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CHEMISTRY AND MATERIALS DIVISION

SUMMARIES

SOLID STATE SCIENCE BRANCH - I.V. Mitchell

Ion Penetration Phenomena

Ranges and range straggling have been measured for 35 keV ^He ions implanted
into 14 different metal targets. Both quantities show a marked oscillatory
dependence upon material atomic number.

Scattering distributions and energy losses have been measured for heavy ions
transmitted through thin foils and the dependence upon film thickness thus
determined. The importance of electronic inelastic energy loss processes is
evidenced through an unfamiliar variation of specific energy loss, dE/dx, upon
film thickness, over a range of angles within and beyond the multiple
scattering angle. This is understood and apparent inconsistencies between
results from different laboratories are resolved.

Energy loss straggling of ions exiting thin foils is seen to vary with exit
angle and is a sensitive indicator of crystalline texture in metal foils.
Amorphous carbon foils are to be preferred for energy loss studies.
Measurements have been extended from ion atomic number 40 up to 92. The
results are significant for particle identification methods that rely on AE-E
relationships.

Surface Phenomena

Auger yields from ion bombarded single crystal surfaces are affected by ion
channeling. Data have been taken for proton and helium ion channeling in two
different axial directions in silicon and the results may be explained well by
a simple model, parameterized by the adiabatic distance for ionization and the
escape depth for Auger electrons. Applications are foreseen for analysis of
low atomic number impurities in the near surface of medium or high atomic
number solids.

Radiation Damage

Irradiation of dilute AgAl single crystal alloy with 20 keV deuterons or 30
keV 3He ions at 100 K resulted in the formation of Ag-Al defects. The
production rate for Al interstitial s was deduced and was found to be far below
the theoretical estimate for Frenkel pair production.

A comparison has been made by several different analytical approaches of the
damage and anneal behaviour of silicon implanted with either B or BF2 ions.
Through the use of RBS, SIMS and nuclear reaction analysis, a consistent
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A perturbed yy angular correlation apparatus has been assembled and
commissioned. A copper crystal has been implanted with lH-ln and
subsequently irradiated with the ions. The characteristic PAC signature for
He-lHin-vacancy clusters is seen. Trial experiments with single crystal
Ti and Zr show that close to 100% of implanted ^ i n is located on
substitutional sites.

Interdisciplinary Research

Crystals of silicon and germanium have been processed to produce rectangular
slabs suitable for high energy (GeV) particle channeling experiments.
Particle detectors implanted at different locations on the slab faces allow
channeled and non-channeled particle fractions to be mapped as a function of
penetration depth into the crystal.

A bent silicon crystal has been used in place of a magnet septum to deflect a
beam of 400 GeV/c particles. An alternative to a mechanical bending jig (3-
or 4-point) has been realized through deposition of an oxide film, with high
residual stress, onto one face of a semiconductor specimen.

Computations

Calculations have been completed for axial dechanneling of MeV energy protons
in a copper single crystal for temperatures ranging from 35 to 280 K.
Theoretical rates compare favourably with experiment.

The scattering of low energy (1 keV) ions from a copper (110) crystal surface
has been calculated and compared with experiment. The need to include
different vibrational amplitudes for surface and bulk atoms is indicated.

GENERAL CHEMISTRY BRANCH - I. H. Crocker

Radiochemistry and Instrumental Analysis

A radiochemical procedure to separate trace quantities of Ra-226 from Ba in
environmental samples has been devised which permits preparation of massless
sources for alpha counting.

Work is continuing on a procedure for the determination of Sr-90 in
incinerator ash.

Chromatography and Recycle Fuel Analysis

A liquid Chromatographie procedure for a very efficient determination of CAN-
DECON reagents has been developed and tested. With it the concentrations of
oxalate, citrate, EDTA, Fe and Ni can be observed throughout reactor
decontamination operations.

A high performance liquid-chromatography facility has been established in the
glove box that is interfaced with the analytical hot cell in Bldg. 250. Thus
Chromatographie behaviour of the actinides can be studied, and Chromatographie
burnup procedures can be used on a-active fuels. Waste management and
advanced fuel studies will both directly benefit.
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Analytical chemistry support of the recycle fuel fabrication laboratory
continued throughout the period in support of the campaign to fabricate 1510
elements of (Th,2%Pu)02.

Gamma Spectrometry and Radiochemistry

General Chemistry personnel designed and supervised building of a micro-
computer-controlled gamma-spectrometry counting system for measurement of the
doping neutron flux for silicon transmutation in NRU.

Mass Spectrometry of Fuels and Moderator

Work continued on equipping the thermal ionization source mass spectrometer
with a pulse-counting system to improve its sensitivity for isotopic abundance
measurements. Concurrently, the minicomputer-controlled data acquisition and
control system supplied as original equipment in 1975 has been replaced with a
modern personal-computer based system.

Considerable progress was made in standards preparation and calibration. In
heavy water, our new absolute method for standardizing was published in Anal.
Chem. 56, 386-389 (1984). In light water, a series of absolute determinations
of D a"nïï H at the~0.2 ppm (atomic) level by mass spectrometry and
distillation are in progress. Lanthanum, neodymium and thorium secondary
standards were prepared and calibrated for several groups.

A comparison of five methods of determining boron in heavy water moderator was
accepted for publication in the Canadian Journal of Chemistry.

Electroanalytical Chemistry

Attempts to adapt potentiometric and voltammetric techniques to
non-destructive in-situ measurements of H in Zr alloys have not been
successful, because, it is believed, of the slow rates of (1) diffusion of H
in the hydride and (2) exchange at the hydride/electrolyte interface.

Emission Spectroscopy and Gas-in-Metai Analysis

A combination of improved technique and apparatus, and many overtime hours,
permitted the analysis of ~1100 samples of very radioactive Zr-alloys from
Pickering Units 1, 2 and 3 and NPD for H and D. All Zr-Nb alloy samples from
Pickering 3 and NPD were found to have uniformly low H and D contents, in
happy contrast to Zircaloy-2 samples from Pickering Units 1 and 2. Work is
continuing as rapidly as possible on a new shielded H and D analysis facility,
which will be usable as well for other very radioactive samples such as
Xe-133.

Burnup Analysis

Refinement of our La-139 Chromatographie burnup method, which has largely
superseded the long-established mass spectrometric burnup methods, continues.
Elimination of a 3% bias between the mass spectrometric and Chromatographie
methods for U0£ fuels is being sought, although the bias is within the
quoted accuracy limits. A potential source of error is in the fission yield
values used, and this is under study. Use of the Chromatographie method has
eliminated the previously perpetual backlog of burnup samples.
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Commercial

The Branch is involved in various commercial jobs; in fiscal 83/84 5,714
commercial hours worth $384K at current labour rates were worked - equivalent
to —30% of the personnel costs for the Branch. A few of the projects done
during the period were:

(1) Two preparations of high specific activity CH^Br for use by the
Process Analysis Services team for measurement of pipe-line flows.

(2) Analysis of B-10 in moderator from Pt. Lepreau, Gentilly, Cordoba, and
Bruce nuclear generating stations.

(3) A 30-day on-site D2O loss test was successfully done on the Korean
CANDU as an important part of its acceptance tests.

(4) A commercial D/H mass spectrometer was incorporated into a CRNL system
for the Dept. of Earth Sciences, Univ. of Waterloo. The job was done
within estimated cost, on time, and according to specifications.

PHYSICAL CHEMISTRY BRANCH - J.P. Butler

Radiation Chemistry

The radiolysis of NO in the presence of Ar, No and He has been studied as a
function of additive pressure. The reaction between NO and N02 (a radioly-
sis product) to form N0O3 has been analyzed in terms of the Lindemann-
Hinshelwood mechanism for association reactions. The results show that N2
and Ar act as equally efficient moderators while He is a factor of two less
efficient.

The radiolysis of I" solution, saturated with N2O, has been studied. A
complex equilibrium among the product species I2, I3, HOI and 10" is
expected, and I2, I3 and 10" have been observed using optical spectros-
copy; however, the participation of HOI in this system has not yet been
confirmed.

The reduction of Uranyl ion, U(VI) by the radiation produced 2-propanol
radical has been studied over a range of pH. For pH less than 1.4 (G(U(IV))
is equal to 0.5 G((CH3)2C0H)). However, above pH2, U(IV) is oxidized by
the radiolytically produced H2o2 thus G(U(IV)) = 0.5 G((CH3)2C0H) -
0.75 G(H202).

