z j , emerging from a
carbon f o i l at a common exit velocity, v = v 0 . The
crosses are gas target results.
The dashed l i n e
represents a linearly increasing function of Z-j.
The uncertainties in the present results are 1-3%.

- 5Recent absolute Auger electron yield measurements (2,3) have shown
that P and Ar projectiles have large equilibrium L-shell vacancy i": actions while traversing carbon. Since these inner-shell vacancies decay
via a two-electron Auger process on emergence from the foil, we expect
an enhancement in q equal to the vacancy fraction (the radiative decay
branch is negligible for these projectiles). The observed enhancements
at Zj = 15, 18 are in good agreement with those predicted using the
Auger measurements.
However, our results do not quantitatively support the BetzG»- .zins (4) hypothesis that much of the gas-solid difference in
measured q-values originates from post-foil Auger de-excitation. The
stroiig, almost linear, increase of cf with Z-j even after subtraction of
the inner-shell vacancy contribution leaves much of the gas-solid
difference as yet unexplained,
(1) A.B. Wittkower and H.D. Betz, Atom, Data _5, 113 (1973).
(2) D. Schneider, N. Stolterfoht, D. Ridder, H.C. Werner, R.J. Fortner
and D.L. Matthews, IEEE Trans. Nucl. Sci= NS-26, #1, 1136 (1979).
(3) H.D. Betz and L. Grodzins, Phys. Rev. Lett. 25, 211 (1970).
(4) R.A. Baragiola, P. Ziem and N. Stolterfoht, J. Phys. B9, L447
(1975).

1.2.2

Charge State Distributions of Heavy Ions Emergent from Thin Foils: The
Z2~Dependence
- W.N. Lennard, T. Jackman and D. Phillips
The discussion in the preceding section is highly suggestive of
the existence of a new effect: i.e. since inner-shell vacancy fractions are known to be sensitive functions of target material (Z2), it
would be informative to measure q" for fixed Z-| (e.g. l-\ = 15 where the
enhancement is largest) on different target materials, Z£.
We are proceeding with measurements of this type using a cryogenic
shield to ensure good vacuum conditions around the target in order to
prevent a Z2-effect from being obscured by surface hydrocarbon contamination.
Preliminary results show a dramatic effect: q for P -> C exceeds q
for P -»• Al by 40%, or one unit of charge, at v = Vo» To our knowledge,
this is the first observation of an effect of this magnitude for low
velocity heavy ions. Smaller differences are observed for Ar and Na
projectiles.
We are optimistic that the effect can be explained
quantitatively by the modulation of projectile inner-shell vacancies by
the target material.
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1.2.3

K X-ray Cross Sections for 88.2 MeV Cuq+ + He, Ne, Kr
- W.N. Lennard, I.V. Mitchell and G.C. Ball (Nuclear Physics Branch)
We have measured the K X-ray production cross sections for
88.2 MeV Cu9+ •+ He, Ne, Kr (6 ^ q ^22) under single collision conditions.
Preliminary results were presented in an earlier report
(PR-CMa-50, section 1.2.1; AECL-6689). We conclude that our Cu-Kr data
can be interpreted within the framework of the molecular orbital
model; this conclusion is in disagreement with that reached by
Tserruya, et a l . (1) from measurements made with lower-Z systems at
higher velocities. A paper discussing our results is in preparation.
(1)

1.2.4

I. Tserruya, B.M. Johnson and K.W. Jones, to be published.

Thickness Measurements of Thin Films
- D.C. Santry and R.D, Werner
We have been using alpha particles from radioactive sources of
148Qd and 241/\m to make supplementary thickness measurements of t h i n ,
self-supported films (1). This off-line method could reduce the need
for accelerator time to perform this function.
Our study has been extended to examine the s u i t a b i l i t y of a
source for thickness measurements. The source emits energetic alpha
particles at energies 4.784, 5.304, 5.490, 6.003 and 7.687 MeV. Stopping values were measured for each of these energies to obtain the
energy dependence of stopping and also to correlate our measuring technique used for He ions of energies 0.2 to 2 MeV with those of other
investigators using energies above 3 MeV.
Figure 1.2.4.1 shows our results for Ag and Au compared to the
most recent measurements in a similar energy region (2,3). The agreement amongst data for Ag is good, ^ 5%. Unfortunately there are d i f ferences of 6% to 8% between the previously measured sets of data for
Au. The differences between our Au data and those of ref. (2) and (3)
are ^ 12% and ^ 4%, respectively.
For our thickness measurements, the 226Ra source was uncovered and
therefore had no protection against the loss of radioactive recoil
daughter products. Such a source is not recommended for general thickness measurements since i t resulted in radioactive contamination of the
detector as well as the films.
In our case, the detector and films
were dedicated only to this particular experiment.
(1)
(2)
(3)

D.C. Santry and R.D. Werner, Nucl. Instr. Meth. 159, 523 (1979).
D. Ward, R.L. Graham and J.S. Geiger, Can. J . Phys. 50, 2302
(1972).
H.H. Andersen, J.F. Bak, H. Knudsen and B.R. Nielsen, Phys. Rev.
A16, 1929 (1977).
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Figure 1.2.4.1 - Stopping values for ^He ions in Ag and Au
•
Ward et a l . (2)
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Andersen et a l . (3)
•
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— Santry and Werner. PotynoiMal f i t to data measured with accelerated ^t'.e ions, (unpublished).
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Figure 1.2.5.1 - Stopping values for deuterons in Ti
— polynomial least squares fit to our measured
values
• scaled from proton stopping data (1)

1.2.5

Stopping Powers
- D.C. Santry and R.D. Werner
The use of scaling laws which enable interpolation of stopping
powers of ions which have not been measured is particularly important
for deuterons. Experimentally measured stopping values for deuterons
are very limited; consequently, data are usually obtained from proton
data by assuming identical stopping values at the same ion velocity.
As was pointed out in progress report PR-CMa-51, section 1.2.3;
AECL-6846, the scaling of proton stopping data for carbon from the
Andersen and Ziegler (1) compilation gave deuteron values which were
within 2 to 4% of our measured deuteron values in carbon over the
energy range 0.2 to 2 MeV. A similar comparison of stopping values for
Ti is shown in Figure 1.2.5.1. For this material there are 7% to 13%
differences between our measured deuteron stopping values and the
values scaled from Andersen and Ziegler (1). It is unlikely that there
is a breakdown of the scaling law for Ti; a more probable explanation
of the discrepancy is the uncertainty in the proton stopping values.
Our previous measurements for ^He stopping in Ti were within l%-3%
of those given in the tabulation by Ziegler (2).
Further measurements and comparisons of deuteron stopping values
will be made in other materials, i.e. Al, Si, Ni, Ag and Au.
(1) H.H. Andersen and J.F. Ziegler, Hydrogen Stopping Powers and
Ranges in All Elements. Pergamon Press, New York, 1977.
(2) J.F. Ziegler, Helium: Stopping Powers and Ranges in All Elemental
Matter. Pergamon Press, New York, 1978.

1.2.6

Angular Distribution and Total Cross Section Measurements for Heavy-Ion
Induced Fission
- J.U. Andersen (Aarhus University), J.S. Forster (Neutron and Solid
State Physics Branch), E. Laegsgaard (Aarhus University) and
I.V. Mitchell
See Progress Report PR-P-125, section 2.15; AECL-6956.

1.2.7

The Lifetime of the 1.04 MeV 0* Level i n

18

F

- T.K. Alexander, G.C. B a l l , W.G. Oavies (Nuclear Physics Branch),
I.V. M i t c h e l l , J . Keinonen and H.B. Mak (Queen's University)
See Progress Report PR-P-125, section 2.5; AECL-6956.

- 91.3 SURFACE PHENOMENA

1.3.1

Implanted Standards for SIMS Calibration
- T. Jackman and J.A. Davies in collaboration with Dr. P. Williams
(University of Illinois)
Several slices of high purity silicon have been implanted with
50 keV or 300 keV Ag + at doses of 1015-1016 atoms cm-2 in order to
provide a set of buried-layer standards for quantitative calibration of
secondary ion mass spectrometry (SIMS). We have measured the Ag implantation dose and depth distribution by Rutherford backscattering,
using the previously calibrated Bi-implant (1) as a primary standard.
These samples will subsequently be analyzed at the University of
Illinois, using a special SIMS calibration procedure developed by Peter
Williams.
(1) J. L'Ecuyer, J.A. Davies and N. Matsunami, Nucl. Instr. Meth. 160,
337 (1979).

1.3.2

Kinetics of the Pt(lOO) Phase Transition
- T. Jackman, J.A. Davies and C. Sitter in collaboration with
P.R, Norton (Physical Chemistry Branch) and W.N. Unertl (University
of Maine)
At least two procedures have been proposed recently for obtaining
a clean, un-reconstructed Pt(lOO) surface (1); in both cases, the final
step involves removal of residual oxygen by reduction in flowing H£
(or D2)> followed by careful heating to remove adsorbed hydrogen from
the surface. Since this desorption step requires heating to ^ 380 K,
and since the clean (100) surface is known to reconstruct to a 5 x 20
structure around 400 K, it was not clear whether either of the proposed
procedures can produce a truly clean l x l surface structure, or merely
a 1 x 1 surface that is being stabilized by the presence of a residual
trace of adsorbed hydrogen.
In order to resolve the question, we have made a detailed study of
the thermal desorption kinetics of adsorbed deuterium on Pt(lOO), using
a newly developed resistive heating stage (PR-CMa-51, section 3.3.3;
AECL-6846) to vary the target temperature in an accurately reproducible
(±2°) manner. Four independent sets of measurements were used to
characterize the desorption behaviour:
(i)
low energy electron diffraction (LEED) patterns to identify
qualitatively the major reconstruction stage and also the structure of
the adsorbed gas layer;
(ii) Rutherford backscattering (RBS) to detect quantitatively the
amount of reconstruction present;

- 10 (iii) quadrupole mass spectrometry to indicate the rate of desorption
of adsorbed gas;
(iv) nuclear inicroanalysis, using a 750 keV ^He+ beam, to measure the
residual level of adsorbed deuterium by the 2 H(3He,p)4He reaction.
The results of this stuay show clearly that detectable reconstruction
is observed in the RBS measurements before the surface is completely
clean: i.e« when the residual deuterium level falls to ^0.05-0.10
monolayers.
In a related series of RBS measurements (see PR-CMa-51, section
1.3.1, AECL-6846), we have extended the previous surface relaxation
study of Pt(lOO) to include the 'almost clean' l x l case. Unlike the
CO- or H2-covered surfaces studied previously, where a small outward
relaxation of +0.0010 nm was observed, this 'almost clean' l x l
surface exhibited negligible relaxation: i.e. Ad < 0.0005 nm.
(1)

AECL Progress Reports, PR-CMa-48, section 3.3.2 (AECL-6538) and
PR-CMa-50, section 3.3.2.2 (AECL-6689).

1.4 RADIATION DAMAGE

1.4.1

Heavy Ion Sputtering of Thin Films of Au
- L.M. Howe, M.H. Rainville, D. Stevanovic and D.A. Thompson (McMaster
University)
Recently, Johar and Thompson (1-3) observed large enhancements of
the measured sputtering yields over those predicted by linear cascade
theory for heavy ion bombardment of thin films of Ag, Au and Pt. For
polyatomic ion bombardments, the enhancements were strongly non-linear
with the number of atoms comprising the molecule. It was suggested
(1,2) that the high level of disruption results in a much reduced surface binding energy.
In the present investigation, scanning and
transmission electron microscopy were employed to obtain information
about the nature of the sputtered surfaces.
Thin Au films (15-50 nm thick) were deposited
on Si substrates
+
and then bombarded at 295
K
with
60
keV
Sb2
ions
at
fluences ranging
from 10ll-10"l2 ions cnr2.
Sputtering yields were obtained from
Rutherford backscattering experiments performed at McMaster. These
yields were also very much higher than expected from linear cascade
theory. For example, the
sputtering yield S was in the region 3600+
3900 atoms/ion for Sb
fluences
of 1 x 1()12 - 2 x 1012 ions cm"2.
2
+
With increasing
Sb^ fluences, S decreased to 900 atoms/ion at
4 x 1 0 1 2 ions cm"22 and eventually to 100-200 atoms/ion at 7 x 10 1 2 1 x 1014 ions cm~ .

- 11 -

The specimens were i n i t i a l l y examined at CRNL using the Coats and
Weller Field Emission Scanning Electron Microscope (CWICK SCAN 106A).
However, even at magnifications of up to 100,000x no irradiationinduced topographical changes in the surfaces of the thin films could
be resolved.
A localized area of the Si substrate was then chemically polished
away using a jet of 10% HF-90% HNO3 solution. This l e f t free-standing
portions of the Au film which were suitable for transmission electron
microscopy. High resolution, through-focus series of electron micrographs (167,500x magnification) were then obtained for the following
cases:
1)
2)
3)

500 § thick Au film
500 A thick Au film which was subjected to a surface cleaning
treatment by bombarding with 45 keV Ar+ ions (1 x 10^ ions cm~2)
500 A thick Au film bombarded with 3.2 x 10H ions cm"2 of 60 keV
S b 2

\

1,

?

500 A thick Au film bombarded with 1.0 x 10 IJ ions cm"^ of 60 keV
Sb2 + (initially given the Ar ion bombardment for surface cleaning)
For films (1) and (2), there were no defects which could be resolved by
phase contrast methods but in films (3) and (4) there were a large
number of defects present which exhibited phase contrast. From the
behaviour of the phase contrast images in going from an overfocus to an
underfocus mode, it was concluded that the contrast features were consistent with the defects being either voids in the interior of the foil
or craters on the surface of the specimen. Stereo pairs of electron
micrographs will now be taken in order to distinguish between the above
two possibilities. Examinations
will also be carried out on Au films
bombarded to other Sb2 + fluences.
4)

(1) D.A. Thompson and S.S. Johar, Appl. Phys. Lett. 34 (5), 342
(1979).
~
(2) S.S. Johar and D.A. Thompson, to be published in Surface Science.
(3) D.A. Thompson and S.S. Johar, to be published in Nuclear
Instruments and Methods.

1.4.2

Collision Cascades in Ge
- L.M. Howe, M.H. Rainville and D. Stevanovic
Studies have been initiated to investigate some basic features of
collision cascades in (111) Ge produced by bombardment with monatomic
and diatoinic As, Sb and Bi ions (15-50 keV energy). Electron microscope observations have been made of the2damaged regions
in Ge monocrystals implanted at 295 K with lOl'-Hr ions cm" 2 of monatomic and
diatomic As and Bi. Measurements of the number densities and diameters
of these damaged regions are underway. Implants have also been performed at 40-50 K with monatomic and diatomic As, Sb and Bi ions and
these specimens are presently being thinned from the back chemically to
obtain specimens suitable for electron microscopy.

- 12 The annealing behaviour of the damaged regions is being investigated using the channeling-backscattering technique. Measurements of
the decrease in area of the disorder peak present in the aligned
spectra of implanted crystals were made during in situ annealing. The
Ge crystals were implanted at low temperatures (40-50 K) to minimize
annealing during bombardment, and at sufficiently low ion fluences
(1.5 x 10^2 - 6 x 1 0 ^ ions cm~2) to minimize overlap of the damage
cascades. To date, annealing has been performed on the 25 keV Sb,
50 keV Sbp and 15 keV Bi implants, and in all cases the major annealing
occurred in the region 310-500 K; the temperature at which b0% recovery
occurred was 398 K, 414 K and 395 K, respectively. Hence, in Ge, the
mass of the bombarding ion does not appear to have a pronounced effect
upon the subsequent annealing behaviour. This is quite different than
the annealing behaviour observed for damaged regions in Si where the
temperature at which 50% recovery occurred was 392 K, 425 K and 485 K
for monatomic As, Sb and Bi implants, respectively, and where the
damage produced by diatomic implants annealed out at considerably
higher temperatures than did the damage produced by monatomic ions of
the same velocity (1,2).
(1) D.A. Thompson, A. Golanski, H.K. Haugen, L.M. Howe and
J.A. Oavies, to be published in Radiation Effects Letters.
(2) L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson, to be
published in Nuclear Instruments and Methods.