Isotope Separation

A multiphoton absorption (MPA) study of HF laser photons in ethanol shows the
MPA cross section to be quite insensitive to changes in pressure and fluence.
This behaviour greatly contrasts with methanol (which shows a complex pressure
and fluence dependence) and is thought to be characteristic of "large" versus
"small" {like methanol) molecule behaviour.

Kr il; non-linear effects due to both non-linear absorption and self-defocussing
were observed for propagation of a C02 laser beam by CDF3.



(v)

For a combined study of CO2 laser-induced MPA and luminescence of OSO4 an
intensity dependence for the distribution excitation among the absorbing
molecules has been observed for the first time.

Anion exchange resins, either in whole or in crushed form, are shown to be
more effective catalysts for isotopic exchange between HOD and CHCI3 than is
OH" added as NaOH. Moreover, the isotopic exchange rate is at least 10^
times fa-ter than the hydrolysis rate for chloroform and about 10$ times
faster than the isotopic exchange rate for fluoroform at 25°C.

Using NMR spectroscopy the mole fractions of mixed ligand species have been
measured for a series of different relative concentrations of two zirconium
complexes and the corresponding equilibrium constants have been obtained.

Surface Studies

Modifications of the ESCA-3 are completed except for delivery of the automated
quadrupole and the LEED optics. A very fast cool down of samples, which
reduces contamination is now possible and samples can now be accurately
aligned with a Kelvin probe, a quadrupole mass spectrometer and Fourier
Transform infrared reflection optics.

MATERIALS SCIENCE BRANCH - B. Cox

Surface Chemistry

Studies of hydrogen absorption by zirconium alloys from dilute gas mixtures
(N2 + 1 vol% D2) have been delayed by the steady diffusion of the hydrogen
out of the vacuum system. This problem now seems to have been eliminated.

Experiments to develop a satisfactory preoxidation technique for the long-term
corrosion studies being done on EPRI contract have been successful; the
autoclave tests themselves have revealed some problems particularly with pH12
LiOH tests. The results will be published by EPRI.

Studies of the oxides formed on intermetallic precipitates in zirconium by
Scanning Auger Microprobe are showing interesting differences between the iron
group elements (Fe,Cr,Ni). In particular, the differences in behaviour of Fe
and Ni may help to understand the differences in hydrogen uptake between
Zircaloy-2 and Zircaloy-4.

The elucidation of the electrochemistry of oxide ions in molten nitrates has
continued with successful experiments on the passive film on iron; other
studies of passive films on iron-based alloys have been necessary for under-
standing the behaviour of platinum catalysts supported on oxide films.

Electron Microscopy

The investigation of the newly-discovered hexagonal phase of germanium,
produced by the explosive recrystallization of amorphous germanium films, has
shown the importance of the substrate on which the original film was deposited
in determining the morphology of the crystals. Attempts to produce this
explosive crystallization by techniques other than beam heating in the
electron microscope have, so far, proved to be unsuccessful.
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Much importance continues to be placed on understanding the formation and
properties of hydride precipitates in the zirconium and titanium alloy
systems. The recent observation of a new hydride phase in titanium, analogous
to the ,-ZrH? phase, shows that the Ti/H(D) system is much more closely
similar to trie Zr/H(D) system than the literature suggests.

Metal Physics

Doping high-purity zirconium with a number of solute elements has affected the
rate of damage production by fast neutrons, and shifted the annealing peaks to
higher temperatures (as revealed both by resistivity and positron annihilation
spectroscopy), thus providing evidence for sclute point defect interactions,
and giving a measure of their magnitude.

The irradiation growth experiments in the DIDO reactor at Harwell are
accumulating dose, and are now just about at the stage where changes in
irradiation-induced growth rates might be expected. The next few irradiation
periods on these specimens should prove very interesting.

The electrotransport purification of zirconium is now regarded as routine,
although optimization of temperature time cycles and theoretical assessments
of the effects of contamination continue, aimed at improving the quality of
the product.

The work on understanding the Bauschinger Effect in zirconium alloys has been
extended to comparisons with similar experiments on an isotropic metal (Cu).
These comparisons have assisted our understanding of the mechanism in
zirconium, where much of the effect is ascribed to twinning.

The measurement of internal microstresses by neutron diffraction continues.
Studies of stresses induced by the anisotropy of thermal expansion of
Zircaloy-2 gave values for the expansion coefficients in -a^ and re-
directions in reasonable agreement with literature values for pure zirconium
single crystals, and showed that at all temperatures the basal planes of the
polycrystal were in residual tension, while the prism planes were in residual
compression.

Positron annihilation spectroscopy during isochronal annealing has provided
definite evidence for a vacancy migration stage in zirconium at 250-300 K.
This supports an argument that the vacancy migration energy is lower than
previously thought. Doping zirconium with tin delays the vacancy recovery
stages by ~20 K. \acartcy recovery stages in titanium are similar to those in
zirconium, but with some differences. The positron annihilation signals from
deformed zirconium, and its thermally-activated recovery, suggest that they
are caused by vacancy loop and cluster defects; only a small vacancy
concentration (~10~6 atom fraction) can be quenched into zirconium from
1110 K.

The new positron lifetime apparatus is now working well, although optimum
performance must await air-conditioning of the laboratory and the arrival of
faster phototubes.
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1.2 ION PENETRATION

1.2.1 Depth Profiles of 35 keV 3He Ions in Metals

- W.N. Lennard, H. Geissel, D. Phillips, R. Hill and D.P. Jackson

The depth profiles of 3He implanted at 35 keV into 14 metal targets have
been measured via the thermal neutron reaction 3He(n,lH)3H using the N4 beam
line at the Chalk River NRU reactor. The profiles obtained from the energy
distribution of the emitted protons show a marked Z2-oscillation in both the
most probable depth and depth straggling. The results are shown in
Figs. 1.2.1.1 and 1.2.1.2. Monte Carlo calculations of these quantities are
currently in progress to compare with the experimental data. For some
materials (Ti, Nb, Ag, Au) we have investigated the effect of 3He fluence
(10*7 cm~2 to lQl° cm~2) and target predamage. Analysis of the latter data is
still in progress.

1.2.2 Low Energy Heavy Ion Stopping Power Measurements in Polycrystailine
Targets

- H. Geissel, W.N. Lennard and D. Phillips

Target properties can complicate the interpretation of stopping power
measurements. For example, it is well known that the oscillations in stopping
powers as a function of atomic number are more pronounced for channeled
particles than for particles penetrating through amorphous targets. However,
due to energy loss straggling and the limited resolution of the detector
system, it is often difficult to recognize the influence of target texture in
these experiments.

We have investigated polycrystalline Al, Cu, Ni, Ag, Au and Bi stopping
foils using our new time-of-flight angle spectrometer (PR-CMa-65, AECL-8269,
Section 1.2.3). Multiply-peaked energy loss spectra have been found in Al, Au
and Bi for 0.8v0 Ne ions (v0 = Bohr velocity) measured at an emergent angle, a.
of 0°. The highest energy component of the distribution was due to channeling,
which was confirmed by varying a. Systematic measurement of the energy loss
straggling as a function of jt proved to be a unique tool to discover the
influence of channeling in polycrystalline materials where the multiple peak
structures in 0°-measurements were not resolved. The straggling values show a
minimum for a near the critical angle for axial channeling. Cu and Ni foils
showed the smallest influence of target texture. We conclude that of the seven
materials, only carbon can be made into amorphous foils suitable for our energy
loss measurements.
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Fig. 1.2.1.1 Most probable projected ranges, Rp, for 35 keV
 3He ions in 14

metals. The implanted fluence was 1 0 ^ cm~2 for all targets.

50 -

Fig. 1.2.1.2 Depth straggling, AR, for 35 keV 3He ions as a function of target
atomic number, Zi- The experimental values were corrected for
the effects of detector resolution and straggling of the emitted
protons.
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1.2.3 Thickness and Angle-Dependent Energy Loss Measurements

- W.N. Lennard, H. Geissei and D. Phillips; H.R. Andrews and D. Ward
(Nuclear Physics Branch)

We have measured both the angle and thickness dependence of heavy ion
energy loss (AE) for a number of projectile (Z^) species in carbon foils at
v = 0.8v0 (v0 = Bohr velocity). Several other groups (1,2) have reported
results for the thickness dependence (target thickness AX) of AE/AX and there
is no agreement at present as to whether AE/AX increases or decreases with
increasing target thickness. Our new measurements show the same increase of
A E / A X with AX at 0° emergence angle (a) as reported earlier (3). However,
measurements for non-zero a-values show that AE/AX decreases with increasing AX
for a exceeding a tew degrees. The effect is quite dramatic for wery large
Zj: for 83Bi ions, AE/AX is 2.5 times larger at a = 2.4° than at a = 0° for a
4.8 yg cm"2 carbon target.