1.4.3

Features of Collision Cascades in Silicon as Determined by Transmission
Electron Microscopy
- L.M. Howe and M.H. Rainville
Studies of individual damaged regions in Si are continuing using
high resolution transmission electron microscopy techniques. Polished
monocrystal1ine (111) Si slices were implanted at 40-50 K with monatomic and diatomic ions of As, Sb, Te and Bi (10-120 keV energy) to
fluences of 1011-1012 ions cirr*-. in agreement \;>Jn previous results
(1), the fraction of the theoretical collision cascade volume occupied
by the damaged regions increases as_ the average deposited energy
density % increases. For example, at "ev ^ 1 eV/atom, the diameter of
the damaqed regions was equal to or greater than either 2 < Y 2 > 1 / 2 or
2<y2>.jl/2\ where <Y^>1 /2 i s the mean transverse straggling of the
deposited energy distribution determined using WSS theory (2) and
<Y2> 1 -1/2 i s ^ e transverse straggling expected from an individual cascade using the resu2ts of Monte Carlo damage simulations. It was also
observed that when e v £ 0.1 eV/atom, many of the collision cascades exhibited evidence of c\lcascade structure.
Using monatomic and diatomic Bi implants with ^v ranging from
^-0.1 to 2.0 eV/atom, the annealing behaviour of the induced damage is
being investigated. During annealing the number density and the size
of the damaged regions decreases and detailed measurements are being
made of these parameters. Preliminary results indicate that the damage
produced by a diatomic ion is always more resistive to annealing than

- 13 that produced by a inonatomic ion of the same velocity. Also, the temperature regimes in which the annealing occurs are not dependent simply
on o v .
(1) L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson, to be
published in Nuclear Instruments and Methods.
(2) K.B. Winterbon, P. Sigmund and J.B. Sanders, Kgl. Danske Vid.
Selsk., Mat. Fys. Medd. 37, No. 14 (1970).

1.4.4

Channeling Measurements of Vacancy Trapping in Al-0.02 at% In and
Al-0.03 at% Sn Crystals
- M.L. Swanson, L.M. Howe and A.F. Quenneville
The backscattering-channel ing method was used to study the
trapping of vacancies by In atoms in an Al-0.02 at% In crystal, and by
Sn atoms in an Al-0.03 at% Sn crystal. (See PR-CMa-51, section 1.4.4;
AECL-6846.) For crystals irradiated at 35 K with 1 MeV He"1" ions to
fluences of (5-10) x 1 0 ^ cnr^, the solute atoms were displaced from
lattice sites during annealing in the temperature range 180-220 K. The
displacement was attributed to trapping of vacancies for the following
reasons:
(1) Earlier channeling measurements have shown that mixed dumbbells in
Al alloys are annihilated in the same annealing stage by combination
with vacancies (1).
(2) By a variety of other experimental techniques, the corresponding
recovery stages in Al and in other f.c.c. metals have been shown to be
due to vacancy migration (2).
(3) In the present experiments, the displaced fraction of Sn or In
atoms was reduced by subsequent irradiation at 35 or 70 K, indicating
that self-interstitial Al atoms, which are mobile at those temperatures, annihilated the trapped vacancies.
Information about the configuration of the vacancy-solute complexes was obtained from detailed angular scans of backscattering
yields from the Al and solute atoms. Since the apparent fractions of
displaced solute atoms were much smaller for <111> channels than for
<110> or <100> channels, the solute atoms were displaced to positions
close to the octahedral (body-centered) or tetrahedral sites. Peaking
in yields from the solute atoms was observed for both <100> and <110>
angular scans, and the <110> yields from solute atoms increased with
increasing irradiation fluences. These results are consistent with
solute atoms being located in both tetrahedral and octahedral sites,
the former giving <100> peaking and the latter <110> peaking. It is
inferred that such solute atom positions are associated with respectively four and six vacancies surrounding the solute atoms (Figure
1.4.4.1). The tetrahedral configuration has been calculated to be
stable in a pure metal and to result from collapse of trivacancies (3).
The configuration comprising a tetrahedron of vacancies surrounding an
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Figure 1.4.4.1 - A possible solute-vacancy complex in an Al crystal,

H I In atom has also been suggested to explain perturbed
correlation results for T^In implanted into Ni (4).

angular

These results are of particular interest for the study of the
nucleation of vacancy clusters, with reference to the effect of solute
atoms on the formation of voids under irradiation conditions.
(1)
(2)
(3)
(4)

1.4.5

M.L. Swanson, L.M. Howe and A.F. Quenneville, J. Nucl. Mat. 69,
70, 372 (1978).
R.W. B a l l u f f i , J. Nucl. Mat. 69,70, 240 (1978).
A.C. Damask, G.J. Dienes and V.G. Weizer, Phys. Rev. _U3» 781
(1959).
C. Hohenemser, A.R. Arends, H. de Waard, H.G. Devare, F. Pleiter
and S.A. Drentje, Hyperfine Inter. 2» 297 (1977).

Displacement of B Atoms in a Laser-annealed Si Crystal using the
11(p,a)8Be Reaction
- M.L. Swanson, L.M. Howe, A.F. Quenneville and F.W. Saris (FOM
Institute, Amsterdam)
A Si crystal was implanted at the FOM Institute with 25 keV B+ to
a fluence of 1.5 x 10^5 cm-2, and then laser annealed at 0.8 J«cnp2.
With this treatment, the B atoms should be distributed within a 200 nrn
surface layer. Thus the ''B(p,a)8Be nuclear reaction can be used to
determine the B atom positions in that layer, using the channeling
technique, without requiring a depth scale for the yield of alpha
particles from that reaction.
At 35 K, the minimum yields were
xsi<H0> = 0.024, xsi<100> = 0.031, xB<110> = 0.062 and xB<100> =

- 15 0.051, indicating that the crystal was quite perfect and that the B
atoms were ^97% substitutional.
(For this analysis, backscattering
yields of 0.78 MeV ll+ from Si at 0-200 nm were compared with yields from
the ^B(p,u) Be reaction.)
The displacement of B atoms from lattice sites was measured as a
function of 0.7 MeV H + irradiation fluence at 35 K, and as a function
of subsequent isochronal annealing. The results were similar to those
found previously for diffused crystals (PR-CMa-51, section 1.4.2;
AECL-6846). The primary new effect for the present sample was that the
apparent displaced fraction of B atoms was considerably greater in
<100> channels than in <110> channels. More detailed lattice location
measurements will be undertaken to determine the configuration of the
Si-B interstitial complex which is produced by irradiation.
1.4.6

Growth of Gd Single Crystals
- M.L. Swanson, 0. Hausser and A.F. Quenneville
Gadolinium single crystals were grown by annealing crystal bar
material for ^24 h at 1490 K. Slices were cut with the surface
parallel to the C axis, for measurements of quadrupole moments of highspin yrast traps in 14/Gd. Additional slices were cut with the C axis
at an angle of 35° to the surface, in order to permit saturation
magnetization of the crystals in the surface. These samples will be
used for transient field measurements.

1.4.7

Gadolinium as Ferromagnet in Transient Field Experiments
- 0. Hausser, H.R. Andrews, D. Ward, N.C. Bray, (Nuclear Physics
Branch), M.L. Swanson with P. Skensved, J. Keinonen (Queen's
University) and P. Taras and J. Szmeder (University of Montreal)
See Progress Report PR-P-125, section 2.11; AECL-6956.

1.4.8

Direct Observation of the Spin of the 510 ns High Spin Isomer in
- 0. Hausser, T.K. Alexander, H.R. Andrews, D. Ward (Nuclear Physics
Branch), M.L. Swanson with P. Taras, J. Szmider (University of
Montreal), and P. Skensved and J. Keinonen (Queen's University)
Seo Progress Report PR-P-125, section 2.12; AECL-6956.
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1.5 NUCLEAR METHODS OF ANALYSIS
1.5.1

Thermal Neutron (n,p) and (n,a) Reactions
- D.C. Santry, R.D. Werner and M.A. Lone (Neutron and Solid State
Physics Branch)
Studies on thermal neutron induced charged particle reactions
which lead to hydrogen and helium production in nuclear reactor components has been suspended. Surface barrier charged particle detectors
used in this work were found to deteriorate due to fast-neutron production in the beam line of the NRU N4 external-neutron-faci 1 ity.
Modifications to the beam line to reduce the fast-neutron component are
now in progress.

1.5.2

Fast-Neutron Production from Thermal Neutron Capture in Li and B
Compounds
- D.C. Santry with M.A. Lone and W.M. Inglis (Neutron and Solid State
Physics Branch)
Compounds of Li and B are frequently used to shield against
thermal neutrons. The absorption of neutrons in B or Li results in the
production of energetic alpha particles and tritons which interact with
surrounding elements to yield fast neutrons. Measurements of the fastneutron yields for various shielding materials have been made and a
description of this work is given in progress report PR-P-125, section3.18, AECL-6956.

1.5.3

Surface Smoothing by Anodic Oxidation
- J.P.S. Pringle
It was noted in PR-CMa-44, section 1.5.5; AECL-6179, that the
standard anodization equation would give rise to oxide films of uniform
thickness, and that this in turn would lead to a smoothing of rough
metal surfaces. A mathematical description of the smoothing was presented, based on a simplified model of a rough surface; this has now
been extended to a more realistic 3-dimensional model. The only difference is a factor 2, which means that the smoothing is even more
effective.
As the surface area decreases, so the oxide already present is
constrained into a smaller and smaller area. By itself, this would
suggest the development of compressive stresses in the oxide, but these
need not necessarily occur. It has been shown elsewhere (1) that amorphous anodic oxides forming through the migration of both metal and
oxygen must be unusually plastic, and obviously such plasticity would
relieve any compressive stresses. The oxides on tantalum, niobium,

- 17 tungsten and aluminum form in this manner, and Vermilyea (2) has reported tensile stresses in all of them.
By contrast, zirconium
anodizes to form a crystalline oxide in which the zirconium atoms hardly migrate at all; little or no plasticity is to be expected there, and
Vermilyea did indeed record compressive stresses in this anodic oxide
alone.
Elementary geometry predicts that a metal wedge of included angle
e will anodize in one of two ways, depending on whether R is greater or
less than esc (e/2). If it is greater, the tip rounds off under a capping oxide of uniform thickness; if it is less, the wedge remains
sharp, and the oxide forms a sheathing wedge over the point. Thompson
et al. (3) have prepared an aluminum surface with repeated 90° cusps
for which esc (e/2) was 1.42 (i.e. e = 90°); on anodizing this for
R ^ 1.15, they found, using an electron microscope, that the cusps
remained sharp, and were indeed enclosed in wedge-shaped oxide
sheaths.
These developments all follow from the requirement that the anodic
oxide be of uniform thickness perpendicular to the local metal surface,
a requirement which in its turn follows from the anodization kinetics,
i.e. that the rate of oxidation varies inversely with the local oxide
thickness. A similar inverse dependence on thickness occurs in the
parabolic, cubic, logarithmic and inverse logarithmic kinetics of thermal oxidation, and so the same developments should occur under these
conditions as well. No experimental evidence on the matter is, however, known to the author.
(1) J.P.S. Pringle, Electrochim. Acta, to be published.
(2) D.A. Vermilyea, J. Electrochem. Soc. JL10, 345 (1963).
(3) G.E. Thompson, R.C. Furneaux, J.S. Goode and G.C. Wood, Trans.
Int. Metal Finishing ^ 6 , 159 (1978).

1.6

1.6.1

COMPUTATIONS

The Backscattering of Low Energy Li + and He + from Clean Single Crystal
Ni Surfaces
- D.P. Jackson in collaboration with W. Englert, W. Heiland and
E. Taglauer (Max Planck Institute fur Plasmaphysics, Garching,
Germany)
Calculations further to those reported in PR-CMa-51,
section
1.6.2; AECL-6846 have now been compared to new experimental data obtained at Garching. Excellent agreement is found between the calculations and experiment. The concept of a trajectory-dependent
neutralization effect has been confirmed in that He + multiple scattering events+
are selectively neutralized and hence not detected, whereas the Li
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neutralization probability is low but similar for both multiple and
singly scattered iohs. This work has *>een submitted for publication.

1.6.2

Calculation of Time-of-Flight Spectra
- W.N. Lennard
Recently, Ward et al. (1) have measured the energy loss of heavy
ions (6 <_ Zi 1 20) in five target materials using a time-of-flight
technique. Velocities were deduced by measuring the time taken for
ions to traverse a 1-16 m flight path. "Start" and "stop" signals were
provided by collecting the electrons liberated from carbon foils by the
passage of the heavy ions. The carbon foils were biassed at -3.8 kV,
thus introducing an error in the measured flight times since the mean
ionization, q, was different before and after passage through the
foil.
A program has been written to calculate the time-of-flight
spectra using realistic charge state distributions (see this report,
section 1.2.1). For the particular case of Ne, where the charge state
distribution at a given velocity 0.8 ^ v/v0 <_ 1.0 is independent of
Z2 (see PR-CMa-51, section 1.2.2.; AECL-6846), it is found that the
effect of the channel plate detector foil bias voltage introduces< 0.1%
error in the measured flight times for the energy region investigated
(16-25 keV/amu).
Over the projectile range 6 <_ 1\ <_ 20 at projectile velocities
v< ^ v 0 , we find that the effect is largest for small Z-j , amounting to
0.5% for 16 keV/amu '^C projectiles. A thorough calculation of the
effect is now possible providing the Z2~dependence of the charge state
distributions is known. Measurement of these quantities is currently
underway (see this report, section 1.2.2). If the charge state distributions are strongly Z2-dependent, then it is possible for the detector
foil bias to introduce a systematic uncertainty that is not negligible
relative to the overall ± 2 % accuracy that was originally claimed by
Ward et al.
(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker
and N. Rud, Can. J. Phys. 57, 645 (1979).

1.7 ACCELtRATOR OPERATION
1.7.1

HVMS Instrumentation
- D.A.S. Walker
The massmeter described in the previous progress report
(PR-CMa-51, section 1.7.2; AECL-6846) has proven to be quite useful and
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observations have been extended to higher masses (i.e.
)
Inherent non-linearities in the generating voltmeter (GVM) system
necessitate minor recalibration, primarily at lower (<500 kV) terminal
potentials. As might be expected, recal ibration becomes more critical
for large masses at low terminal potentials. To date the maximum
re-calibration correction is less than 1% which is well within the
original design goal.
A charge monitoring system, based on a Brookhaven design, has been
installed in the accelerator. The monitors, located mid-way between
the low energy (LE) pulley and first equipotential ring, provide information on the charge carried up and down by each pellet. Presently the
LE pulley has very few spring contacts left intact, resulting in rather
poor and uneven up-charge distribution. The high energy (HE) pulley,
on the other hand, is still in good condition, providing a much more
uniform down-charge distribution. These conditions are illustrated in
Figure 1.7.1.1..

POOrr.V

.••A\\YA\\\\V\!

Figure 1.7.1.1 - Typical pellet monitor oscilloscope display.
Top trace: up-charge; bottom trace: down-charge.
The vertical sensitivity is 200 mV/division and the
time base is 10 ms/division. A peak-to-peak
deflection of 100 mV represents -\45 yA of total
charging current.

- 20 1.7.2

Voltage Mass Separator
- G.A. Sims
In late December, it was necessary to remove the einzel lens
system due to erratic source output and poor beam optics. At this
time, the spare lens system was installed and aligned optically.
When an attempt was made to obtain a beam, it was apparent that a
steering (i.e. beam handling) problem had arisen and re-alignment was
necessary. This time, the accelerator tube, lens system and ion source
were aligned but to no avail. This was the beginning of a 5 week
trouble-shooting period.
During this investigative down-time, several faults were uncovered, i.e. burn holes in the terminal steerer cables, a faulty "Y" steerer polarity reversal switch and an intermittent source mode switching
relay.
After these faults were corrected, the degree of disruption previously met was drastically reduced and the facility was operational
again. However, it has not been established exactly what faults were
contributing to the beam handling problems.
Near the end of the quarter, some minor problems were encountered.
On two separate occasions, excessive sparking was the cause for minor
repairs. A leak in the freon cooling lines and a slack charging chain
were diagnosed as the sources of the sparking. The removal of one link
from the chain and the replacement of the cooling lines remedied the
sparking problem. Again, the einzel lens system had to be removed for
cleaning. This opportunity was taken tc re-install the original lens
system while the other was being refurbished.
The accelerator is now functioning satisfactorily and experiments
are being conducted on a routine basis.
The installation of the new accelerator tube has again been postponed until this fall. The new charging contact springs for the chain
pulleys have arrived and will be installed soon.
The "beam-on" time during the previous three months was 93 hours.

1.7.3

2.5 MeV VAN DE GRAAFF
- G.R. Bellavance
The accelerator performed well during the past three months.
Seven days down-time were required to perform maintenance and repairs.
In January, a new ion source was installed and during the February
shutdown, the slits and apertures on both beam lines were glass-bead
blasted to remove embedded ions.
A leaking gate valve was also
replaced.
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The beam time (hours) was allocated as follows:

December
January
February
March
Total

1H+

2D+

4ne+

Total

9
12

21
2
8
19
50

79
145
191
166
581

109
159
199
201
668

16
37

1.8 PUBLICATIONS, LECTURES AND REPORTS

1.8.1

Publications
Basic Implantation Processes
by J.A. Davies and L.M. Howe
Proc. NATO Advanced Study Institute on Site Characterization and
Aggregation of Implanted Atoms in Materials, Corsica, 1978 September
10-23, Plenum Publ. Corp. p.7; AECL-6637
Atom Site Characterization in Metals using Channeling Techniques
by L.M. Howe and J.A. Davies
Proc. NATO Advanced Study Institute on Site Characterization and
Aggregation of Implanted Atoms in Materials, Corsica, 1978 September
10-23, Plenum Publ. Corp. p.241; AECL-6638
Absolute Coverage Measurement of Adsorbed CO and D2 on Platinum
by J.A. Davies and P.R. Norton
Nucl. Instr. Meth. 168, 611 (1980); AECL-6732
Quantitative Microanalysis by Heavy Ion Beam Induced X-Ray
Excitation
by I.V. M i t c h e l l , W.N. Lennard and J.B. Sanders
Nucl. I n s t r . Meth. 168, 121 (1980)
Surface Relaxation of Clean and H2-Covered P t ( l l l )
by J.A. Davies, D.P. Jackson, P.R. Norton, D.E. Posner and W.N. Unertl
Sol. State Comm. _34, 41 (1980).

On the Stability and Reactivity of (5 x 20) and (1 x 1) Pt(lOO)
Surfaces
by P.R. Norton, D.K. Creber and J.A. Davies
J. Vac. Sci. Techn., in press
Backscattering Measurements of Implanted Ion Distributions in DoubleLayer Structures
by H. Ishiwara and W.D. Mackintosh
J. Appl. Phys., in press.

- 22 1.8.2

Lectures
A Comparison of Ion Channeling with Other Selective Methods for Studying Interstitial Trapping in Metals
by M.L. Swanson
Presented at the Symposium on Advanced Techniques for the Characterization of Irradiated Metals, Annual AIME Meeting, Las Vegas, 1980
February 24-28
The Backscattering of Li + and He + from Single Crystal Ni Surfaces at
Low Energies
by W. Englert, W. Heiland, E. Taglauer and D.P. Jackson
German Physical Society Meeting, Bielefeld, W. Germany, 1980 March
3-7
Ion Channeling Studies of the Structure of Trapped Interstitials in
Metals
by M.L. Swanson
Invited talk for the American Physical Society General Meeting, New
York, 1980 March 14-18
Channeling Measurements of Defect Trapping
by M.L. Swanson
Hughes Research Laboratory, Malibu, California, 1980 February 25
Ion Channeling Investigations of the Structure of Interstitials in
Metals
by M.L. Swanson
Sandia Labs., Albuquerque, 1980 March 6
Ion Channeling in Crystals and Its Solid State Applications
by J.A. Davies
C.A.P. Undergraduate Lecture at the Universities of Alberta (1980
Feb. 5 ) , Saskatoon (1980 Feb. 7 ) , and Regina (1980 Feb. 8 ) .
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2.2.1

Emission Spectrography
- G. Jarbo, P. Faught

2.2.1.1 Computer Assisted Spectrographi'c Data Processing
- H. Herrington, J.P. Mislan
Program development and refinement for the microdensitometer
data system described in PR-CMa-51, section 2.2.1.4, (AECL-6846)
continued during the last quarter. A data processing procedure, for
trace analysis of 20 elements in solution by spark excitation of
dried residue, was prepared. A report describing hardware, software
and the trace analysis application is being prepared.

2.2.2

X-ray Fluorescence Spectrometry
- G. Jarbo, P. Faught
Fused glass-bead samples from System Materials Branch containing simulated (non-active) rad-waste products were analyzed for
uranium by X-ray fluorescence spectrometry. A graded series of
uranium standards in a fused glass matrix was prepared by System
Materials Branch personnel, at our request.
Sample and standard preparation was done by pulverizing the
fused beads to 300 mesh and forming briquettes from appropriate
mixes of glass (crushed sample and standards) and cellulose powder.
Calibration curves in the range of 0 to 25 wt% uranium were derived
for the standard briquettes using the La-| line signals, excited by
a tungsten target tube operated at 45 kV and 40 mA.

2.2.3

Atomic Absorption Spectr

.try

- D. Bellavance, J.P. Mislan
A new
tested for
absorption
firmed the

atomic absorption spectrophotometer was commissioned and
analysis of metals in solution samples. Flame atomic
measurements of iron and copper (solution) standards consensitivity enhancement (two-fold) expected from the
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novel, adjustable nebulizer. This atomic absorption spectrophotometer, equipped with flame or furnace atomizers, w i l l be used for
internal analytical method-development projects and support of
process development projects at CRNL.

2.2.4

Inductively Coupled Argon Plasma/Optical Emission Spectrometry
(ICAP-OES)- (with K.D. Wright)

2.2.4.1

ICAP-OES Automation Project
Work has begun to r e t r o f i t a data system (DEC-11/03) to the
JY-38P ICAP-spectroanalyzer. A publication (Anal. Chem. 1980, 52,
431-438) by workers at Ames Laboratory and Department of Chemistry,
Iowa State University describes hardware and software for automatic,
sequential ICP analysis, which should be adaptable to our instrument.

2.2.4.2

Analysis of Hafnium in Zirconium Alloys
Analysis conditions for determination of Hf in zirconium alloys
by emission spectrometry using the ICAP as excitation source are
being evaluated. This project is in support of an inter-laboratory
analysis comparison, organized by B.A. Cheadle of Metallurgical
Engineering Branch.
Samples and standards (Zircaloy-2 and zirconium-2.5% Nb) are
dissolved in a mixture of sulfuric and hydrofluoric acids and fumed
to remove excess hydrofluoric acid. The residue is dissolved in
sufficient 1 M H2SO4 to produce a solution containing 2 mg/mL
Zr. Hafnium is determined directly in the zirconium sulfate solution matrix by the method of standard additions using the Hf(I)
264.4 nm emission l i n e . A sensitivity of 0.04 ug/mL (2x background
fluctuation) is attainable by this method. Analysis of zirconium
alloy standards (uncertified) has yielded high results. An investigation is currently in progress to account for the disparity between
listed and ICAP-OES determined values.
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2.2.5

Chromatography
- R.M. Cassidy, S. Elchuk

2.2.5.1

Low-Level Metal Ion Determinations
Studies of trace enrichment of metal ions from 200 mL samples
have shown that good recoveries can be obtained for N i ( I I ) , Co(II),
Zn(II), Pb(II), and Mn(II) in the 1-5 ng.mL"^ range and in the
low pg.mL"' range for Co(II). Recently this work has been
extended to 2000 mL samples in an attempt to compare the quality of
water obtained from three water-deionizer units used in the General
Chemistry Branch. The samples were enriched on a 4x30 mm column
(Brownlee strong acid exchanger) with a chemically inert sampling
system. All samples were buffered at pH 4.5 with 0.001 mol.L"^
c i t r i c acid which had been purified electroiyticaiiy at a mercury
cathode.
Examples of the chromatograms obtained are shown in Figure
2.2.5.1.1. The peaks in the blank chromatogram, which was obtained
after 10 mL of deionized water had been recirculated through the
enrichment cartridge to give a total column flow of 2000 mL, are due
to contamination from tubing and pump components.
Some of the results obtained in this study are summarized in
Table 2.2.5.1.1. In view of the low concentrations present, reproducibilities were good, as is illustrated by the results for
'Equipment Blank' (Table 2.2.5.1.1). As a result of the excellent
sensitivity of this enrichment method, i t was possible to identify
contamination problems present in some of the deionizer units.
Future work will include a more extensive study of the recovery of
low pg.mL"! concentrations of metal ions from 2000 mL samples.

2.2.5.2

Determination of Metal Ions in H-5 Loop Water
A series of 200 mL samples from the H-5 loop were analyzed for
Co(II) and other metal ions by trace enrichment and high-performance
liquid chromatography.
The concentrations found varied from a high
of 10 ng.mL"1 for Cu(II) to <5 pg.mL-1 for Co(II). The large
Cu(II) concentrations are likely a result of the large Cu(II) contamination present in CRNL steam-condensate water (section 2.2.5.1,
PR-CMa-49) (AECL-6589).

2.2.5.3

Determination of Metal Ions in NRX Cooling Water
As a part of a preliminary survey of potential analytical
methods for the analysis of NRX coolant for possible corrosion products, inlet and outlet cooling-water samples have been analyzed by
high-performance liquid chromatography.

UJ

z
a

Mn

CO

CD

MILLIPORE OEIONIZER
LAB. A
MILLIPORE DEIONIZER
LAB. B

^—^71

BION. RESEARCH DEIONIZER
LAB. C

25

TIME

(minutes)

Figure 2.2.5.1.1 Separation of metal ions in distilled-deionized water after
trace enrichment. Experimental conditions: trace enrichment
of 2L; 4x100 mm Aminex A-5 column; linear program from
0.35 mol.L-1 to 0.50 mol.L-1 tartrate (pH 3.5) over a 20 min
period at 1 mL.min"1; detection with a variable wavelength
detector after a post-column reaction with 2x10-4 mol.L"'
2-(4-pyridylazo)-resorcinol at same flow rate of eluent;
X - 530 nm. The individual c'lromatograms have been displaced
vertically for c l a r i t y .

o
i

TABLE 2.2.5.1.1
CONCENTRATIONS OF METAL IONS FOUND AFTER
TRACE ENRICHMENT OF DISTILLED-DEIONIZED WATER

Blank

Mi 111 pore
Deionizer
Lab. A

Millipore
Deionizer
Lab. B

Bion Research
Deionizer
Lab. C

pg.mL"'

pg.mL"1

pg.mL"'

pg.mL"1

pg.mL"

Cu

N.D., N.D.

8

N.D.

4

0.6

Zn

2, 2

Metal
Ion

Pb

12,

Detection
Limit

47,41*

42

27

2

12

13

10

2

13

N.D.

28

6

10

Ni

N.D., N.D.

Co

0.5, 0.6

2

1

N.D.

0.3

Mn

3, 3

9

8

6

0.6

* 200 mL sample
N.D. - not detected
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Table 2.2.5.3.1 l i s t s the cations which were determined in the
two samples. Cations such as Cu(II), Zn(II) and N i ( I I ) showed concentration enhancements of 7 to 20x in the outlet coolant water as
compared to the inlet coolant water. The low levels (pg.mL~^) of
Co(II) found in the inlet water also increased in concentration by
2x in the outlet water. The levels of Pb(II), Fe{II) plus F e ( I I I ) ,
Mn(II) and Cu(II) appeared to be constant in both samples.
It should bo noted that although laboratory studies have indicated that good recoveries are obtained for many of the metal ions
listed in Table 2.2.5.3.1, the effects of organics such as humic
acids, which are present in natural waters, on the recovery of these
metal ions are unknown at present. However, previous studies have
indicated that with proper sample treatment these effects should be
small and should have l i t t l e influence on the magnitude of the
differences observed between inlet and outlet waters.

2.2.6

Quadrupole Mass Spectrometry
- T.H. Longhurst, R.M. Cassidy

2.2.6.1

Modifications to Mass Spectrometer
Previously the oil diffusion pump on the SpectrEL mass spectrometer was connected to the chevron baffle and the main vacuum
system with 0-ring seals. Air diffusing through the O-ring formed
bubbles between the inner surface of the 0-ring and an oil film
deposited there by the diffusion pump. Eventually the bubbles
burst, resulting in a very unstable background in the mass spectrometer. The 0-ring had been temporarily replaced by a Teflon washer
which produced a somewhat improved vacuum (5x10~6 to 3x10"^ Pa)
and a reduction in the frequency of the background pressure spikes.
These seals have now been replaced with an indium-metal-seal system.
The normal background pressure is now Mxl(H> Pa and background
pressure spikes have not been observed.

2.2.6.2 Oxygen Isotope Analysis
Previous work on the determination of oxygen isotopic ratios
had shown that there was a difference between our measurements of
isotope ratios for natural oxygen and accepted values for natural
abundances. Recent studies have indicated that this was due to a
combination of two effects. Firstly, it was found that a constant
rate of introduction of oxygen into the mass spectrometer must be
allowed to occur for at least ten minutes before the isotopic ratios
will stabilize. Secondly, it was found that if the bucking voltage,
used to cancel the background signal, was not very carefully
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TABLE 2.2.5.3.1
ANALYSIS OF NRX COOLING WATER
CATIONS

INLET
CONCENTRATION (pg/mL)

OUTLET
CONCENTRATION (yg/mL)

Cu(II)

0.03

0.6

Zn(II)

0.04

0.4

Pb(II)

0.0005

0.0006

Ni(II)

0.01

0.07

Co(ll)

0.00003

0.00006

0.2

0.2

Mn(II)

0.008

0.009

Ca(II)

1.8

1.8

Fe(II) and Fe(III)

- 34 adjusted a non-linear signal was obtained. After these two effects
were eliminated the following results were obtained.