We conclude that the thickness dependence of heavy ion stopping is a
meaningful quantity only if the projectile emergence angle is specified. This
result appears to resolve discrepancies in the literature.

(1) P. Mertens and Th. Krist, Phys. Rev. B 25 (1982) 5591.

(2) J. Reid and P.J. Scanlon, Nucl. Instr. and Moth. jTO (1980) 211.

(3) W.N. Lennard, H.R. Andrews, B. Dubé, M. Freeman, I.V. Mitchell,
D. Phillips and D. Ward, Nucl. Instr. Meth. 205 (1983) 351.

1.2.4 Angular Distributions for Heavy Ions Transmitted Through Thin Carbon
Foils

- W.N. Lennard, H. Geissei, D.P. Jackson and D. Phillips; K. Winterbon
(Theoretical Physics Branch)

We have measured the angular distributions for Ne, Ar, Xe and Bi
projectiles transmitted through thin carbon foils (~ 5 to 14 yg cnr2) at low
velocity, v = 0.8vo (v0 = Bohr velocity). The experimental data have been
compared with theoretical predictions and, for some cases, with Monte Carlo
calculations. The results for 20Ne •+ 4.84 vg cm"2 C are shown in Fig. 1.2.4.1.
The theoretical curve has been convoluted with our angular resolution for
comparison. The data for thicker targets are in good agreement with both
theory and calculations; the observed a\ (= angle corresponding to the half-
width of the distribution) is ~ 5 to 10% smaller than the value predicted for
the thinnest target for all projectiles. Analysis of the data in conjunction
with angle- dependent energy losses for the same targets is continuing.

(1) P. Sigmund and K.B. Winterbon, Nucl. Instr. Meth. 119 (1974) 541.
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Fig. 1.2.4.1 Angular distribution for ^He ions transmitted through a
13.7 yg cm~2 carbon foil. The theoretical curve has been
calculated using a Lenz-Jensen potential. The Monte Carlo
calculations use a Molière potential. The experimental angular
half-width, a^, is 2.51° for these data.

1.2.5 Angular Dependence of *H and ^He Energy Losses in Carbon

- H. Geissel, W.N. Lennard, and D. Phillips; H.R. Andrews and D. Ward
(Nuclear Physics Branch); K.B. Winterbon (Theoretical Physics Branch)

We have measured the angular dependence of energy losses for 0.5 to
1.1 MeV *H and ̂He ions in carbon foils. The experimental set-up was described
in an earlier report (PR-CMa-65, AECL-8269, Section 1.2.3). Light projectiles
have the advantage that calculations of charge exchange processes and the
energy transfer in a single collision are reliable. Our measurements demanded
a very high stability of the accelerator and the detector-electronic system,
since the results showed an angular dependence (up to 4a^, where a^ is the
half-width of the multiple scattering distribution) of only a few tenths of \%,
which differ drastically from similar experiments of Ishiwari et al. (1). Our
results agree better with the theoretical predictions. Detailed comparisons
are in progress.

(1) R. Ishiwari, N. Shioini and N. Sakamoto, Phys. Rev. A25 (1982) 2524.



1.2.6 Zi Oscillations in Heavy Ion Energy Loss in Carbon Foils

- H. Geissel, W.N. Lennard, D.P. Jackson and D. Phillips; H.R. Andrews
and D. Ward (Nuclear Physics Branch); K.B. Winterbon (Theoretical
Physics Branch)

A low intensity beam from the CRNL High Voltage Mass Separator was used
to measure the specific energy loss of heavy ions, 9<1\<92, at 0.4vo and
0.8vo in carbon, where v0 is the Bohr velocity. This experiment extends the
previous results (1) up to uranium projectiles. Only carbon foils were
suitable (amorphous and elemental) for our investigations (see Section 1.2.2
above). The specific energy loss as a function of the atomic number of the
projectiles is shown in Fig. 1.2.6.1. The results for Zj>40 reveal a new
feature that is not expected from the known Z2 oscillations or from the results
of channeled particles (2); namely, the broad maximum from 1\ = 40 to
1\ - 62. To understand the results quantitatively, the electronic loss of
the projectiles in traversing the stopping medium must bo investigated and the
restricted nuclear energy loss must be subtracted from the experimental data.
We point out that the latter contribution shows no oscillation in our velocity
region. Theoretical calculations of both effects are underway. Our experi-
mental results offer a possible explanation of the lack of resolving power in
AE-E techniques for heavy fission fragment identification where the 1\ reso-
lution is based on the different specific energy loss for neighbouring
elements.

(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker and
N. Rud, Can. J. Phys. J57 (1979) 645.

(2) J. B«Sttiger and F. Bason, Rad. Eff. ̂  (1969) 105.

1.2.7 Time-of-Flight Chamber Development

- H. Michel and G.A. Sims

The TOF (time-of-flight) chamber was open for the first two weeks of
June so that mechanical and electrical modifications to a detector mount could
be carried out.

A stepper motor controller and step counter was built for the TOF
experiment. This allows detector rotation of up to ± 50° in steps of 1.8°.
Temperature monitoring of the detector and motor inside the chamber was also
incorporated.
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1.3 SURFACE PHENOMENA

1.3.1 Deuterium Adsorption on Ni(110)

- T.E. Jackman, J.A. Davies, C.W. S i t t e r ; P.R. Norton and K. G r i f f i t h s
(Physical Chemistry Branch); W.N. Unertl (University of Maine)

The study of the adsorption of deuterium on Ni(110) (PR-CMa-65,
AECL-8269, Section 1.3.3) was continued. Preliminary resul ts have been
obtained using the recently developed LEED data acquis i t ion system (PR-CMa-65,
AECL-8269, Section 3 .4 .2 .1 (b) ) . B r i e f l y , i t w i l l be possible to gain useful
information about the mechnisms of the phase t rans i t ions by monitoring
simultaneously the growth or decay of several d i f f rac ted beams, each of which
is associated wi th a d i f fe ren t surface phase. These measurements w i l l be
resumed upon completion of the chamber modif icat ions (see Section 1.3.2).
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1.3.2 Progress on the New Two-Level UHV System

- C.W. Sitter

The ultra-high vacuum (UHV) chamber, associated electronics and the
differential pumping bench attached to the 2.5 MV Van de Graaff were dismantled
and removed from the target room, because of the building modifications. The
chamber pump bench is now at a temporary location, which wi l l allow a number of
tasks to be completed. The diffusion pumps have been stripped and cleaned.
The new two-level UHV chamber was installed on the chamber pump bench and
leak-tested to 2xlO~8 Pa: we expect further baking of the system to lower the
base pressure to ~ 6x10-9 Pa. In addition, modifications to the gas manifold
system to increase control and ease of operation are almost complete. The
hydraulic CMA bellows drive system, which was supplied by the University of
Guelph in conjunction with the ion-induced Auger experiment (see PR-CMa-62,
AECL-7909, Section 1.3.1), has passed in i t i a l tests. Unfortunately the bellows
have developed two major leaks; the f i r s t has been repaired by laser welding
(by L. Bourque, Fuel Engineering Branch), and a second weld wi l l soon be
attempted.

Future developments wi l l include the transfer of all fac i l i t ies (e.g.
LEED, work function probe, sputter gun) from the oid chamber to the new
two-level chamber, which wi l l require a few modifications to shutters. Upon
completion of a l l the modifications (coupled with the previous completion of
the two-level goniometer), the chamber wi l l be installed, via the differential
pumping bench to the Van de Graaff accelerator beam l ine.

1.3.3 The Effect of Channeling on MeV Ion-Induced Auger Electron Production
in Silicon

- J.A. Davies and T.E. Jackman; J.R. MacDonald (University of Guelph);
L.C. Feldman and P.J. Silverman (AT&T Bell Laboratories)

We have previously reported (PR-CMa-64, AECL-8108, Section 1.3.3) that a
reduction of more than 50% was observed in the Si KLL Auger electron signal
when a 2.0 MeV He+ beam was aligned in a <111> direction and that this
reduction could be understood in terms of a simple model.

We have extended that study to include measurements of the Auger signal
as a function of the angle between the incident ion beam (0,5 to 1.8 MeV; H+

and He+ beams) and the [110] axis (Si(111) crystal). The actual data are
quantitatively superior to those previously obtained because the ion beam
current integration was done for each individual point in the electron energy
scan, as opposed to the averaging process used before. This allowed for a more
detailed examination of the validity of the proposed model.