TABLE 2 . 2 . 6 . 2
OXYGEN ISOTOPE ABUNDANCES
Isotope

Our Values
(Mole %)

Standard Deviation

Accepted Values
(Mole * )

16 0

99.761

0.0024

99. 759

i?o

0.0368

0.0007

0. 037

18 0

0.203

0.0023

0. 204

2.2.6.3 Radioiodine Release from Charcoal Filters
During this period several freeze-out samples from air were
taken (between first and second charcoal filters) from the exhaust
system of the 99jto facility. Radioiodine was not detected in
the bulk samples even though they contained up to 100 mR of Xe
activity. It is suspected that the observed low release of volatile
radioiodine from the charcoal was due to the low humidity conditions
existing when these samples were taken.
Two samples were also taken during January when the gamma
spectrometer was not available for radioiodine analysis. One of
these samples was taken during normal operation of the ^ M o
facility and the other during steam cleaning of the cell. The first
sample showed no organic species in sufficient quantities for mass
spectrometer identification. The sample taken during steam cleaning
showed significant quantities of the following species: propylene,
formaldehyde, methanol, acetaldehyde, ethanol, propenal, formic
acid, acetic acid, methacrylonitrile, butronitrile, benzene,
propionic acid, toluene, ethyl benzene, cyclooctatetraene, methylindene and methyl indan. Heavier species may have been present and not
eluted from the Porapak Q column used for this analysis.
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2.2.7

Determination of H- and D-in-Metals
- J.P. Mislan, H. Herrington and L. Junop

2.2.7.1

Alloyed Zirconium Hydrides for Hydrogen Analysis Standards
Hydridad specimens of Zircaloy-2, Zr-2.5% Nb, and zirconium
Excel alloy prepared by CRNL Metallurgical Engineering Branch have
been analyzed using the batch-sampling, isotope equilibration mass
spectrometry analysis f a c i l i t y . Specimens of similar material have
been prepared for intra-laboratory analysis by inert gas fusion mass
spectrometry. At present no reliable standards for hydrogen in
zirconium or i t s alloys are available, and preparation of such
standards is not a simple task, as some parallel work described in
Section 2.6.4.2 of this report indicates.

2.2.7.2

Modifications to Micromass 601 Mass Spectrometer
The mass spectrometer used primarily for analysis of hydrogen
isotopes as part of the isotope equilibration mass spectrometry H
and D-in-metal analysis f a c i l i t y , is also used for occasional
examination of fission gas and process gas samples. For the latter
application, pronounced memory effects have been encountered with
polar species (e.g. N0x, NH3, e t c . ) . The problem was traced to
the design of the batch inlet system. The molecular leak (glass
f r i t ) is separated from the ionizer by a 30 cm length of 6 mm
internal diameter stainless steel tubing. We have tested a
replacement transfer line which places the molecular leak within 6
cm of the ionizer filaments. Memory effects were reduced, but
sample fractionation was observed. A new heated transfer l i n e ,
comprising expansion chamber and molecular leak, is being prepared.
Vacuum monitoring problems encountered with the Micromass gauge and
controller have been bypassed by installation of a controller and
nude ion gauge.

2.2.8

Analytical Support for NRX Calandria (Corrosion) Working Party
- J.P. Mislan, M.T. Hurteau and D. Nishimura (Reactor Loops Branch)
On-line measurements of N0x concentrations in NRX calandria
tubes were suspended, and the N0x analyzer was forwarded to the
Physical Chemistry Branch for analytical support of laboratory scale
(Gammacell) irradiations of N2, O2 mixtures.
A report describing the monitoring of N0x species in NRX
calandria tubes is being prepared.
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Anion Chromatography
- L.W. Green
The reproducibility of injections for the ion chromatography
apparatus has been improved by using a Rheodyne teflon rotary valve
and hence internal standards are no longer necessary. The ion
chromatographic method has been applied to the determination of
anions in a variety of waste water, reactor loop water and environmental samples.
A method for the determination of total inorganic carbon has
been developed. The method incorporates a 0.010 M sodium phenate
eluent and has a detection limit of ^0.1 mM for total inorganic
carbon.
The behaviour of the Dionex chromatographic system using low
concentrations of medium strength acid eluents (phthalate, tartrate)
was examined. Under these conditions the anions of interest could
not be effectively eluted and resolved.
There is a need to be able to discriminate between organic and
inorganic components in the ion chromatograms. Ultraviolet absorption detectors are currently being tested as a means of identifying
the organic components.

2.2.10

Gas and Liquid Chromatography
- R.M. Cassidy

2.2.11

Analysis Requests

Received From

Type of Sample

No. of
Samples

No. of
Analyses

Type of Analysis Done

18
79
2

20
79
15

3
8
8
1

3
32
8
10

26

306

Leach test solutions
Synthetic waste
Granular cleaning agent
Glass blocks containing uranium
Zr-Nb specimens

4
1
1
11
300

16
2
21
22
204

Metallurgical
Engineering

Zr-Nb specimens
D 2 gas

111
1

111
1

H 2 , D2
Quantitative Mass
Spectrometry

Fuel Engineering

Zircaloy-2 specimens
Fission gas

49
21

49
147

H2, D2
Quantitative Mass
Spectrometry

General
Chemistry

Zircaloy-2 specimens
Excel alloy samples
Gas standards

12
30
1

24
30
4

1
2
1
4

2
2
8
28

System Materials Reverse osmosis f i l t r a t e s and f i l t e r s
Reverse osmosis run
Synthetic waste solutions
Boiler sol ids
Filters and l i q u i d samples
Liquids from boiler chemistry loop
Retentate solids
C i t r i c and detergent washes

Sand
Coating grease
NPD boiler crud
Solutions from NPD boiler cleanup

Cl, PO4
Ca
Al ,Fe,Na,Cr,Ca,Mg,Co,Si,
Cu,Pb,Mn,Mo,Si,Ni,Sn
Leached SO4
Na.Ni.Cu.Si
Mg
Na,K,Ca,Mg,Fe,Cu,Mn,Cr,
Al.Si
Na,K,Ca,Mg,Fe,Cu,Mn,Cr,Al,
Si.Ba.Sr
Na,Ca,Al,Si
Quantitative Spectrographic
Qualitative Spectrographic
Quantitative X-ray Analysis
H2, 02

H2
H2
Quantitative Mass
Spectrometry
Mn, Fe
Ca
Fe.Cu.Zn.Ni.Cr.Co.Al,Ti
Fe.Cu.Zn.Ni,Cr,Co,Al

Received From

Type of Sample

No. of
Samples

No. of
Analyses

Type of Analysis Done

Ca

NRU

Process water

Chemical
Operations

NRX rod coolant water
Water from Bldg. 150

Physical
Chemistry

Pt-C catalysts

Environmental
Research

Millipore f i l t e r s
Sand column eluents
Ground water samples

6
5
22

28
5
22

Biomedical
Research

Water sample
Cu(N03)2 in 8 m HNO3
Supernatent solution from phosphate
co-precipitation

1
36
14

1
36
382

Chemical
Engineering

Tritiated heavy water
Corrosion products from Bldg. 250 high
pressure steam line
Pilot plant water samples
Water samples from BHWP and PHHWP

6
2

Cu, Ni, Ag
Al
Pt

Si,Mg,Ca,Fe,Al,Mn
Al
Al
00

L.P.C.E. gas

Solid State
Science

Boron carbide powder

Pb
Cu
Quantitative Spectrographic

2

84

Quantitative Spectrographic

1

21

Q u a l i t a t i v e Spectrographic

216
2

304
24

Fe, A l , " u l t r a - v i o l e t 254"
Total s o l i d s , suspended

10

54

solids, Fe,Ca,Cu,Mg,Na
Quantitative Mass
Spectrographic

23

Qualitative Spectrographic

Received From

Fuel Materials

No. of
Samples

Type of Sample

Thorium oxide pellets
Niobium oxide
Titanium oxide

No. of
Analyses
6
42
42

TOTAL
LAST QUARTER'S TOTAL
(PR-CMa-50, AECL-6846)

1025

2241

1207

3796

Type of Analysis Done

Quantitative Spectrographic
Quantitative Spectrographic
Quantitative Spectrographic
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2.3

2.3.1

RADIOACTIVITY MEASUREMENTS

Flux Distribution in NRU Silicon Transmutation Facilities
- W.J. Edwards and V. Corriveau in collaboration with G. Nicholson
(NRU)
Previous measurements (PR-CMa-43) (AECL-6090) have provided
data on the longitudinal variation in the fast flux component of the
JR-50 facilities, using nickel monitors. Further irradiations have
since been done to examine the corresponding radial distribution.
These irradiations have been carried out using a non-rotating
support holding pairs of 11.5 cm nickel and cobalt wires fixed along
a set of diameters. After irradiation the wires were cut into small
pieces for Ge(Li) spectrometry to provide measurements of the simultaneous fast and thermal flux components as a function of radial
distance and angle. Irradiations were done within a solid 11.5 cm
diameter aluminum rod (to simulate the internal flux conditions in a
silicon crystal) and in the open, water-filled facility.
Activity measurements on the irradiated monitors are in progress, but have been delayed by excessive down-time due to equipment
failure.

2.3.2

Gamma Spectrometry Laboratory
- V. Corriveau
Total samples received during above period = 376.
Na(I) spectra = 16
Ge(Li) spectra = 405
DISTRIBUTION OF BETA ANALYSIS

Decay

Special Analysis
10

- 41 DISTRIBUTION OF GAMMA ANALYSIS

Loop

X-l

X-2

X-3

X-4

X-6

U-l

U-2

U-3

U-5

U-6

Y's

9

1

17

6

5

4

11

2

6

1

NRU NPD SpAnal.

Loop

44

Y's

27

288

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 January-March 1980.

2.4.2

No. of Analyses

Branch

Program

13186

General Chemistry

Electrolysis-Catalyst
Exchange

62

General Chemistry

Contract Analysis

6

General Chemistry

Standard Calibration

39959

Physical Chemistry

H2-H2O Exchange

Heavy Water Analysis by Direct Weighing
- W.M. Thurston, M.W.D. James
Testing is continuing on an on-line system for density determination by direct weighing using recently developed electronic
balances. Preliminary tests with a Mettler PL 1200 showed excellent
results equivalent to ±0.1 wt% D2O over the f u l l concentration
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range. Further tests are following using a Mettler PK300 balance
with expected precisions of ±0.02 wt%.
2.4.3

Heavy Water Analysis - Cooperation with Production Plants
- W.M. Thurston, M.W.D. James

2.5

2.5.1

ELECTROCHEMISTRY

Laboratory Demonstration of the CECE-HWP Super-Upgrader
- M. Hammerli, A.S. Denovan

2.5.2

Analytical Support for the ZED-2 Rig
- M. Hammerli, W.J. 01 instead

2.5.3

LPCE Analytical Support
- M. Hammerli, E.D. Bellavance, M.T. Hurteau

2.5.4

H/D Separation Effects on Titanium-Nickel Alloy Electrodes
- M. Hammerli, W.J. 01 instead

2.5.5

Ion-Selective Electrode Determination of Boron
- J . Gulens, PK. Leeson
The various organic l i q u i d ion-exchangers (quaternary anmonium
salts) that we have tested have proven to be unsuitable for the
determination of borate ions due to interference from hydroxide
ions. We are attempting to locate a different ion-exchanger that is
claimed to have improved s e l e c t i v i t y for borate ions, to test i t s
s u i t a b i l i t y for our application.
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Evaluation of the Thermc ; Wet Dirty Gas (WPG) Combustion Analyzer
- M. Hammerl i, W.J. Olmstead

2.5.7

Performance of the G.E. Solid Polymer Electrolyte (SPE) Cells
- M. Hammerli, A. Denovan

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS
2.6.1

Spark Source Mass Spectrometry
- S.V. Armstrong
The mass spectrometer was serviced by a service engineer
provided by the manufacturer's Canadian representative. He found
the general condition of the instrument to be excellent, especially
in the photographic detection mode. Minor faults were discovered in
the electrical detection mode, and the digital voltmeter and the
oscilloscope were subsequently repaired. On recommendation of the
service engineer, the four diffusion pumps were disassembled,
cleaned, reassembled and recharged with new oil. Incredibly enough,
this had never been done in 11 years of continuous operation because
the vacuum had not deteriorated significantly in all that time. The
indicated vacuum subsequent to the cleaning is marginally better
than before i.e. the analyzer is still about 0.5 yPa, and the source
about 1 yPa.
The most important analyses during the period were done on
samples from the NPD reactor boiler reconditioning. Up to 17 elements were determined in each run on the samples in question.

2.6.2

Thermionic Emission Mass Spectrometry
- J.A. Schruder, C.H. Knight
No irradiated samples were analyzed during this quarter
because the renovations to the Bldg. 250 hot cells in which the
samples are processed were not completed.
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A small number of enriched uranium samples were analyzed for
Nuclear Materials Control, Chemical Operations, and Workshops,
Estimating and Planning. Elemental boron samples were analyzed in
cooperation with Professor M. Pearce, U. of Victoria.

2.6.3

Fuel Analysis
- C.H. Knight, D.E. Clegg, J.A. Schruder, R.M. Cassidy

2.6.3.1

Hot Cell Renovations
The hot cell renovations are now essentially complete and work
on a backlog of approximately 80 burn-up samples will be started in
hot cell 3 in A p r i l . Additional lead shielding has been added
around the new sliding gate on cell 3 to reduce air-flow around this
door; this shielding w i l l also reduce radiation exposure when flasks
are loaded and unloaded at the sliding gate.
While adjustments were being made to the door, cell 3 manipulators were pulled and completely overhauled. In cell 4, the new
sample transfer system to the glove boxes is now operational. A
water level alarm, a rate-of-rise heat detector, and a smoke detector have also been installed in cell 4. Glove box installation w i l l
be completed with the addition of windows and gloves.

2.6.3.2

Uranium/Aluminum Samples
A group (36) of samples from 18 NRU fuel pencils are being
analyzed for uranium by controlled-potential coulometry for the
Workshop, Estimating and Planning Branch as part of an assessment of
a non-destructive method for uranium in fuel pencils. Half of these
samples have been analyzed to date.
Another fuel pencil was also analyzed in an attempt to confirm
X-ray radiographic results that indicated a non-homogeneity in the
distribution of uranium within the pencil. Several sections of the
pencil were dissolved and analyzed for uranium by controlledpotential coulometry and, after an anion separation, by thermionic
mass spectrometry for uranium isotopic composition. The results
confirmed the variations in total uranium composition and showed
that the relative isotopic composition was uniform.

2.6.3.3 Neodynium Burnup Measurements
In an effort to simplify burnup analysis and reduce analyst
exposure to radiation, a special fraction collector has been
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proposed for Nd burnup measurements. Samples containing one or more
of the metal ions Nd(III), Sm(III), Ce(III), Zr(IV), Cs(I) and
Ru(III) were separated and fractions were collected. The fractions
were analyzed colorimetrically and the retention times were found to
be similar to those obtained previously. This series of tests
showed that the collector is suitable for this application.
Since gravity feed from a reservoir was used in the elution of
metal ions in the above study, flow rates gradually decreased during
the separation. Consequently, a short study was made of the effect
of changes in flow rate on the separation. The results indicated
that small changes in flow rate have little effect.