Figure 1.3.3.1 compares the angular dependence of the magnitude (upper
panel) and energy width (lower panel) of the Auger signal with the RBS yie ld,
which was measured simultaneously. These results suggest that the technique
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may prove useful for those near-surface lattice location studies in which RBS
is not applicable. Using the simple model, the comparison of the predicted
Auger yield with the experimental data was excellent.

This work is being prepared for publication. Upon completion of the
target room modifications, we plan to measure the lattice location of Al in a
GaAlAs crystal (PR-CMa-61, AECL-7780, Section 1.3.2) as the first application
of the technique.

1.3.4 Calibration of Ion Sputtering Rates

- T.E. Jackman; R.L. Tapping and R.D. Davidson (System Materials Branch)

This work is completed and a report is being prepared for publication.



1.3.5 RBS & NMA Studies of the Oxide Layer on Stainless Steel 304

- T.E. Jackman and J.A. Davies; R.L. Tapping, R.D. Davidson and
E. McAlpine (System Materials Branch)

1.3.6 Nuclear Reaction Analysis for

- J.A. Davies, T.E. Jackman and H.H. Plattner

We have begun preliminary measurements to determine the {p,)
cross-section relative to the l*O(d,pj)17o using thin (frozen) molecular gas
targets as has been done recently for 14N (see PR-CMa-65, AECL-8269,
Section 1.3.6). We plan to use both 15N_14N_O and 15N-0 in this study. These
measurements have been temporarily interrupted until the building modifications
have been completed.

1.4 RADIATION DAMAGE

1.4.1 Defect Production by Light Ion, Low Energy Irradiations in Aluminum

- M.L. Swanson; J. Btfttiger, B. Dam and S.K. Nielsen (University of
Aarhus)

Measurements of the production of free interstitial s due to 15- and
20-keV D+ and 30-keV He+ irradiations of Al containing 0.05 to 0.1 a W Ag
have been carried out. The irradiations and the subsequent channeling analysis
were performed at 100 K, i.e. at a temperature where interstitials are freely
migrating but vacancies are not. Interstitials that escape vacancy capture are
trapped by silver atoms, creating Al-Ag <100> mixed dumbbells that can be
detected by means of the channeling technique. The measured interstitial
production is much lower than theoretical estimates of the number of Frenkel
pairs produced, neglecting recombination in the calculations. In addition to
measuring the interstitial production rate, we observe extremely high defect
concentrations at higher irradiation doses. In contrast to the annealing of
the dumbbells, these structures anneal out above room temperature.

1.4.2 Residual Damage in BF?- and B -implanted Si

- M.L. Swanson and H.H. Plattner; W. Vandervorst, D.C. Houghton and
F.T'. Shepherd (Bell Northern Research); G. Carpenter (Energy, Mines
and Resources)

Implantation of BF| ions is a convenient means of achieving very
shallow B distributions in Si and is currently of interest for the development
of VLSI circuits. The effect of implantation of BF£ and B + ions into Si has
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been studied by Rutherford backscattering (RBS), nuclear reaction analysis,
secondary ion mass spectrometry (SIMS), transmission electron microscopy (TEM),
and electrical properties. (See PR-CMa-65, AECL-8269, Section 1.4.3.)

The impurity distributions, residual damage and B-activated fraction in
120 keV BFo and 30 keV B+-implanted Si wafers, before and after thermal
annealing nave been determined- After thermal annealing of the BF£ implant,
examination by TEM reveals a plane of dislocations at the prior amorphous/
crystall ine interface. This residual damage is also detected by RBS-channeling,
and SIMS depth profi l ing shows that F is trapped at the damage plane. Nuclear
reaction analysis of B and F confirm the SIMS results showing that under the
annealing conditions used in this work, almost al l the F is retained within the
Si. The activated fraction of B is lower for BF^-implanted material than for
B+-implanted Si for a dose of 3x10*5 ions cm~2. These results indicate that
a combination of several complementary techniques is required to obtain a
complete understanding of the impurity distributions and residual damage in
these layers.

The results wi l l be presented at the Second Canadian Semiconductor
Technology Conference, 1984 August.

1.4.3 Chromium Nitride, Martensite and Amorphous Zone Formation in Nitrogen
Implanted Single Crystal Austenitic Stainless Steel

- M.L. Swanson, I.V. Mitchell and H.H. Plattner; J.L. Whitton, G.T. Ewan
and M.M. Ferguson (Queen's University); G. Celotti and A.V. Drigo
(Universities of Bologna and Padua); W.A. Grant (Salford University)

Single crystals of austenitic stainless steel (70:17:13 of Fe:Cr:Ni)
have been implanted with 1$N over the dose range 2.5x10*5 to 1.5x10^ ions cnr^
at various energies between 25 and 165 keV at room temperature. Rutherford
backscattering of MeV He+ was used to detect the implantation-induced disorder
levels, while the nuclear reaction ^U(p,a)^C identified the latt ice site
location of implanted N as the octahedral i n te rs t i t i a l . Transmission electron
microscopy and diffraction studies have been used to observe the bombardment-
induced martensitic and amorphous zones at 293 K; for non-implanted crystals
the austenite-to-martensite formation occurs only on cooling to -98°C. Low
angle x-ray measurements of both austenite and ful ly transformed martensite
implanted with 5x10*6 N cm~2 revealed the presence of Cr2N (and probably Fe2N)
only in the martensite crystal. Mononitrides were not observed. We continue
these studies to see i f Cr2N can also be observed in bombardment-induced
martensite and to look for a correlation between formation of Cr2N and marten-
s i t ic zones as a function of bombardment dose.



1.4.4 Collision Cascades in Ge

- L.M. Howe, M.H. Rainville and S.J. Glass

Recently, Kalitzova et al. (1) analyzed the damage produced in {100},
{110} and {111} oriented Ge single crystals implanted at room temperature with
46 keV Te to fluences from 1.3X10*2 to l.OxlO1^ ions cm"2. The beam direction
during implantation was oriented to within 6° or 7° of the specimen normals
(critical channeling angles ĉ for 46 keV Te in Ge are (1): ^100> = 4.3°,

* £ m > = 4.8° and «J^110> = 5.6°). The resulting implantation damage was
analyzed using transmission electron microscopy of surface replicas, reflection
electron diffraction and MeV He ion channeling. The authors report differences
in the number density of the damaged regions as well as differences in the
characteristic structure of the regions (TEM of surface replicas) depending
upon the orientation of the crystals. Their channeling results suggested that
at low ion fluences (~10^ ions cm~2) there was more damage produced in <100>
oriented crystals than either <110> or <111> oriented crystals, although they
admitted that there was a large amount of experimental uncertainty in this
determination. The reflection electron diffraction results also indicated that
the near-surface damage had different features depending upon the crystal
orientation.

As we demonstrated previously (2,3), direct imaging of the damaged
regions using high resolution transmission electron microscopy is a much better
technique than any of those described above for obtaining detailed information
about the features of the heavily damaged regions of individual damage
cascades. Hence a program has been initiated to investigate the effect of
crystal orientation on the features of the damaged regions associated with
individual cascades. In the first stage of the study, which relates to surface
orientation, sets of single crystal specimens having surface normals within
~0.5° of <100> and <111> were implanted together in a random orientation (i.e.
tilted 7° with respect to the surface normals). Implants were performed at 35
to 40 K with 46 keV Te, 30 keV Bi2 and 120 keV Bi ions to fluences of 1.3xlOn

to 3.0xl0H ions cnr2. These bombardments produce damage cascades
having deposited energy densities ranging from 0.27 to 3.71 eV/atom.

Examination of the implanted specimens in the electron microscope
revealed no detectable differences in the features of the damaged regions
produced regardless of the orientation of the crystal surface. For both the
<100> and <111> oriented crystals, it was found that for the highest energy
density cascade (30 keV Bi2) there was a discrete damaged region formed
within the cascade, whereas for the lowest energy density cascade (120 keV Bi)
there were multiple damaged regions formed within each cascade, i.e. sub-
cascades had developed. To date, measurements have been performed on the
46 keV Te and the 30 keV Bi"2 implants and these show that the number density,
average diameter and size distributions are identical for the {100} and {111}
crystals. For example, for the 46 keV Te implant the number densities were
3.63X1011 and 3.68X1011 damaged regions cm"2 for {100} and {111}, respectively
and the corresponding average diameters were 4.28 and 4.30 nm. Also, the size
distributions were virtually indistinguishable, as shown in Fig. 1.4.4.1.
Furthermore, for a 46 keV Te implant the majority of the damaged regions have
diameters in the range 2.0 to 7.0 nm. By comparison, Kalitzova et al. (1)
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report that for 46 keV Te implants, the contrast changes in the central regions
of the observed structures could be explained by the presence of etched
channels with cross-sections 6.0 to 8.0 nm in diameter. This certainly casts
some doubt on *he validity of the method used by Kalitzova et al. (1), which
involved chemical etching of the implanted sample down to the peak of the
damage distribution followed by a two-stage replication procedure, to provide
very accurate and detailed information about the damaged regions produced in
individual cascades.

Experiments are presently underway in which {100} and {111} crystals
will be oriented along <100> and <111> during the ion implantation in order to
see if channeling of the incident Te or Bi ion beam has any noticeable effect
on the features of the damaged regions that are produced.

(1) M. Kalitzova, G. Foti, M. Bertolotti, M. Marinelli, G. Vitali and
U. Zammit, Rad. Eff. 69 (1983) 191.

(2) L.M. Howe and M.H. Rainville, Nucl. Instr. Meth. 182/183 (1981) 143.

(3) L.M. Howe and M.H- Rainville, Proc. Tenth Annual Meeting of Microscopical
Society of Canada (Microscopical Society of Canada publication, 1983)
p. 64.
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1.4.5 The Creation and Annihilation of Vacancy-Solute Complexes During
Irradiation of Ni(In) and Ni(Au)

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

Ion channeling investigations, in which the backscattering of 1.5 MeV
Ĥe ions from Ni crystals containing ~0.1 at% In or Au was used to monitor

the fraction f^s
mn> of solute atoms displaced into various <lmn> channels, have

revealed that, subsequent to 35 K irradiations, annealing in the range ~250 to
400 K produced appreciable displacement of both In and Au atoms from their
normal lat t ice sites with ^3s > fds1 0 > > fds ( 1 ) < T h e r e was a ! s o a

peaking of the solute atom yield for angular scans through a <100> direction.
The displacements are believed to arise from the trapping of vacancies at the
solute atoms, thus forming relatively simple vacancy-interstitial solute atom
complexes. These vacancy-solute complexes remain quite stable up to approxi-
mately 600 K and then break up in the region 600 to 750 K. In addition, the
vacancy-solute complexes can be annihilated by irradiation at 80 K where only
in ters t i t ia ls are mobile.

The results provide strong evidence for the formation of tetravacancy-
solute atom complexes in which an in ters t i t ia l solute atom is surrounded by a
tetrahedron of four vacancies. In such a complex the solute atom is displaced
into the centre of a <100> channel and thus into a region of high ion flux (see
Fig. 1.4.5.1). Tri vacancy-interstitial solute atom complexes, in which the
solute atom is at the centre of a triangle of three nearest-neighbour vacancies
in a {111} plane, may also be present. The relatively low values of frfj that
are always observed would certainly be consistent with this interpretation, as
shown in Fig. 1.4.5.1. Theoretical calculations of the effective ion flux
g<lmn> F<lmn> ( w h e r e g<lmn> i s t h e p rObabil i ty that site i projects into the
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given <lmn> channel and F|1mn> is the normalized ion flux at the position i)
have now been performed for the various vacancy-solute atom complexes shown in
the figure for the channeling conditions used in the experiments. The results
shown are applicable to analysis of the Ni(Au) results at 35 K, where the depth
interval 'in which the normalized Au atom yield was determined was 17 to 123 nm.
Similar calculations for Ni(In) at 35 K (17 to 78 nm analysis depth) have also
been performed and calculations applicable to both systems at 280 K are
presently underway. The calculated values of g-jF-j will now be used to perform
a detailed analysis of the fraction of the various types of vacancy-solute atom
complexes that are created or annihilated under different irradiation and
annealing conditions.

(1) L.M. Howe, M.L. Swanson and A.F. Quenneville, Nucl. Instr. Meth. 218
(1983) 663.

1.4.6 Lattice Site Determination of Th and U Implanted into Be Single Crystals

- T.E. Jackman; E.N. Kaufmann (Lawrence Livermore Laboratory);
R. Vianden and P.M.J. Winand (University of Bonn); J.R. MacDonald
(University of Guelph)

Detailed lattice location studies of Th and U implanted into Be single
crystals have been completed. The Th and U were implanted at 50 keV using the
Bell Laboratories ion implantion facility. The Rutherford backscattering yield
from the implant was measured as function of the angle between the incident
1.9 MeV 4He + beam and the <1120>, <1010>, (0001), (1120), (10Ï0) and (1010)
crystal directions. Data for the (1011) alignment was also obtained for a
1.0 MeV 4He + incident beam. The experimental results have been compared with
computer simulations for all six crystal directions. In all cases, the data
were in good agreement with the implant sitting in the ideal tetrahedral site
(± 0.01 nm). This work is being prepared for publication.

1.4.7 Mixing of Implanted Arsenic in Silicon by Oxygen Bombardment

- I.V. Mitchell, M.L. Swanson and O.M. Westcott; W. Vandervorst and
F.R. Shepherd (Bell Northern Research)

A problem in secondary ion mass spectrometry (SIMS) is the possible
redistribution of solute atoms by the sputtering beam (which is often oxygen).
In the present experiments, we have measured by MeV He ion, low-angle backscat-
tering the As atom profiles in 5 keV As-implanted Si, following various
bombardments with 2, 5 and 12.5 keV 0 ions. The energy spectra for 12.5 keV
bombardment show a strong broadening of the As profile: the full width at half
maximum of the As peak increased from ~12 nm to ~ 23 nm at a fluence of
1.3x10*7 0 ions cm~?. Further experiments are in progress to evaluate the
influence of this solute redistribution on SIMS analysis.
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1.4.8 Perturbed YY Angular Correlation Studies of Metals Doped with
Atoms by Implantation and Diffusion

- Th. Wiehert, M.L. Swanson, L.M. Howe, H. Michel, R.D. Werner,
O.M. Westcott and A.F. Quenneville; G.M. Hood, J.A. Jackman and
R.J. Schultz (Materials Science Branch)

With the ultimate goal of performing combined experiments covering three
different techniques, i.e. ion channeling, positron annihilation and perturbed
YY angular correlation (PAC), a prototype version of a PAC apparatus has been
assembled, using four gamma detectors, which allows four time spectra to be
recorded simultaneously by a multi-channel analyser. The realization of this
early set-up is the result of a short-term loan of components by Nuclear
Physics Branch. At the same time, a software package from the University of
Konstanz for evaluation of the experimental data has been installed on the
PDP 11/23, which has an off-line link to the PAC. It is possible to perform
different tasks on the recorded time spectra, such as data handling, modifi-
cation, spectrum display, and least-squares fitting of several theoretical
functions. Thus, the following first results have been obtained.

(1) A Cu single crystal was first implanted at 295 K with 40 keV nilr\+ ions,
and then implanted with 15 keV 4He + ions (dose = 5xlO16 cm" 2). After
annealing at 773 K (600 s) the formation of ̂ I n - H e clusters has been
observed via their characteristic electric field gradient, known from
earlier experiments (1).
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(2) m In has been diffused into Ti and Zr samples to concentrations less than
1 ppm under various conditions. The PAC spectrum of an UllnZr sample is
shown in Fig. 1.4.8.1. After correction for the exponential "äecay of the
UlCd daughter isotope, the data points show the probability for detecting
in coincidence two y-rays from the decay of l^Cd as a function of time
elapsed between their detection. The solid line is a least-squares f i t to
the data points and shows that almost 100% of the l^-In atoms reside on
stibstitutional sites in the Zr la t t ice. The shape of the oscillation
indicates that the sample was nearly single-crystalline. A similar result
has been obtained for l ^

These f i r s t positive results, along with the final upgrading of the PAC
set-up represent a firm base for combined experiments in the next months to
study lat t ice defects in Zr and Ti .

(1) M. Deicher, G. Grübe1, W. Reiner, and Th. Wiehert, Hyperfine Int. 15/16
(1983) 467.

1.5 INTERDISCIPLINARY RESEARCH

1.5.1 Channeling Measurements at GeV Energies at Fermi!ab

- J.S. Forster, I.V. Mitchell; R.A. Carrigan, Jr. {Fermilab);
W.M. Gibson, R. Wijayawardana and V. Tanikella (SUNY, Albany);
B.O. Kolbesen {Siemens AG, Munich)

An experiment to measure "feeding-in" and "feeding-out" (dechanneling)
for planar and axial channeled particles has been made at Fermilab.