2.6.4

Analytical Support - Plutonium Fuel Fabrication Line
- F.C. Miller, L.G. Shurrock, B.W. Hildebrandt

2.6.4.1 Routine Analysis
Due to the clean-up of the fabrication line for changeover to
(Th,Pu)02 fuel production, very few samples were received for
analysis. Two samples of pellets were received for hydrogen analysis prior to canning of the elements and a sample of the recycled
scrap from the fabrication line was analyzed for wt% plutonium.
The titanium in a sample of titanium stearate, used as a lubricant
in the fabrication of ThC>2 pellets, was determined gravimetrically, and carbon analyses were done on two different types of
thorium oxide powder used in the thorium pellet pressing program.
2.6.4.2 Hydrogen Analysis
Twelve specimens selected at random from a piece of lr-2i% Nb
pressure tube were analyzed for hydrogen by an inert gas fusion
method. Samples of the same material had been analyzed previously
at WNRE by vacuum extraction and at CRNL by isotope dilution, but
the results of the latter two methods did not agree. The sample-tosample results by inert gas fusion were erratic, giving an average
of 9.4 yg.g-1 with a standard deviation of ±4.2 yg.g~l.
This error was high, by a factor of four, compared to previous
analytical results by this method obtained on similar material.
From this and the demonstrated reproducibility of the gas fusion
method, it was concluded that the section of pressure tubing from
which the samples were taken contained an inhomogeneous distribution
of hydrogen. This inhomogeneity could explain the discrepancy in
the results between WNRE and CRNL. Note the parallel work described
in Section 2.2.7.1 of this report.
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tritium by the Chemical Engineering Branch, three samples of
titanium and six samples of zirconium that had been hydrided were
analyzed for hydrogen to check the saturation capacity cf the
metals. The saturation values for titanium samples were in the
30 mg.g"^ range and for zirconium samples, about 10 mg.g"^.
2.6.4.3 Analytical Support - (Pu,Th)O Pellet Production
The precise determination of thorium in the presence of plutonium is required for accountability purposes in the Pellet Production Line. As outlined in Pr-CMa-50 (AECL-6689) and PR-CMa-51
(AECL-6846), several methods using EDTA complexometric titrations
with various end-point detection have been tried. A procedure
using
a weigh b'.rette, back titrating an excess of EDTA with Cu^ +
solution using a copper selective electrode for end point detection
and a manual plotting of the derivative of the curve of potential
against volume gave results with a standard deviation of ±0.3%.
A Radiometric RTS-822 Titration system has been purchased and
currently is being evaluated using the preceding technique. Preliminary results based on 10 mg thorium per analysis give a standard
deviation of ±0.9%. However, increasing the sample size or changing
the solution concentrations to improve the precisici of measuring
the volumes used should achieve results with satisfactory precision.
2.6.4.4 Recovery of Plutonium
As outlined in Pr-CMa-50 (AECL-6689) and PR-CMa-51 (AECL-6846),
it had been proposed to set up a recovery facility to reclaim 1.6 kg
of fissile plutonium from various fuel forms in storage in Nuclear
Materials Control Branch. This project has been postponed
indefinitely.

2.7 PUBLICATIONS AND REPORTS
2.7.1

Patents
"Removal and Recovery of Tritium From Light and Heavy Water", by
J.P. Butler and M. Hammerli, U.S. Patent No. 4,190,515, 1980
February 26.
"Finishing and Upgrading of Heavy Water Using the CECE-HWP", by
M. Hammerli and J.P. Butler, U.S. Patent No. 4,191,626, 1980
March 4.
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2.8 LECTURES, CONFERENCES, MEETINGS, COURSES
2.8.1

Lectures and Conferences
Determinations of Metal Ions by High Performance Liquid
Chromatography
- R.M. Cassidy and S. Elchuk
Presented at the Pittsburgh Conference 1980, Atlantic City, NJ,
1980 March 10-14.
Hydrogen; An Overview of National and International Activities
- M. Hammerli
Divisional Seminar; 1980 March 25.
CANDU With Hydrogen
- M. Hammerli
Presented at Fifth Annual Science Teachers Seminar, 1980 March 29.

2.8.2

Meetings
Meeting to discuss H2S-in-Water Analyzer requirements at PHHWP;
Assess results of field tests of analyzers at GBHWP, 1980 Jan. 6-11,
Attended by J. Gulens.
Meeting to discuss Development Program for an electrolysis cell
suitable for D2O applications at Pointe Claire, 1980 January 7.
Attended by M. Hammerli.
Meeting to present IEA/H2 work in Annex IV & V to NRC Associate
Committee on Energy Conversion and Storage (Ottawa), 1980
23. Attended by M. Hammerli.
Discussions with Noranda on development program for an electrolysis
cell suitable for D2O applications (Ontario Hydro, Toronto), 1980
Jan. 24-25. Attended by M. Hammer! i.
First meeting of Organizing Committee for 5th World Hydrogen Energy
Conference (Ottawa) and program review meeting - Noranda/
Electrolyser PAIT project (Pointe Claire), 1980 Feb. 27-28.
Attended by M. Hammerli.
Meeting with Ontario Hydro and WNRE personnel to discuss the
chemistry and behaviour of radioactive species in air, 1980 Mar. 4
(Toronto). Attended by R.M. Cassidy.
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Meeting t o review PHHWP and GBHWP D/H mass spectrometer assembly and
layouts of Datacomp Electronics, 1980 Mar. 17-18 (Toronto).
Attended by W.M. Thurston.
Dr. E. Bilgen's presentation on current world-wide R&D on
thermocheinical production of hydrogen, 1980 Mar. 17 (Ottawa).
Attended by M. Hammerli.
Meeting to discuss HpS-in-Water Analyzers at PHHWP, 1980 Mar.
24-27 (Sydney, PHHWP). Attended by J . Gulens.
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3.2
3.2.1

RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

Pulsed Electron Chemistry
- A.W. Boyd and O.A. Miller
(a) Yield of Excited N Atoms in the Radiolysis
The measurements of NH produced in the pulse radiolysis of N2-H2
mixtures (see PR-CMa-46, AECL-64O1) have been extended. To obtain more
light intensity the mirrors were realuminized and to allow absorption
measurements at lower pressures and dose rates the optics were realigned
to give up to 12 path lengths in the White cell. The absorptions of the
NH produced in N2-H2 mixtures (with concentrations from 0.25 to 20%
H2) and NH3 were then measured at pressures in the range 25 to 160 kPa
and at doses per pulse (with the Febetron 705) in the range 1 x 1 0 ^
to 1 x 10^0 eV*g"l. To correct for any reduction of the NH
produced in [1]
[1] N( 2 D) + H 2 -^NH X( 3 E)
by reaction [2]
[2]

N(2D) + N2--?N(4S) + N2

the i n i t i a l optical densities of the NH formed were plotted against
N2/H2« The extrapolated value was ^ 90% of the i n i t i a l optical
density of the NH in NH3 with the same energy absorption. Taking G(NH)
in NH3 as 0.8 this gives a maximum value of G(NH) = 0.7 in good
agreement with the value in PR-CMa-46 (AECL-6401). The ratio of k] to
k2 was determined from the slope of the above plot to be 170. Husain,
Kirsch and Wiesenfeld (1) reported k] = (1.7 ± 0.5) x 10"l 2 ancj
k2 = (2.3 ± 1.1) x 10~T4 cm3»molecule"l-S"1 giving values of
k]/k2 in the range 35 to 183.
More work has also been done on the other methods used to obtain a
value for G(N(2D)) in N2« Using an optimizing program developed by
M.B. Carver and C.F. Austin of the Mathematics and Computations Branch,
our values for the yields of NO2 in N2-N2O mixtures and the data of
Cloetens (2) have been re-examined. This program calculates the values of
yields and/or rate constants that give the best f i t to experimental
concentrations. With the N2-N2O mixtures over the range 10 to 80%
N?0 the f i t t e d values were consistent with G(N(4S)) = 2.5 and
G(N(2D)) = 3.7. To f i t Cloetens1 values three rate constants as well as
G(N(2D)) and G(N(4S)) were varied. As there are 47 reactions a
complete f i t could not be had in 3000 s of computer time. Nevertheless a
reasonably good f i t was obtained with G(N(4S)) = 2.9 and G(N(2D)) =
3.2.
To obtain further values for these yields and to obtain a better
understanding of the radiation chemistry of N2-O2 mixtures more work
is planned. A Phillip's Model PW 9762 NO/NO2 analyzer with a
sensitivity of ^ 10 ppb has been borrowed from the Reactor Loops Branch
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This will be used to measure the concentration of NO and NO2 in
N2-O2 mixtures as a function of flow rate through a Gammacell,
temperature
and composition. It should be possible to use doses as low as
5 x lO* 6 eV-g"1.
(1) D. Husain, L.J. Kirsch and J.R. Wiesenfeld, Farad. Disc. Disc. Chem.
Soc. 53, 201 (1972).
(2) R. Cloetens, Bull. Soc. Chim. Belg. 45, 97 (1936).

3.2.2

Radiolysis of Liquid Systems
- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and L.W. Thomson
(a) Kinetics of Alkali Metal Reactions in Ethers and Amines
Development work is continuing on the pulsed conductivity detection
system.
(b) Radiolysis of Aqueous Solutions of Gadolinium Salts
The main source of hydrogen in the radiation chemistry of water is
due to "molecular H2'1 with a yield G = 0.45 molecules formed per 100 eV
of energy absorbed. In pure water H2 reaches a steady state
concentration mainly due to removal by reaction [1]
[1] OH + H 2 ^ H + H2O
The presence of OH scavengers, such as oxidizable cations or anions or
organic compounds, will lead to an increase in the steady state H2
concentration.
In aqueous systems containing Gd(N03)3 or
24)3
simulation studies show that the effect of Gd3 + on H2 concentration
is
2+
minimal.
Solvated
electrons
(e
~)
reduce
Gd
to
Gd
.
The
s
Gd 2 + ions react with the OH radical to be oxidized back to Gd 3 + ,
and thus scavenge OH radicals. However reaction (2), which generates
other OH scavenging radicals (HO2 or O2"), is suppressed, because of
the competing reaction of Gd 3 + with e s ~.
H0 o sf==* 0"
2 H+
2
Thus the scavenging action of Gd^ + on OH is compensated for by the
reduced generation of other scavengers.
Reactions involving SO42- are ^/ery slow so Gd2(S04)3
solutions would produce low steady state concentrations of H2.
Preliminary experimental results support the computer simulation results
(Table 3.2.2.1).
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The radiation chemistry of NO3" solutions is complex. The
fastest reactions are reduction of NO3" by e s ~, the oxidation of
NO2" (one of the products of the reduction reaction) by OH to NO2
and regeneration of NO3" [3].

[3] N03" —>N0 3 2 " — ^

The above sequence shows a balance between the consumption of e s ~ and
OH. However, slower reactions involving e^" convert NO3" to N^,
as represented stoichiometrically in reaction [4].

[4] 2N0 3 " + 9H + + 9e $ " — ^ N

2

+ OH + 3H20 + 20H"

The decrease in H + and e s ~ concentrations reduces the formation
of H via reaction [5].
[5] e + H + -* H
This reduces the importance of reaction [6]
HO?

C6] X
+

H0O2

+H—>

V
+

H + 02
H + H0 2 "
HO2 and O2" are more effective scavengers of OH which leads to a
higher calculated steady state H2 concentration (Table 3.2.2.1). A
comparison of the simulated and experimental results (Fig. 3.?..2.1 and
3.2.2.2) indicates hydrolysis of the gadolinium.
(c) Iodine Chemistry in Aqueous Solutions
The computer simulation of various radiation chemical systems has
continued (PR-CMa-51, AECL-6846).
In order to clarify the kinetics and obtain better spectra for the
various iodine species, pulse radiolysis of the aqueous iodide, N2O
system has been started. Evidence has been obtained for three iodine
radical species, probably I2", I(H20) and HOI". Experiments are
continuing to confirm the identification. The radicals decay by second
order kinetics to give the stable products I?" and l£. A third
product might be formed (probably HOI or 01") in alkaline dilute iodide
solutions. Experiments are continuing to confirm its stability and
identity.
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Table 3.2.2.1
Computer Simulated Radiolytic Production of Hydrogen
From Aqueous Solutions
Dose Rate
1.8 x 10 1 9
1.8 x 1019

Gadol i n i urn
Concentration (M)

Hydrogen Concentration at Steady State
(mol-L-1)

8 x 10-7
4 x 10-6

0*
0

1.8 x 1019
1.8 x 10- 9

1 x 10"fb

1.12 x 10-54 (Sulphate)
1.70 x lO" (Nitrate)

1.8 x 10 1 9

1.06 x 10"|J
1.06 x 10"

7.171 x 10"5 (Sulphate)

1.8 x 1019
1.8 x 10 1 9

1 x 10'

1 x 10"

1.8 x 10 1 9

2.5 x 10" j:
2.5 x 10" 2

1.8 x 10 1 9

0

8.1 x 10l 9
8.1 x 1 0 2 1
8.1 x 1 0 2 1

8.1 x 10? }

3 x 10"z

2

(Nitrate)

4.9 x 10" 4 (Sulphate)
1.0 x 10"J (Sulphate)
2.4 x 10" 1 (Nitrate) - No Steady State)
2 x 10" 5

1 x 10- 5
1 x 10- 5

4 x 10-5 (Sulphate)
6 x l O " 5 (Nitrate)

1 x 10-3
1 x lu" 3

3 x 10" 4
(Sulphate)
5.5 x 10"^ (Nitrate)

8.1 x 1 0 2 1
*No oxygen i n i t i a l l y present.
present.

3.2.3

In a l l other cases 1 x 10"*> mol O2/L i n i t i a l l y

Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans and H. Adams
(a)

Multiphoton Decomposition of 2,2,2 Trifiuoroethanoi

In PR-CMa-51 (AECL-6846) we reported a study of multiphoton
absorption (MPA) in -OH containing molecules. This study concluded that
larger -OH containing molecules should undergo collisionless multiphoton
decomposition (MPD) more easily than the small -OH containing molecules.
As an example of a large molecule, CF3CH2OH was irradiated with the HF
Pi (7) laser l i n e . Preliminary results showed that extrapolation of
Ym (where Yx = number of product molecules, X, per pulse -f
CF CH2OH) t o zero CF3CH2OH pressure gives a non-zero value,
which is clear evidence of c o l l i s i o n l e s s MPD. These results have now been
repeated and extended over a wider pressure range. The new results (see
F i g . 3.2.3.1) confirm that at "zero" CF3CH2OH pressure, Yco =
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- 57 (1 ± 0.2) x 1 0 1 4 and Y H < 2xlO 13 . This contrasts with our
earlier results on CH3OH "0 ) for which the "zero" pressure yields were
essentially zero and supports the conclusion that collisionless MPD is
more easily achieved for large (for example CF3CH2OH) molecules as
compared to small (for example CH3OH) molecules.
Currently isotopic mixtures of CF3CH2OH/CF3CH2OD are being
prepared to determine the degree of isotopic selectivity that can be
achieved by selective MPD of 2,2,2 trifluoroethanol.
(1) R.D. McAlpine, D.K. Evans and F.K. McClusky, Chem. Phys. 39, 263
(1979).
(c) Short Pulse CO? Laser
- D.K. Evans, R.D. McAlpine and H.M. Adams
Commissioning of the Lumonics short pulse CO2 laser has continued
this quarter. Gas delivery and exhaust plumbing has been improved and
lasing mixtures are now made as used. This allows better control of gas
mixtures. Energy in a 6 ns FWHM pulse on the 10P20 line has been
increased about 20%.
Experiments were done with various saturable absorbers to improve
energy and contrast ratio in the beam. The P branch of the 10 urn band is
now suitably characterized and the best values are shown in Table 3.2.3.1.
Here 3.3 cm of SFs at 0.4 kPa and 100 kPa of N2 doubly passed provide
the best saturable absorber. Only the 10R26 line has been looked at in
the other branches. Here we can get about 400 mJ with an energy contrast
ratio of % 20 using a nominal 10 ns cable which gives a 6 ns FWHM
pulse. This is achieved with the same absorber as used for the 10P lines
plus 5 mm of p-type Ge. On delivery only 110 mJ with an energy contrast
ratio of 14 were available.
Tests using different reflectivity front optics (R = 0.35, 0.47, and
0.65) were done. The oscillator pulse was more energetic, but there is no
improvement in peak power for the lines investigated.
Several other minor modifications have been made to
improve ease of service or use. Photochemical experiments using this
laser system are beginning.
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Table 3.2.3.1
Short Pulse CO;? Laser Line Energies and Energy
Contrast Ratios
Line

Total Energy
(mJ)

Background
Energy
(mJ)

Energy
Contrast
Ratio

10P10

325

40

7

12

325

25

12

14

490

15

32

16

550

<1

> 550

18

585

1.5

390

20

845

5

170

22

620

2.5

247

24

650

18

35

26

650

65

9

28

680

130

4.2

30

490

65

6.5

32

325

40

7

34

250

30

7

36

100

7

14

38

40

2.5

15

Values for 6 ns FWHM pulse.

3.2.4

Laser Magnetic Resonance
- D.R. Smith, J.S. Geiger and J.D. Bonnett
Qualitative efforts to study pulsed reaction kinetics of NH X % and
OH X^n with additives were unsuccessful. The additives reacted with the
precursor (presumably F atoms) reducing the entire pulsed LMR signal, and
not just its decay time. No further study has been made of the 3 kHz noise
problem mentioned in PR-CMa-51 (AECL-6846).

- 59 Chemiluminescence measurements continued. Use of a monochrometer has
enabled us to resolve emission lines from C2(A%g-x3jiu) and
CKCA^A-X^n) in the luminescence spectrum from SFs + CH4.
Consideration of uncertainties in the reaction mechanisms producing CH and
NH have prompted us to adopt the simpler SF6 + NO system for initial
attempts at modeling. Electronically excited FNO* is produced by the
reaction of F, produced by multiphoton dissociation of SF5, with the NO.
The spectrum observed is in qualitative agreement with the FNO*
luminescence spectrum of Johnston and Bertin (1). Experiments indicate a
time dependent build-up of quenching reactants from the laser induced
reactions in the SF5/NO mixture. Data are now being taken on a single
shot basis to minimize this effect. Computer simulations are being run
using the program MACKSIMA-CHEMIST. The possibility of incorporating
diffusion effects in the model is being investigated.
(1) H.S. Johnston and H.J. Berlin, J. Mol. Spect. 3, 683 (1959).

3.3

3.3.1

HYDROGEN-WATER EXCHANGE

Kinetic Studies of the Isotopic Exchange Between •- drogen and Water
- J.P. Butler, J. den Hartog, F.W. Molson, J.H. Rolston, L.M. Dainty and
K.L. Sheehan

3.3.2

Surface Studies by X-Ray and UV Photoelectron Spectroscopy (XPS and UPS)
and Work Function Changes) Aj>
- P.R. Norton, J.W. Goodale and E.B. Selkirk
Development work is continuing on the new Kelvin work function probe
to allow biasing the reference electrode. This should permit us to
experimentally eliminate the observed position sensitivity of the null
position which is caused by stray capacitance effects. Development work
is in progress on a device that will control the temperature of the sample
automatically, using the thermocouple linearizer as sensor.
Adsorption of 0? on Pt(lil) at Low Temperature
The adsorption (and subsequent desorption) of O2 on Pt(lll) at 100 K
has been reinvest I gated with the Kelvin probe technique. The better
signal-to-noise ratio of the new device has enabled us to more clearly
demonstrate that the low temperature state either desorbs as O2 or
converts to adsorbed atomic oxygen. A careful search has been made for
molecular orbitals (in the low temperature state) in the binding energy
range 20-35 eV by filtered UPS experiments and a broad band was detected
at ^25 eV, that probably originates from the 0 2s levels.
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Reaction of Hydrogen and Oxygen on P t ( l l l )
The adsorption and subsequent reduction of oxygen on P c ( l i l ) has been
studied by X-ray and UV photoelectron spectroscopy and dynamic work
function techniques. Adsorbed atomic oxygen is rapidly converted to
adsorbed H2O by hydrogen gas at 135-160 K. Heating above ^ 170 K causes
desorption of H2O. Water is adsorbed with the positive end of the
dipole outwards, i . e . oxygen end down. I t has also been established that
co-adsorbed hydrogen and oxygen react rapidly in the same temperature
range, and thus i t appears possible to isolate conditions under which the
reaction m^ the surface is rate l i m i t i n g , rather than the more usual
adsorption-limited kinetics. Only part of the adsorbed oxygen is
converted to adsorbed water by co-adsorbed hydrogen (no H2 in gas phase)
and experiments are in hand to test whether all the co-adsorbed hydrogen
reacts with oxygen or whether the resulting layer is comprised of adsorbed
0, H and H2O. Evidence of unreacted adsorbed H would strongly indicate
that reaction occurs at the edge of islands.

3.3.3

Kinetics of the Pt(IOO) Phase Transformation
- with T. Jackman, J.A. Davies, C. S i t t e r (Solid State Science Branch) and
W.N. Unertl (University of Maine)
Rutherford backscattering (RBS) and nuclear microanaiytical
experiments were carried out on Pt(111) and Pt(lOO) surfaces. For details
see Section 1.3.2.

3.4

3.4.1

ISOTOPE CHEMISTRY

Deuterium Exchange and Hydrolytic S t a b i l i t y of Fluoroform (CF3H) in
Water
- E.A. Symons and M.J. Clermont

(a) Aqueous Solutions
The large temperature dependence for hydrogen exchange between CF3H
and Na0D/D20 solutions (report PR-CMa-51, section 3.4.1, AECL-6846) has been used
to advantage in preparing CF3D 1 by a single step contact of 35 g of
CF3H with 230 mL of 1.0 mol-L" NaOD solution at 105°C. Seven
hours of gentle agitation of the reaction flask were sufficient to produce 97.6
mole percent CF3D. In a similar experiment, tritium at tracer levels was
exchanged into CF3H.
(b) Water/DMSO Mixtures
DMSO (CH3SOCH3) was chosen because mixtures of it and water are
among the most widely studied and effective media for enhancement of
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Figure 3.4.1.1 - CF3H S o l u b i l i t y in Water/DMSO mixtures at 50.0°C and 101 kPa
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Figure 3.4.1.2 - Log (CF3D exchange rate constant) versus solvent composition
at 49.1OC and 0.011 mol-L" 1 base. Solid symbols NaOH,
open symbols Me4N0H, extrapolated from higher temperature and
[NaOH] data 8 extrapolated from lower temperature data.
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hydroxide ion reactivity. The study of deuterium loss froir CF3D at
49OC to DMSO/water solutions containing 0.011 mol'L" 1 NaOH or
Me4N0H has been concluded. In addition, measurement of the solubility
of CF3H in various DMSO/water solutions between 10 and 70°C has shown
(Figure 3.4.1.1) a significant increase in solubility with solvent
composition above about 20 mole percent DMSO. These solubility data have
been used to obtain the in-solution observed rate constants for CF3D
exchange as a function of solvent composition (Figure 3.4.1.2). The rate
acceleration
on changing from water to 70 mole percent DMSO is a factor of
10 6 ; at the latter composition, k(solution) for 0.011 mol'L"'
is 0.12 s~l, giving a h a l f - l i f e of about 6 seconds.
The enthalpy, entropy, and free energy of activation as a function of
solvent composition 0 to 70 mole percent DMSO were calculated from the
kinetic data. Each decreased smoothly with increasing DMSO content: AH*
from 130 to 65 kJ-mol-l, AS* from + 60 to -15 J-moT'-K" 1 , and AG+ from
110 to 70 kJ-moH.
The i n i t i a l rate of hydrolysis of CF3H in 30 mole percent DMSO with
0.011 mol'L" 1 NaOH was measured at 50°C. The ratio of
exchange rate to hydrolysis rate is almost 1000, which is somewhat lower
than for aqueous solution.
A series of kinetic runs using partially t r i t i a t e d CF3H (tritium
loss to "OH/HoO/DMSO solutions) has indicated the primary isotope
effect k^/ko (related to measured k[>/kj) f a l l s in the range
1.2-1.5.

3.4.2

Isotopic Exchange Reactions in Protic Solvents by NMR Spectroscopy
- J.D. Halliday and P.E. Bindner
Dimethyl amine
The f e a s i b i l i t y of determining the rate of proton transfer between
dimethyl amine solvent and cesium dimethyl amide, equation 1, has been
assessed.
[1]

(CH3)2NH + (CH3)2NCs ^

(CH^NCs + (CH^NH

Anhydrous (CH3)2NH was prepared using our published technique (1)
and its NMR spectrum was measured over the temperature range -45.7°C to
+90.7°C. At -45.7°C the ami no line overlaps with the methyl triplet,
precluding measurements at lower temperatures.
Data on the 1 4 N Spjn relaxation times in ( C ^ ^ N H have been
obtained from these spectra by comparison with calculated spectra. The
simulation was achieved by 1) determining the H-N-C-H coupling constant
from the methyl spectrum of this tightly coupled system using the computer
program DNMR3 (2) (JHNCH = 6 «34 Hz); 2) determining the 14 N-H

CO
LU
LU
LL

en

CO

i

103/T(K)
Figure 3.4.2.1 - 14N-H Spin Relaxation Times: 0, for NH3 (ref. 4 ) ; A,
CH3NH2 (ref. 1 ) ; and • , (CH3)2NH as a function of
temperature.

coupling constant from the measurable ^H-H coupling constant. The
natural abundance (0.37%) spectrum of 15JJ_H shows a doublet of 7
lines each superimposed on the very broad ^N-H spectrum ( J H M U
= 49.2 Hz); 3) calculating the NH portion of the spectrum in the absence
of quadrupolar broadening, using the computer program LA0CN-4A (2); and 4)
using Pople's equation for the spectrum of a spin 1/2 nucleus coupled to a
spin 1 nucleus (3). Each spectral line in step 3 was expanded by Pople's
equation and the envelope of a l l the lines was obtained by summation.
The l^N spin relaxation times obtained for (CH3)2NH have
been compared with those previously measured from CH3NH2 (1) and
NH3 (4), Figure 3.4.2.1. Coupling constants and activation energies
for quadrupole relaxation calculated for maximum and minimum slopes are
given in Table 3.4.2.1.
Quadrupolar line broadening results from the relaxation process
involving the interaction of the quadrupole moment of the nucleus with
the electric f i e l d gradients within the molecule. The less symmetrical
the molecule the more asymmetrical the electric fields become and the
14 spin relaxation times become shorter.

Table 3.4.2.1
Compound

J

(Hz)
I4

NH3
CH 3 NH 2
(CH3)2NH

NH
43.8
46.7
49.2

Ea
(kJ^mol"1)
rot.diff.
5.9-8.8*
8.79
6.9-2.8*

*from high and low temperature slopes respectively of
lines in figure 3.4.2.1
The thermal s t a b i l i t y of a 0.1 mol'L"^ solution of
^
in (CH3)2NH was also checked by observing the UV-Vis
spectrum in a 0.05 mm pathlength c e l l . The spectra show a small buildup of
a shoulder at 272 nm with no significant change in the shoulder due to
()
at 360 nm over a period of 90 days.

Therefore the system dimethylamine/cesium dimethyl amide, equation 1,
is amenable to exchange measurements by NMR but the dissociation constants
of the alkali metal dimethyl amides in dimethyl amine are not known. These
will be required for the determination of ionic species concentrations in
the analysis of the exchange data.
(1) J.D. Halliday and P.E. Bindner, J. Phys. Chem. 83, 1829 (1979).
(2) Programs from Quantum Chemistry Program Exchange, Indiana University,
Chemistry Department, Bloomington, Indiana
(3) J. Pople, Mol. Phys. 1_, 168 (1958).
(4) T.J. Swift, S.B. Marks, and W.G. Sayre, J. Chem. Phys.
44, 2797 (1966).
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Separation Factor for Protium Exchange Between Heavy Water and Deuterium
Gas
- J.H. Rolston and K.L. Sheehan
The equilibrium distribution of protium between HDO vapour e d
deuterium gas is described by the equilibrium constant Ki(g) of equation
[1].
[1] D2(g) + HD0(v)^D 2 0(v) + HD(g)
Values of K](g) can be determined from the ratio of ideal gas phase
partition functions of Wolfsberg (1). Multiplication of K-| (g) by the
fractionation factor, a v , corresponding to equilibrium [2]
[2] D20(v) + HD0(£)^±D 2 0(£) + HDO(v)
gives a theoretical estimate of the overall separation factor K3 =
Ki(g)*av governing distribution of protium tracer between heavy
water and deuterium gas.
[3] D 2 (g) + H D 0 U ) ^ D 2 0 U ) + HD(g)
A series of equilibrated deuterium gas standards containing selected
amounts of protium have been prepared from measured quantities of H 2 and
D 2 for calibration of the Vacuum Generators 601 mass spectrometer. A
preliminary determination of K3using the 50 mL exchange cell described
previously (3) indicates the experimental value is about 2% less than the
theoretical estimate at 25°C.
(1) J. Bron, C.F. Chang and M. wolfsberg, Z. Naturforsch. A, 28, 129
(1973).
(2) G. Jansco and W.A. Van Hook, Chem. Rev. 74, 689 (1974).
(3) J.H. Rolston, J. den Hartog and J.P. ButTer, J. Phys. Chem. 80, 1064
(1976).
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4.2

4.2.1

SURFACE CHEMISTRY

Hydrogen-Induced Cracking of Zirconium Alloys
- B. Cox and V.C. Ling
Although the cracking process induced by hydrogen gas in double
cantilever beams (DCB) of Zr-2.5 wt% Nb has been observed to arrest
several times (Section 4.2.1, PR-CMa-50, AECL-6689), ostensibly because
the hydrogen contained in the ampoule had been completely absorbed,
evacuating an ampoule to 10-2 p a (io~4 torr) while a DCB was actively
cracking has failed to arrest the crack. A large decrease in crack
velocity was achieved by evacuating the ampoule, but the crack still
continued to grow at a low velocity, as indicated by the slow rate of
acoustic emission from the specimen.
This crack was still not completely arrested by admitting air to
the ampoule, so that the idea that cracking induced by hydrogen gas
could be easily inhibited by the presence of oxygen does not seem to be
borne out. The low crack velocity observed after evacuation, and in
air, may be similar to that expected by the more commonly observed
delayed hydride-cracking mechanism (DHC). Thus, the hydrogen absorbed
from the gas phase during gaseous hydrogen cracking, and precipitated
as solid hydride layers along the crack faces (Section 4.2.1, PR-CMa-51,
AECL-6846), can apparently continue to diffuse through the metal phase
back to the crack tip in order to extend the crack by the DHC mechanism
when the supply of hydrogen gas is cut off. This is hardly surprising, since
the DHC of Zr-2.5% Nb pressure tubes was apparently not affected by the
environment in which it was conducted, the hydrogen source being entirely
within the material.
It remains a puzzle, therefore, why the gaseous hydrogen cracks
should have arrested apparently completely during growth. One would
have expected in this instance also a decrease to some lower velocity
typical of DHC. One possible explanation of this might be if the stress
intensity when the hydrogen was completely absorbed had been below K I H
for DHC to occur. In the specimen reported previously (Section 4.2.1,
PR-CMa-50, AECL-6689), the first spontaneous arrest occurred at 'v 17.3
MPa^in (^15.7 ksi/TnT), which could be below K I H for this batch of Zr-2.5% Nb
slab. Coleman and Ambler (ASTM-STP-633, p.589, 1977) reported a KJH of
^ 17 MPav^n (^ 15.5 ksi/in.) for Zr-2.5% Nb pressure tube material at
room temperature. The DCB reported_above was evacuated at a stress
intensity of 19.6 MPaSin (17.8 ksi/Tn.), at which the crack should still
be able to progress by the DHC mechanism. It is now still cracking in
air at 17.8 MPav¥ (16.2 ksi/fnT). A 5% variation in Kj or KJH would
be expected from batch to batch because of variations in Young's modulus,
especially with variations in texture.
If the explanation given above is correct, then it would imply that
is not the same for gaseous hydrogen cracking and DHC, as

- 70 had previously been expected, but is actually lower for the former than
for the latter. Such a difference would require some significant
difference in the cracking mechanism. One possibility for this is that
the hydride formed in the two instances may have a different structure,
and hence ductility. Thus, the criteria for cracking hydride precipitated at the crack-tip could differ in the two instances, and hence the
KjH, which is probably determined by the minimum stress intensity
necessary to crack hydride at the crack tip. Hydride extracted from the
cr^ck in DCB's cracked in gaseous hydrogen was shown to be -Z
by X-ray diffraction (see Section 4.2.3).
The differences between the two hydrogen cracking processes
might be used as a quick method for determining K m for DHC at low
temperatures, where the time taken to measure this value by conventional techniques, (when the crack propagates only by DHC), is unacceptably
long. By cracking the specimen in hydrogen gas and evacuating the
system at selected values of Kj, to see if the cracking continues
by DHC, a value for K m could be obtained quickly.