A (110) planar slab of silicon crystal was prepared with the long axis
oriented in the [112] direction. Detectors were fabricated by ion implantation
at discrete locations along the face of the sample (see Section 1.5.3 of this
progress report). This device was mounted in a three-axis goniometer and
aligned for channeling with a 100 GeV/c beam of protons and positive pions.
Three detectors, with centre-to-centre spacing of 14 mm, were used. The energy
spectrum from each detector exhibited the usual Landau shape, with a low energy
portion corresponding to the energy loss of channeled particles. By setting
windows during data playback, on the low and high energy regions of each
spectrum, we can correlate the variation in intensity of channeled and
non-channeled particles from region to region down the length of the slab; i.e.
it is possible to measure the "feeding-in" of random particles or "feeding-out"
of channeled particles as the beam moves along the crystal.

Measurements have been made at 30, 60, 100 and 200 GeV/c for (110)
planar channeled particles and at 100 and 200 GeV/c for <112> axially channeled
particles.

Data analysis is underway at Fermilab and at CRNL.
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1.5.2 Demonstration of a Crystal Septum to Replace a Magnet in a Charged
Particle Beam at Fermi lab

- J.S. Forster, I.V. Mitchell; H. Hatton (Applied Mathematics Branch);
S.I. Baker, R.A. Carrigan, Jr. and T.E. Toohig (Fermilab);
W.M. Gibson, I-J. Kim, F. Sun, C.R. Sun, V. Tanikella and
R. Wijayawardana (SUNY, Albany); E.N. Tsyganov and T.S. Nigmanov
(JINR, Dubna); V.V. Avdeichikov (Leningrad); J.A. Ellison (University
of New Mexico); P. Siffert (CRNS, Strasbourg)

Particle channeling in a bent crystal at Fermilab has been used to
replace a bending magnet that delivers a (secondary) beam to the M-bottom expe-
rimental area. A Si crystal 27 mm long by 12 mm high by 0.8 mm wide was
mounted in a four-point, adjustable bending jig. The deflection angle was set
with the jig to 8.9 mrad, as measured by a system of drift chambers in a test
stand. The crystal was then relocated to a position between the two elements
of the magnetic septum.

The beam trim elements were tuned for the magnetic septum so that
particles were transmitted to the experimental area. The magnetic septum was
then switched off and the bent crystal substituted. The bent crystal was
rotated until the deflected beam was observed at the experimental location.

With the crystal septum it was possible to obtain a 400 GeV/c beam at
the experimental location, almost doubling the magnetic septum limit of
225 GeV/c. It is worth noting that this is the highest energy yet at which
channeling effects have been observed.

At 200 GeV/c a beam intensity of 0.03% of the normal beam intensity was
obtained at the experimental location. This is approximately one third of the
calculated beam transmission of 0.1%. The latter figure is based on the end-
face area of the crystal compared with the beam cross-section and on the
acceptance angle for channeling compared with the beam divergence. An improved
transmission would have been realized if the beam line elements had been
retuned for the crystal septum measurement.

A paper has been submitted for publication in Nuclear Instruments and
Methods.

1.5.3 Fabrication of Crystals for Use in Fermilab Channeling Experiments

- J.S. Forster, H.H. Plattner and O.M. Westcott; P. Dmytrenko (Nuclear
Physics Branch); R.A. Ploc (Materials Science Branch); R.J. Toone
(Neutron and Solid State Physics Branch); B.O. Kolbesen (Central
Research Laboratories, Siemens AG, Munich)

The work on developing suitable Si and Ge crystals for channeling expe-
riments at Fermilab has continued (PR-CMa-65, AECL-8269, Sections 1.5.4 and
1.5.5). A right cylinder of high resistivity Si (~ 50 kft-cm) 8.0 cm diameter
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by 1.2 cm thick was received from Siemens. The cylinder axis was almost
collinear with a -111- axis. The (110) planes were located by x-ray back
reflection Laue patterns and a trial slice was cut parallel to the (110) plane.
Final alignment was made with the help of 1.0 MeV ^He ion channeling data.

The Si wafers, 4 5 mm long by 12 mm high with widths between 0.5 and
1.5 mm were lapped and etched to remove surface damage. Five detectors were
formed along the length of the slices by implanting 10^5 atoms/cm^ of ^ B on
one side of the slice and 1 0 ^ atoms/cm^ of 31p On the opposite side. Electrical
connections were made by attaching 0.127 mm diameter Au wire to the implanted
area using a solvent-free, silver-loaded epoxy. The detectors depleted at the
expected voltage and were used in a recent experiment at Fermilab
(Section 1.5.1 of this progress report). It is worth noting that detectors
inade by ion implantation are considerably more robust and less susceptible to
catastrophic failure than those formed by surface barrier techniques.

More Ge crystals have been made, this time using a special jig to ensure
that the implanted H ß area was directly opposite the evaporated Al contact,
obviating an earlier problem (see PR-CMa-65, AECL-8269, Section 1.5.5).

1.5.4 Development of a Compact Cell for Studying Gas/Solid and Liquid/Solid
Interfaces

- J.S. Forster, I.V. Mitchell, D. Phillips, H.H. Plattner and
fi. McGilvray

A small, prototype cell has been designed and constructed, suitable for
f-ioV ion beam studies of liquid/solid and gas/solid interfaces. The solid forms
a transmission window between the cell and an accelerator beam-line vacuum.
The option of ion beam channeling through windows fabricated from single
crystals has been preserved by mounting the cell in a two-axis goniometer and
running flexible lines for delivery and evacuation of the cell fluid.

Tests have been made on a cell closed by a single crystal silicon
window, 3 mm in diameter and 0.5 pm thick. Energy spectra were recorded of
2 MeV He ions scattered from the evacuated cell and from the cell under a
pressure of 2.7 kPa of air and of Xe gas. With the window relaxed (cell
empty), alignment for <100> axial channeling was achieved readily and the
backscattering yield, relative to random orientation, was xmi-n ~ 4.3% for a
centred 0.5 mm diameter beam. This deteriorated to 40%, due to crystal
distortion as the pressure was raised to 2.4 kPa, a result consistent with
earlier measurements (1).

A design modification is under way which, it is hoped, will eliminate
window distortion. Major motivations for this work are a) the search for
short-range order in liquids contacting an atomically-ordered solid surface and
b) the search for evidence of the Helmholtz double layer.

(1) R.B. Alexander, S.C. Johnson, K.R. Padamanabhan and J.C. Bucholz, Appl.
Phys. Lett. 42 (1983) 804.
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1.5.5 Bending of a Thin Wafer of Silicon by an Oxide Coating

- I.V. Mitchell, J.S. Forster and O.M. Westcott; G. Este (Bell Northern
Research)

Interest in the deflection of high energy particles by elastically bent,
single crystals (see Sections 1.5.1 to 1.5.3 of this progress report) has
stimulated a search for methods of bending crystals to a prescribed curvature
but without recourse to bulky, multi-pin bending jigs. Such jigs introduce
unwanted scattering material into the beam; more serious, we have observed
enhanced loss of particles from channeled trajectories in the highly strained
regions around the pins (1). Attempts to deform a crystal by stress build-up
associated with Ne ion bombardment on one face of the slab (PR-CMa-65;
AECL-8269, Section 1.5.1) have met with limited success, due to rapid stress
relaxation under ambient conditions.

In an alternative approach we have taken advantage of the strain
produced in an oxide film deposited on one side of the crystal wafer. Trials
at Bell Northern Research Laboratories show that ZnO films, deposited by
magnetron sputtering, adhere strongly to a silicon wafer and with sufficient
internal stress to produce curvature of the silicon comparable to that achieved
earlier with the bending jigs. Further, no relaxation could be found in a
ZnO/Si specimen that had been archived at room temperature for three years.
Thermal relaxation was observed after a 30-minute anneal at 700 K.

A silicon (110) wafer, similar to earlier specimens (see Section 1.5.3
of this progress report), has had a 3 mm x 8 mm detector implanted at one end
and the remaining length (34 mm) coated on one side with 12 ym of ZnO. A
Dektak profilometer trace indicated that a bend of 48 mrad has been realized.
Despite the strain field, the detector operates acceptably (resolution
~150 keV on 5 MeV a-particles). This permanent bend device will be installed
in a 100 GeV/c test beam at Fermi lab to see if planar-channeled particle
transmission has been improved.

(1) S.I. Baker, R.A. Carrigan, Jr., C. Crawford, T.E. Toohig, W.M. Gibson,
H. Jin, I-J. Kim, M. Pisharody, S. Salman, C.R. Sun, G.H. Wang,
R. Wijayawardana, J.S. Forster, H. Hatton, I.V. Mitchell, Z. Guzik,
T.S. Nigmanov, E.N. Tsyganov, V.V. Avdeichikov, J.A. Ellison and
P. Siffert, Phys. Lett. 137B (1984) 129.

1.5.6 Data Acquisition

- G.C. Ball and E. Hagberg (Nuclear Physics Branch); J.S. Forster;
F.J. Sharp, R. Roiha and M. Shaarani (Mathematics & Computation
Branch)

See PR-P-139, AECL-8554, Section 2.26.
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1.6 ACCELERATOR OPERATION

1.6.1 70-kV Mass Separator

- O.M. Westcott

The following implants were accomplished during the period 1984 January
to June.

Isotope

,D23He
«He
«He
"B
12C
13C
15 N 2

I6/
31p
55Mn
55Mn
63Cu
Ulln
129Te
209Bi

1.6.2 High

Implant
Energy
(keV)

20
20
15
50
30

20-35
30
50

2.5-12.5
30

20-35
40
120
40
46

30-120

Voltage Mass

Implant
Time
(days)

1
1
2
2
5
1
1
2
6
3
1
1
1
2
1

16

Separator

Experimenter

J. Davies
J. Davies
M. Swanson
R. Zee
J. Forster
W. Vandervorst
T. Alexander
J. Whitton
W. Vandervorst
J. Forster
W. Vandervorst
M. Swanson
W. Vandervorst
M. Swanson
L. Howe
L. Howe

Branch

SSS
SSS
SSS

Mat. Sc.
SSS
BNR

Nuc Phys.
Queen's Univ.

BNR
SSS
BNR
SSS
BNR
SSS
SSS
SSS

No. of
Targets

4
4
2
1
14
3
2
2

18
6
3
1

14
2
1

16

- G.A. Sims and H. Michel

Several shut-downs, each lasting about one to two days, were needed at
intervals of approximately one month to repair or replace faulty components.
These included removal and cleaning of the einzel lens system, replacement of
the terminal bias supply, two terminal steerer circuit breakers and two diodes,
and repairs to the Corona Stabilizer Control Unit. Mechanical alterations and
adjustments were also made to the 90° sector analyzing magnet power supply and
to Faraday cup #2.

The remote control for the variable beam intensity slit assembly has
been completed and is installed on the accelerator beam line.

A new generating voltmeter monitor was constructed. This included an
alarm and indicator to signal whenever the terminal potential is outside a
preselected range.
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With these exceptions, the HVMS was used routinely to produce a variety
of ion beams. In addition to those listed in PR-CMa-65, AECL-8269,
Section 1.6.2, beams of the following elements and charge states were obtained
using the foil strioper and DC source: 4He*. 93Nb+, 1 4 7Sm + +, 152Sm+, 1 5 2Sm + +,
174Yb+, 174Yb++) 23&V, 238u++ and 2 3 8 + + +

2 '

Total "beam-on" time during the period 1984 January to June was
470 hours.

1.6.3 2.5 MV Van de Graaff

- G. Kyle

The accelerator ran well for the period of 1984 January to March before
building modifications required it to be shut down. After the shut-down, both
turbomolecular pumps were reconditioned and are now ready for operation when
construction is completed.

The cause of the recent ion-source outages (see PR-CMa-65, AECL-8269,
Section 1.6.3) was an electrical breakdown of the coupling capacitor due to
surface tracking. This problem has been corrected by applying a thin coating
of high resistivity plastic over the entire surface of the coupling capacitor
leading to steady operation of the ion source.

The beam time (in hours) was allocated as follows:

Jan.
Feb.
Mar.

V

25
2

V
7
19
17

3He +

12
2

27

HD +

6
-

4He +

108
96
99

N15

5
-

4 0Ar +

2
-

Total

127
155
145

Total 27 43 41 6 303 5 2 427

1.7 COMPUTATIONS

1.7.1 Axial Dechanneling of MeV Protons in Copper

- L.M. Howe; J.A. Moore and P. Tulonen (Brock University)

Dechanneling of 0.5 and 1.0 MeV protons incident along the <100> and
<110> axes of high quality copper crystals has been investigated for crystal
temperatures ranging from 35 K to 280 K. The normalized yield x(z) (i.e. the
random fraction) was obtained from the experimental aligned and random spectra
using a numerical method (1,2). Account was taken of the difference in the
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stopping power between channeled and random trajectories, the variation of
stopping power and cross-section with energy and the deviation of backscattered
spectra from single scattering theory. Examples of the experimental dechan-
neling data (x(z) versus depth z), which were analyzed using the numerical
method and assuming a value of 0.5 for the ratio of aligned-to-random stopping
power, are shown in Figs. 1.7.1.1 and 1.7.1.2 for 1.3 MeV protons incident
along <110> and <100> axes, respectively.

Theoretical dechanneling curves were obtained using the diffusion model
treatment of Matsunami arni Howe (3). In the theoretical treatment the electron
density p 0 around the centre of the channel is taken into account in the elec-
tronic scattering and a correction factor C n is applied for nuclear scattering.
Values of Cn were obtained using the analytical expression derived by Matsunami
and Howe (3). This yielded C n values of 0.341 and 0.312 for 1.0 MeV protons
incident along <110^ and <100>, respectively. The corresponding values for
0.5 MeV protons were 0.321 and 0.289. The electron density p 0 around the
centre of the channel was treated as a variable fitting parameter. As shown in
Figs. 1.7.1.1 and 1.7.1.2 for the 1.0 MeV proton data, good agreement was found
between the theoretical and experimental dechanneling curves over a fairly,,
large depth of penetration using p 0 = 875 electrons nm~3 (0.875 electrons A~3)
for the <110> channel and p 0 = 733 electrons nm~3 (0.733 electrons A~3) for the
<100> channel. The agreement was equally good for 0.5 MeV protons in 110 and
<100> channels at various temperatures when these same P 0 values were used.

Estimates of P 0 can be made assuming a harmonic approximation to the
continuum potential around the centre region of the channel. This yielded
values of 580 and 444 electrons nnr3 for the <110> and <100> channels, respec-
tively using a Molière potential. However, there is considerable uncertainty in
these estimates of P 0 because 1) there are significant differences between p 0
values calculated using different atomic potentials, and 2) the harmonic
approximation is not entirely applicable for the <110> channel in the fee
lattice where the potential minimum does not occur at the centre of the
channel. However, the ratio Pg l l o >/Pp 1 O O > of the values which were used in the
dechanneling theory to give a good fit to the experimental data was 1.2, which
is comparable to a value of 1.3 for the same ratio, based upon estimates using
a harmonic approximation to the continuum potential. If the 11 outer electrons
(3dlO4s) of the Cu atoms were uniformly distributed throughout the lattice,
this would give rise to an electron density of 934 electrons nm~3.

(1) J.A. Moore, Nucl. Instr. Meth. J74 (1980) 577.

(2) L.M. Howe, J.A. Moore, N. Matsunami and D.R. Wright, Rad. Eff. 70 (1983)
197. ~~

(3) N. Matsunami and L.M. Howe, Rad. Eff. j>l (1980) 111.

1.7.2 Temperature Dependence of Ion Scattering from a Cu(llO) Crystal

- D.P. Jackson; E. Taglauer and G. Engelmann (IPP, Garching, FRG)

Calculations of 1.0 keV Na+ and Ne+ scattering from Cu(llO) single
crystal surfaces have been done using the ARGUS ion scattering code and general
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Fig. 1.7.1.1 Theoretical and experimental results showing the variation of
x(z) with z for 1.0 MeV protons incident along <110> in Cu at
various temperatures.
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Fig. 1.7.1.2 Theoretical and experimental results showing the variation of x(
with z for 1.0 MeV protons incident along <100> in Cu at various
temperatures.
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agreement with the trend of the experimental results (1) was found. However,
it was apparent from this comparison that the vibrational amplitudes of the
surface atoms were larger than those of bulk atoms, the latter being the model
assumed in the calculations.

Further calculations incorporating this effect are now in progress.

(1) G. Engelmann and E. Taglauer, Nucl. Instr. Meth. B j? (1984) 436.

1.7.3 Computer Simulation of Sputtering

- D.P. Jackson; J.A. Kennedy (McMaster University)

The high speed sputtering code reported previously (PR-CMa-64;
AECL-8108, Section 1.7.2) has been tested and shown to reduce the time required
for these calculations by a factor of 20-100. Work is now concentrated on
investigating the consequences of using the various model types available in
the code (i.e. lattice, gas-like solid and liquid-like solid) with the aim of
determining the most realistic one for practical applications.