4.2.2

Migration of Hydrogen during Thermal cycling
- B. Cox and V.C. Ling
The correlation between the volume fraction of hydride, measured
metallographically,in the thermally cycled specimens (see Section 4.2.2,
PR-CMa-48 (AECL-6538), and PR-CMa-51 (AECL-6846)) and that determined by
vacuum fusion analysis was not guod. The etching needed to reveal the hydride
metal lographically resulted in an apparent area for each individual platelet
which was much greater than the true area. Thus the correlation factor
between the two methods was much larger than estimated theoretically,
and the variability in the etching process from specimen to specimen
gave significant variations in this correlation factor. However, along
the length of any one specimen one would expect a single correlation
factor to give a good comparison between the metallographic and
analytical estimates of hydrogen content. This was found not to be the
case.
For all thermally cycled specimens the correlation factor needed
to obtain a good fit between metallography and analysis was about 1.52.0 times higher in the area beneath the solid hydride layer than it was
in the area away from this area (this was the area which had not been
nickel-plated). The value of the correlation factor for the latter area
was 100 jjg/g H H 5 vol%, compared with a theoretical value of ^ 1 vol%;
values under the solid hydride layer needed factors of 8-10 vol% to get
a reasonable fit. The only specimen which could be fitted entirely
with a single correlation factor (of 5 vol%) was the as-autoclaved
specimen.
The necessity for two correlation factors can be explained if
the hydride has a different structure in the two areas of each

- 71 specimen. The relative sizes of the correlation factors would then
require the thermally cycled hydride, present continuously throughout
the thermal cycling, to be Y-ZrH; and the hydride, which precipitates
in the rest of the specimen only at the final cool-down, to be 6-ZrH] 5.
In the as-autoclaved specimen the lack of thermal-cycling and the slow
cooling rate appear to have resulted in the precipitation of only
6-ZrH]#6, although X-ray analysis (see Section 4.2.3) seems to indicate
that the solid hydride layer is Y-ZrH. The faster cooling rate during
thermal cycling than during autoclaving, and the presence of a solid
Y-Zr'.; surface layer may predispose the hydride platelets under the
solid hydride layer to adopt the Y-ZrH structure.

4.2.3

Identification of Hydride Phases
- B. Cox (with J. Winegar, Metallurgical Engineering Branch)
We have recently had two instances where solid hydride layers of
considerable thickness were obtained under unexpected conditions (see
Section 4.2.1, PR-CMa-48 (AECL-6538), and Section 4.2.2., PR-CMa-51
(AECL-6846)). Specimens of both hydride layers were taken for X-ray analysis.
A loose powder was obtained spontaneously from the DCB specimen on breaking
it open; whereas the hydride layer beneath the nickel plating on the
pressure tube specimen had to be scraped to obtain a specimen. The
resultant X-ray powder patterns are given in Table 4.2.3.1.
When we came to compare these data with literature values
considerable ambiguity in both X-ray data and phase description in the
zirconium hydride system became evident. It is common nowadays to
distinguish three distinct hydride phases in the Zr-H system, designated Y-(or Y 1 - ) , <5- and e-. They are assumed to be,respectively,close
to ZrH(Y) and face-centred tetragonal (c/a > 1); ^ ZrH-j.66 (5) anc*
face centred cubic; and ^ ZrH2 (e) and face-centred tetragonal (c/a<l).
These descriptions relate back to the early days of investigation of
the system. These phases are considered to be distinct despite their
wide ranges of stoichiornetry. The extensive recent work, especially
using selected area electron diffraction from thinned foils, has tended
to adhere to this early distinction, even though only partial structure
determinations have usually been made. Thus reliance is often placed on
identifying the pattern as non-cubic, or in finding forbidden reflections resulting from the ordering of hydrogen atoms to distinguish Y from 6-hydride. It is invariably concluded that in a sample containing
low hydrogen concentrations only these two phases are possible, and the
necessity (and difficulty) of distinguishing y- from e-hydride is
ignored.
A study of the published X-ray and neutron-diffraction data
shows that this concentration on merely distinguishing cubic and noncubic hydrides in order to define the phase can be misleading. The
published d-spacings and cell-parameters for Y-<5 and E - hydrides are
summarized in Table 4.2.3.1. In instances where indexing was based on a

- 72 body-centred tetragonal unit cell, the parameters were converted to the
equivalent face-centred tetragonal cell, and the reflections re-indexed
for comparison with other data.
Examination of Table 4.2.3.1 shows that in a mixture of hydrides
and a-zirconium only the reflections with d-spacings (commonly) of
2.22-2.24 kX and 1.74-1.75 kX clearly identify e-ZrH2. Y-ZrH can be
distinguished from -ZrH by the absence of the d ^ 1.75 kX line, and
the usually higher d-value of 2.30 kX for the other reflection.
<5-ZrHx shows no reflections which are not also given by y- or e-phases.
The presence of reflections at d-values of 1.44 kX and 1.20 kX must be
observed to distinguish it from a-Zr, and the absence of both the
characteristic y- and e- reflections must be shown to establish the
presence of 6-ZrH . The presence of large variations in the reported
intensities of the various reflections would make it very difficult to
reach any firm conclusions in mixtures of 6-ZrH with either of the
other two phases. With a high-quality X-ray spectrum from a focussing
diffractometer the overlapping peaks can be separated and hence some
attempt could be made to separate out the reflections in mixtures of
hydride phases. However, with the usual poor-quality powder-patterns
obtained from most specimens such a separation is not usually
achievable.
The specimen of hydride removed from the surface of a DCB
specimen cracked in gaseous hydrogen (Table 4.2.3.1) is unequivocally
e-Zrh^: both the critical reflections are clear and sharp in the
pattern. Specimens removed from the solid hydride layer under the
nickel plating on the pressure tube section used for the thermalcycling tests gave poorer X-ray patterns. Several samples were taken
and were examined using both Co K a and Mo K a radiation. The results in
Table 4.2.3.1 show that the characteristic -y-ZrH reflection is always
present, even though often weak, broad and poorly resolved from the
a-Zr or 6-ZrHx reflection at d = 2.46 kX. This layer is therefore
probably y-ZrH, but cannot be shown positively to be this phase.
Although metallographically it looked homogeneous, it might be a
mixture of y and 6 hydrides. The distinction rests on slender evidence,
however, the critical pairs of lines being broad and unresolved except
in one instance.
While surveying the published X-ray data, the question of
whether there really are three hydride phases was considered. This
conclusion has been based previously on mainly room temperature X-ray
and metallographic studies. When the few high temperature phase
determinations by X-ray are considered there seems to be good evidence
for a single solid-solution phase above some temperature in the range
573-673 K (300-400°C). Although the workers doing the high temperature
studies have criticized each other's work, there seems to be no justification for this, and the agreement between the measured c/a ratios as
a function of temperature and hydrogen content is very good considering
the difficulties of the work. The results are summarized in Figure
4.2.3.1. A situation where a single hydride phase with a very broad
range of composition exists at elevated temperatures and may dispro-
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- 75 portionate into a mixture of two of the three room temperature phases
seems to best fit all the observations. At temperatures > 873 K
(600°C) either the range of stoichiometry diminishes rapidly, or at all
stoichiometries the crystal lattice becomes isotropic. A similar
phenomenon occurs with titanium hydrides at a temperature just above
ambient, and so has been better documented (1).
(1)
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(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
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Sensitivity Towards Oxygen in the Environment of the Oxidation of HeatTreated Zr-2.5 wt% Nb Alloy at 573 K
- N. Ramasubramanian
Experiments, similar to those reported in Section 4.2.4, PR-CMa-51
(AECL-6846), were carried out in dry air and oxygen-free steam at 573 K. The
samples tested were quenched from the 3-ohase. The oxidation behaviour in air
was quite similar to that observed in the molten salt. Similarly, when
samples were transferred from air to steam and vice-versa, the results
obtained were analogous to those obtained in experiments involving
transfers between the molten salt and steam.
When oxidation rates in the initial stages, prior to the
occurrence of the rate transition in air and molten salt, are compared
the rates in steam were higher than those in the other two media. At
these oxide thicknesses the rest potentials attained in the molten salt
by the steam oxidized samples were less negative (by about 200 mV) than
those of the air and molten salt oxidized samples. However, the oxide
conductivity calculated from the anodic portions of the polarization
curve was comparable for the oxides grown in the three media. Thus, the
electronic conductivity of the steam grown oxide is larger than that of
the oxides grown in oxygen containing environments. The accelerated
oxidation, associated with the kinetic transition, observed in the
last two media may not therefore be related to changes in the
electronic conductivity of the oxide.
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4.3 ELECTRON MICROSCOPY

4.3.1

Anodic Oxides of Single Crystals
- R.A. Ploc
(i)

Cubic ZrO? Lattice Parameter

In the course of growing anodic oxides (PR-CMa-50,AECL-6689) on single
crystals of zirconium, it was noted that the cubic ZrO£ phase
yielded electron diffraction results which were inconsistent with the
published lattice parameter (a = 0.509 nm). An extensive analysis of
several oxides (formed anodically in KNO2 and citric acid) has
shown that a = 0.5135 nm _+ .0005 nm. It has been noted that the new
value of "a" is practica'Hy identical to "c" for a-Zr and explains the
character of many electron diffraction patterns which simultaneously
display (0002) and (100) m reflections. Further, the new parameter
gave consistent results when checked against aZr or aZrO2 which
were simultaneously present with the cubic ZrO2>
(i i)

Crystal Structure of Anodic Oxides on a-Zr

As mentioned in PR-CMa-51 (AECL-6846), oxides grown in KN02 were
occasionally cubic ZrO£ or a mixture of cubic and monoclinic ZrO2Further experiments have confirmed this effect though no obvious reason
for the phenomenon can be found.
The oxides grown in citric acid show a different voltage-time
dependence, however,there is also a preference to form a mixture of
cubic and monoclinic ZK>2. Generally, anodization in KNO2 results in
cubic ZK>2 and citric acid in a mixture of phases.
The single crystals used in this study contained a small number
of inclusions. It may be that these inclusions, on the occasions that
they were exposed at the free surface, controlled which polyforrn of the
oxide appeared.
In some instances, the intense cubic ZK>2 diffraction rings
were absent but were replaced by a strong spot pattern. This observation emphasized that the cubic oxide crystallites nad grown in a random
orientation (i.e. the diffraction rings were not due to a thin airformed film) but had a preferred metal/oxide orientational relationship.
(iii) Oxide/metal orientational relationship
Analysis of electron diffraction patterns taken from anodically
formed oxides, both normal and tilted with respect to the incident
electron beam, have shown that:

( n i ) [ n o ] c I Koooi )[ii20] Zr

- 77 where "C" refers to cubic ZrC^. The simultaneous presence of otZr02
gave a similar relationship, except that in this instance the (lll)r,
was either the (Tll)|vj and/or the [Tll]|v|; the [110]r, was either the
[110] M and/or the (110) M .
Based on the above relationships diffraction patterns were
predicted for oxides grown on the (1120)zr and (10T0)zr- These have
been checked experimentally and different relationships were found
which have yet to be fully checked. Initial results indicate that for
the cubic phase:
(001)[100]c||(1120)[0001]Zr
and

4.3.2

(110)[100]c||(10T0)[0001]Zr.

Electron Gun Performance of the Siemens Elmiskop 101
- C.W. Hoelke and J.R. Parsons
The lifetime of single-crystal pointed filaments has been
extended from a matter of minutes, or at best occasionally a few hours,
to an average of 15-20 hours by modifications to the Elmiskop 101 gun
chamber which greatly reduce gun arcing. During the last quarter this
work was prepared for publication.

4.3.3

A Study of Electron Irradiation Damage in Zirconium and Zircaioy-2
Using a High Voltage Electron Microscope
- G.J.C Carpenter and J.F. Watters
Work on the microstructural changes in zirconium and Zircaloy-2
during electron irradiation in a high voltage electron microscope is
being prepared for publication. The main conclusions are as follows:
(1) Irradiation at temperatures in the range 315 to 725 K produces
perfect prismatic dislocation loops of interstitial character
with a/3<1120> Burgers vectors.
(2) Small loops tend to lie near {1120} planes; larger loops (diameters greater than a few tens of nm) are closer to {1010}. It
is concluded that the loops nucleate in a pure edge configuration and reorientate during growth, introduce some screw character, and thereby reduce their energy.
(3) Increasing irradiation temperature at constant dose rate led to
decreasing concentrations of large loops.
(4) Loops nucleate in bands parallel to the trace of the basal
plane, by a process of autocatalytic nucleation.

- 78 (5) The growth of loops results in mutual interactions which
culminate in the formation of a dislocation network.
(6) Dislocation loops with <c>-coinponent Burgers vectors are not
observed in the early stages of irradiation (a few displacements
per atom).
(7) Defects in the form of lines parallel to the trace of the basal
plane and having <c>-component strain fields form at high
damage levels. The available evidence suggests these defects
are artifacts caused by the irradiation of thin foils rather
than bulk specimens.
(8) The results differ from neutron irradiation in that vacancy
loops are absent and the loop structures do not reach a steady
state at high doses.
(9) The absence of vacancy loops is associated with the absence of
cascades during electron irradiation.

4.3.4

<c>-Component Dislocations in Zirconium Alloys
- O.T. Woo, G.J.C. Carpenter and S.R. MacEwen
We have noted in the past that twins were freqtontly observed in
hydrided zirconium. Since annealing twins do not form in zirconium, it
is suggested that these twins may be formed during quenching from the
hydriding temperature, 1073 K. To this end, an iodide crystal bar
zirconium specimen was heated to 1073 K, held for 15 minutes and
subsequently water-quenched. Optical metallography (Figure 4.3.4.1)
revealed recrystallized grains and twins within them. This is in
agreement with recent observation of Cann and Atrens (1) who found
twins in hydrided zirconium specimens which were furnace-cooled from
1073 K and water-quenched from temperatures greater than 434 K. Thus
we conclude that the twins formed in zirconium are the result of
thermal stresses generated by the quench.
(1) C D . Cann and A. Atrens, J. Nucl. Mater. 88, 42 (1980).

4.4
4.4.1

METAL PHYSICS

Irradiation Creep and Growth of Zirconium
(a)

DIDO Test Program

-G.J.C. Carpenter J.F. Watters and R.A. Murgatroyd (United Kingdom
Atomic Energy Authority)
Some low dose data are now available from the second series of
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Figure 4.3.4.1

Twins in crystal bar zirconium water-quenched from
1073 K.
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single-crystal specimens. These preliminary results indicate that the
introduction of a simple dislocation structure made up of <a>-type dislocations, with predominantly one Burgers vector, suppresses growth. In
contrast, growth is enhanced by the presence of twins and -co-component
dislocations.
The growth behaviour of annealed, polycrystalline Zircaloy-2 is
markedly different from that of annealed zirconium. This may be due to
the presence of tin, which is the major alloying addition in Zircaloy-2
and could result in vacancy trapping. To test this hypothesis, some
experimental zirconium-tin alloys have been prepared by arc-melting.
These alloys are being fabricated into growth specimens and an annealing treatment to give an appropriate grain size is being developed.
(b)

NRX Test Program

- F. Santone and S.R. MacEwen
The second part of experiment RX-60C, in which an unirradiated
specimen of pure Al is being irradiated in a previously irradiated
growth rig, has been in NRX facility #6 for approximately 105 days. The
Py output from the pneumatic gauge is near the maximum of its r'nge
resulting in a factor of two decrease in sensitivity. The problem
appears to have originated as a result of the rig being jarred or
slightly damaged during transport from the test facility (#21) to the
reactor facility. Problems with Redace data logging, temperature
control, and large shifts in P\j following periods of reactor shutdown have made it impossible to analyze the data by the method described
in Section 4.4.2, PR-CMa-51 (AECL-6846). Nevertheless, from the raw Pv-time
output, it can be concluded that any dimensional changes of the rig or
specimen during this part of the experiment are less than +_ 2 ym; the
average slope of the data is zero. Thus, we conclude that the dimensional changes in an unirradiated growth rig are of the order of 10 ym,
occurring during the first 3 x 10° s of irradiation (for the flux of
facility #6). Thereafter, the rig remains dimensionally stable during
irradiation. RX-60C will be removed during the next shutdown.
A new growth rig is being assembled, and will be used to measure
the growth strain transients, which follow changes in temperature, in a
specimen of cold-worked Zircaloy-2.
(c)

Theoretical Calculations

- S.R. MacEwen
In the rate theory approximation, the rate of loss of point
defects to a given type of sink is given by L = k 2 DAC, where k^_is e the
sink strength, D the diffusivity of the point defect, and AC = C-C is
the difference between the average bulk concentration, C, and C e the
equilibrium concentration at the sink, k , in turn, is given by the
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product of a bias factor, Z, and a geometric factor k 0 2 . For a fieldfree sink, Z is defined as Z = 1. For a sink which has an attractive
interaction energy, E, with the point defect, Z > 1. Sink strengths
and bias factors have been calculated in a variety of ways over the
past 10 years, but all must solve the diffusion equation which defines
continuity in the region chosen. Particular treatments of the bias
factor for dislocations have differed in the choice of the diffusion
equation, in the choice of the appropriate region in which it is solved,
and in the choice of boundary conditions for that region. The bias
factor for dislocations remains the greatest problem in the development
of rate theory equations to describe irradiation creep and growth.
The problem of calculating bias factors is being approached from
three directions:
(i) A computer programme has been written to determine if an array
C(r,9) is a valid solution to the equation
P* + DVC 2 + £y VC-VE + -gf V 2 E = 0

[1]

in a cylindrical region having concentric surfaces at r = r/\ and r =
P* is the point defect production rate. Given two valid solutions to
[1], Co(r,S) with E = 0 and C](r,6) with E = E-[(r,Q) programme
calculates the net point defect current, the sink strength, and the
bias factor for each surface (sink).
(ii) Although bias factors are most commonly determined from solutions to diffusion equations such as [1] with E = 0 and E f 0, it is
more correct that they be obtained from the solutions to the simultaneous equations for vacancies (vj and interstitials (i):

P* - RC vCi + D V V 2 C V + ^f VCV.VEV + - £ f V 2 E V - 0
2

Di

P* - RCvCi + D / C , + £ VCi.VEi

DiCi 2

+

-^1 V % = 0

Here R is the recombination constant, and usually Ev(r,8) « Ei(r,8). To
this end, in collaboration with M.B. Carver (Advance Engineering
Branch), an updated program for FORSIM is being developed to solve [2]
in polar coordinates, for any Ey or Ei. Preliminary work has shown
that the computing time becomes prohibitive for any of the standard
FORSIM techniques for solution, when more than 250 mesh points are
used. It has been demonstrated that none of the numerical differentiation techniques, (2- or 5-point Lagrangian, cubic spline, or smoothing
cubic spline) used to approximate the special derivatives of the
diffusion equations, are sufficiently accurate to approximate the
derivatives near the inner sink, for the geometry and number of mesh
points employed. A new differentiation technique, based on a suggestion
by J. Blair (Math. & Computation Branch), has been developed. For the
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the new technique gives C(r,0) that differs from the analytical
solution to [1J by less than 0.01%. The technique has not yet been
verified for E(r,e) f 0.
(iii) If the inhomogeneity interaction is ignored, E(r,6) results from
the misfit interaction only, and can be written as B sinG/r, where B o
is a constant. Often in the literature the 8-dependence is ignored and
E is taken as Bo/r. In collaboration with J. Blair, analytical solutions have been obtained for [1] with E = 0, E = Bo/r, or E = Bosin8/r.
These solutions can be used to verify numerical results or, with the
programme described in (i), can be used to conduct a parametric study
of bias factors for edge dislocations, for misfit interaction only.

4.4.2

Ion Simulation of In-Reactor Creep and Growth of Zr
- J.R. Parsons, C.W. Hoelke, and R.W. Gilbert (Metallurgical Engineering
Branch)
To date, 100 keV neon ions have been use 1 to simulate neutron
irradiation at room temperature in annealed, po crystalline Zr and in
annealed, polycrystalline Zr on which a layer o r.r02 was anodically
formed before irradiation. Growth strains were de ived from the bending
of unstressed, cantilever beam specimens and related to those produced
during fast neutron irradiation. This work was prepared for publication during the last quarter.

4.4.3

Mechanical Testing
- S.R. MacEwen, O.T. Woo, T. Trottier and J. Mecke
The push-button gear box and the variable speed drive unit of
the Instron have been rebuilt during the past quarter, and the entire
system is now operational. Experiments have been done to measure
strain-rate sensitivity, work-hardening, and transient creep in pure Al
at room temperature. The data are being analyzed to determine the
effect of dynamic recovery on the mechanism responsible for transient
creep.
The performance of a new, computerized test apparatus, developed
by MTS Corporation, has been evaluated using a prototype machine in
Minneapolis. In the course of this evaluation, an application programme
suitable for the types of experiments currently conducted using the
Instron system, was developed. A major objective was to determine if
the alignment of the grips was sufficiently precise that standard
tensile specimens could be deformed in compression without buckling.
Figure 4.4.3.1 shows a summary of results obtained from two specimens
of cold-worked Zircaloy-2; one was deformed initially in tension and
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Hysteresis loops for Zircaioy-2 deformed at 295 K at a strain rate of + 1 x 10~4 s"^

- 84 then in compression, while for the second, the order of testing was
reversed. It is seen that compressive stresses in excess of 350 MPa
were achieved with no evidence of buckling (which would appear as a
change in slope of the elastic portions of the test). Analysis of the
data of Figure 4.4.3.1 shows that the Bauschinger effect in Zircaloy-2
is comparable to that found in dispersion hardened materials.

4.4.4

Positron Annihilation Spectroscopy
- C M . Hood and R.J. Schultz
(a)

Positron Source Preparation

A novel method for the preparation of positron sources for
positron annihilation spectroscopy has been developed. Work is underway
to determine the extent to which the method may be generally applicable.
The essential feature of the method is the electrolytic decomposition
of NH4CI residues arising from the neutralization of the original
hydrochloric acid solution containing the positron source.
(b)

Specimen Preparation

Specimens are being prepared to examine aspects of (ct*g) phase
transformation damage in Zr.

4.5

4.5.1

PUBLICATIONS, LECTURES & REPORTS

Publications
Comments on The Temperature Dependence of Mass and Charge Transport in
Single Crystals of SrCl2
- G.M. Hood and J.A. Morrison
Submitted to: Journal of Applied Physics
Improving the Lifetime of Electron Microscope Pointed Filaments
- C.W. Hoelke and J.R. Parsons
Submitted to: Ultramicroscopy
Ion Simulation of Neutron Irradiation in Annealed Polycrystalline Zr
- J.R. Parsons, C.W. Hoelke and R.W. Gilbert
Submitted to: J. Nucl. Materials

- 85 On the Use of Sparse Matrix Approximations of the Jacobian in
Integrating Large Sets of Ordinary Differential Equations
- M.B. Carver and S.R. MacEwen
Submitted to: SIAM J. of Scientific and Statistical Computing
Positron Annihilation in Zr-III
- G.M. Hood and R.J. Schultz
Submitted to: J. Nuclear Materials

4.5.2

Reports
A Method for Calculating the Transient Oxidation of Zircaloys
- B. Cox
AECL-6784
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5.

UNIVERSITY OF TORONTO
J.C. Polanyi

We have now completed our molecular beam measurements of the reactive cross
sections as a function of centre-of-mass c o l l i s i o n energy, S r ( T ) , for a family
of reactions involving H or D as attacking atom and H or D as the atom under
attack:
H
D
H
D

Hi- H B r+ H 2 HH Br
Hi- H B r-> HD H Br
HH DBr -»• H D H- Br
Hi- D B r->• D ? ^H Br

(H,H)
(D,H)
(H,D)
(D,D)

The reactions are labelled (A,B) where A is the attacking atom and B the atom
under attack—the ejected atom is Br in a l l cases. The experimental findings
(Table 5.1) can be summarized quite simply:
(1) At low c o l l i s i o n energy isotopic substitution has less effect than at
higher c o l l i s i o n energy, but the difference is small.
(2) I f the attacking atom is increased in mass (H D) the reactive cross
section increases.
(3) I f the atom under attack is increased in mass the reactive cross
section decreases.
We have used three d i f f e r e n t theoretical models to investigate these
changes. Q u a l i t a t i v e l y a l l three are in accord with findings (1) t o (3) above
(Table 5.1), though q u a n t i t a t i v e l y there are i n t e r e s t i n g differences.
Two of the three theoretical methods come under the heading of "absolute
rate t h e o r y " , ART (see our last quarterly report, PR-CMa-41, AECL-6846). The
r e q u i s i t e parameters f o r ART can be obtained by the Bond Energy Bond Order (BEBO)
empiricism, or a l t e r n a t i v e l y can be read off a semi-empirical potential-energy
surface termed a LEPS (London, Eyring, Polanyi, Sato) surface. C.A. Parr
previously used a LEPS surface f o r the reaction H + HBr; we have made t h i s
surface the basis f o r our ART-LEPS c a l c u l a t i o n .
Comparison of columns (1) and (2) or (4) and (5) i n Table 5 . 1 . shows that
the ART-BEBO theory is very successful in predicting the observed changesComparison of columns (1) and (3) or (4) and (6) shows that ART-LEPS i s markedly
less successful.
The success of ART-BEBO suggests that the absolute rate: theory, given the
correct input (see our report f o r the previous q u a r t e r ) , i s a useful predictive
t o o l . The shortcomings of ART-LEPS are more l i k e l y to be due to f a u l t s in the
proposed LEPS surface, than to inherent weakness i n ART.
We are in the process of checking the l a t t e r contention by using the same
LEPS surface t o generate cross sections without recourse t o ART. This is
achieved by running 3D classical t r a j e c t o r i e s across t h i s LEPS surface.
Comparison of columns (3) and (7) i n Table 5.1 shows that ART-LEPS and TRAJ-LEPS
are in s a t i s f a c t o r y accord, hence the f a u l t does indeed reside in LEPS rather
than ART.
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This agreement is particularly impressive since there is some question as to
whether ART is applicable under the conditions of extreme thermal disequilibrium
that exibt in our crossed-beam reagents and hence in the activated states
(HHBr)*, (HDBr)*, . . . Our reagents have a selected (enhanced) collision energy
but thermal (300 K) molecular vibration and rotation. The activated state is
presumed, in the ART calculation, to have a 300 K distribution over all its
degrees of freedom; stretching, bending and rotation. In truth the reagent
translation might give rise to significant deviations from thermal equilibrium
populations in the activated state. Were this the case i t would be evident as a
discrepancy between ART-LEPS and TRAJ-LEPS, since the latter makes no assumption
regarding the state of motion in the activated configuration; all intermediate
motions follow from the i n i t i a l state motions and the nature of the potential.
In fact there may be evidence in our work of a discrepancy between ART-LEPS and
TRAJ-LEPS for the Parr surface at enhanced collision energy (compare columns (6)
and (7) in Table 5.1); we cannot be sure of this until we improve the statistics
in our trajectory study.
In view of the satisfactory agreement between ART-LEPS and TRAJ-LEPS at
moderate collision energies, we conclude that ART works well under these
conditions and for this family of reactions (other theoretical work has indicated
that "early barrier" surfaces of this type represent the most favourable case for
the application of ART). I t follows that the disagreement between ART-LEPS and
experiment (columns (1) and (3)) is indicative of a significant flaw in the
particular LEPS surface that was used.
We believe that we have identified this flaw; the barrier crest comes too
"late" along the reaction coordinate. We propose to modify the LEPS surface
accordingly. The logic of this argument leads to the conclusion that we shall
then have arrived at a LEPS surface that more truthfully represents the forces
that are operative in these exchange reactions.
The heartening indication from this recent work is that ART, and more
particularly ART-BESO, can be used to predict isotope effects in exothermic
exchange reactions (early-barrier reactions) over a considerable range of
collision energies. Our preliminary data (previous quarterly report) raised
doubts in this connection, which have proved unwarranted.
In future work we hope to examine the isotope ef.ects in this family of
reactions as a function of the vibrational and rotational excitation in the
molecule under attack. This should not only shed further light on the limits of
applicability of ART, but should also permit us to improve the LEPS surface in
other regions of configuration-space explored by trajectories with different
i n i t i a l excitation.
Two papers are in preparation which will report in greater detail on these
findings.

Table 5.1
Experimental and Theoretical Reaction Cross Sections, Normalized
to H + HBr
*.18 kJ/mole

Reaction
Expt.

rel = 2 9 .3 kJ/mole
ART
Expt.
BEBO LEPS
(5)
(6)
(4)
E

E.rel=9.64 kJ/mole

(1)

BEBO
(2)

ART
LEPS
(3)

(H,H) H+HBr

1.00

1.00

1.00

1.00

1.00

1.00

1.00

(D,H) D+HBr

1.04

1.07

1.65

1.32

1.18

1.84

1.25 0.23

(H,D) H+DBr

0.67

0.87

0.37

0.74

0.87

0.37

0.37 0.11

(D.D) D+DBr

0.94

0.95

0.58

1.16

1.04

0.66

0.46 0.11
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