1.8 PUBLICATIONS, REPORTS AND LECTURES

1.8.1 Publications

Absolute Calibration of 14N(d,p) and 14N(d,a) Reactions for Surface Adsorption
Studies
J.A. Davies, T.E. Jackman, H.H. Plattner and I. Bubb
Nucl. Instr. Meth. 218 (1983) 141-146.

Intercomparison of Absolute Standards for RBS Studies
C. Cohen, J.A. Davies, A.V. Drigo and T.E. Jackman
Nucl. Instr. Meth. £18 (1983) 147-148.

Quantitative SIMS Analysis of Hydrogenated Amorphous Silicon Using Superimposed
Deuterium Implant Standards
P. Williams, K.M. Stuka, J.A. Davies and T.E. Jackman
Nucl. Instr. Meth. £18 (1983) 299-302.

Auger Electron Emission Induced by MeV H+ and He+ Ions
J.R. MacDonald, L.C. Feldman, P.J. Silverman, J.A. Davies, K. Griffiths,
T.E. Jackman, P.R. Norton and W.N. Unertl
Nucl. Instr. Meth. 218 (1983) 765-770.

The Interaction of Oxygen with Pt(lOO): Part I Equilibrium Measurements
K. Griffiths, T.E. Jackman, J.A. Davies and P.R. Norton
Surf. Sei. 138 (1984) 113-124.
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An MeV Ion Scattering Study of the Pt(lOO) Surface During the Catalytic
Oxidation of CO
K. Griffiths, T.E. Jackman, P.R. Norton, P.E. Bindner, E.B. Selkirk and
J.A. Davies
Nucl. Ins t r . Meth. B 2 (1984) 303-306.

Kinetic Osci l lat ions in Oxidation of CO over Pt(lOO): A Study by Rutherford
Backscattering, Nuclear Microanalysis, LEED and Work Function Techniques
P.R. Norton, P.E. Bindner, K. G r i f f i t h s , T.E. Jackman, J.A. Davies and
J. Rüstig
J . Chem. Phys. 80 (1984) 3859-3865.

High Energy Density Col l is ion Cascades and Spike Effects
J.A. Davies
in "Ion Implantation and Beam Processing", eds. J.S. Williams and J.M. Poate,
Academic Press, Australia (1984) p. 81.

Precision Standard Reference Targets for Microanalysis by Nuclear Reactions
G. Amsel and J.A. Davies
Nucl. Instr. Meth. _218 (1983) 177-182.

Sputtering of Frozen Xenon by keV Heavy Ions
D.V. Stevanovic, J.A. Davies and D.A. Thompson
Nucl. Instr. Meth. B 1 (1984) 315-320.

GeV Channeling in Bent Crystals with Slowly Varying Curvature
J.A. Ellison, S.I. Baker, R.A. Carrigan» Jr., J.S. Forster, I.V. Mitchell,
W.M. Gibson, I.J. Kim, M. Pisharody, S. Salman, C.R. Sun and R. Wijayawardana
Nucl. Instr. Meth. B 2 (1984) 9-12.

Deflection of High Energy Channeled Charged Particles by Elastically Bent
Silicon Single Crystals
W.M. Gibson, I.J. Kim, M. Pisharody, S.M. Salman, C.R. Sun, G.H. Wang,
R. Wijayawardana, J.S. Forster, I.V. Mitchell, T.S. Nigmanov, E.N. Tsyganov,
S.I. Baker, R.A. Carrigan, Jr., T.E. Toohig, V.V. Avdeichikov, J.A. Ellison and
P. Siffert
Nucl. Instr. Meth. B 2 (1984) 54.

Search for Pre-Equilibrium Stopping for ^He Ions in Thin Carbon Foils
W.N. Lennard, D. Phillips, I.V. Mitchell, H.R. Andrews and D. Ward
Nucl. Instr. Meth. B 2 (1984) 116-118.

Influence of 1.3 MeV 4He Post-Bombardment on the Depth Profiles of 35 keV 3He
Ions Implanted into Nb and Au
H. Geissei, W.N. Lennard, T.K. Alexander, G.C. Ball, J.S. Forster, M.A. Lone,
L. Milani, D. Phillips and H.H. Plattner
Nucl. Instr. Meth. B 2 (1984) 770-773.

Dependence of Specific Energy Loss on Target Thickness for Low Velocity Ions:
1 60 - C
W.N. Lennard, D. Phillips, I.V. Mitchell, H.R. Andrews and D. Ward
Nucl. Instr. Meth. B 2 (1984) 153-155.
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1.8.2 Lectures

Application of MeV Ion Beams in Surface Science
T.E. Jackman
Invited seminar presented to the Physics Department, Brock University,
St. Catharines, Ontario, 1984 January 27.

Channeling - Atomic Scale Billiards
J.A. Davies
Presented to the Deep River Science Association, 1984 March 30.

Thickness and Angle-Dependent Energy Loss Measurements
H. Geissel
Presented at Werner Brandt Workshop on Penetration Phenomena, Oak Ridge National
Laboratory, 1984 April 9-10.

MeV Ion Channeling and Its Application to Surface Studies
J.A. Davies
Presented at Odense University, Denmark, 1984 May 23 and at Kernforschungzen,
Karlsruhe, West Germany, 1984 June 5.

Rutherford Backscattering Technique for Bdoic Research
J.A. Davies
Invited talk presented 1984 May 30 at an international symposium on "The Nuclear
Accelerator Impact in the Interdisciplinary Field", held at the Instituto
Nazionale di Lenaro, Padova, Italy.

The following three lectures were presented at Surface Canada '84, Montreal,
Quebec, 1984 May 30 - June 1:

1) In Situ Monitoring of the Surface During a Catalytic Reaction
T.E. Jackman, P.R. Norton, J.A. Davies and K. Griffiths

2) Deuterium-Induced Reconstructed Phases on the Ni(110) Surface
K. Griffiths, P.R. Norton, J.A. Davies, W.N. Unertl and T.E. Jackman

3) MeV Ion-Induced Auger Electron Emission
J.R. MacDonaid, L.C. Feldman, P-J. Silverman, J.A. Davies, K. Griffiths,
T.E. Jackman, P.R. Norton and W.N. Unertl

Ion Implantation Damage in Germanium and Silicon
L.M. Howe and M.H. Rainville
Presented by L.M. Howe at the Canadian Metal Physics Conference, Kingston,
Ontario, 1983 June 22-24.

A Canadian Program in Fusion Breeder Blanket R&D
O.P. Jackson
Invited talk at the Canadian Metal Physics Conference, Kingston, Ontario,
1983 June 6.
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The Creation and Annihilation of Vacancy-Solute Complexes During Irradiation of
Ni(In) and Ni(Au) Crystals
L.M. Howe, M.L. Swanson and A.F. Quenneville
Nucl. Instr. Meth. 218 (1983) 663-668.

Scattering and Neutralization of Low Energy He+ and Li+ from Ni(llO) and Adsorbed
Oxygen
E. Englert, E. Taglauer, W. Heiland and D.P. Jackson
Physica Scripta T6_ (1983) 38-41.
Quantitative Analysis of 1st and 2nd Surface Layers by LEIS (TOF)
T.M. Buck, G.H. Wheatley and D.P. Jackson
Nucl. Instr. Meth. ̂ 18 (1983) 257-265.

Mass Ratio Series for the Laboratory Rutherford Cross-Section
D.P. Jackson
Nucl. Instr. Meth. B M 1984) 307-310.

Approximation for the Yield from an Atomic String with Correlated Thermal
Vibrations
D.P. Jackson and J.H. Barrett
Nucl. Instr. Meth. B ^ (1984) 318-321.

Atom Layer Effects in the Scattering of keV Ne from CU3AU
D.P. Jackson, T.M. Buck and G.H. Wheatley
Nucl. Instr. Meth. B ^ (1984) 440-443.

Dechanneling Analysis of Disorder in (100) Gallium Arsenide
K.G. Rossiter, R.G. Elliman, I.V. Mitchell, A.P. Pogany and J.S. Williams
Nucl. Instr. Meth. 218 (1983) 639- .

Ion Beam Analysis of Defect Trapping
M.L. Swanson and L.M. Howe
Nucl. Instr. Meth. ̂ 18 (1983) 613-624.

Interstitial Trapping in Fe-Implanted Al After Excimer Laser Annealing
M.L. Swam.on, L.M. Howe, A.F. Quenneville and J.A. Nilson
Nucl. Instr. Meth. 2^8 (1983) 643-646.

Thin Film Adhesion Changes Induced by Electron Irradiation
I.V. Mitchell, J.S. Williams, P. Smith and R.G. Elliman
App. Phys. Lett. 44 (1984) 193-195.

Detection of Vacancy Clustering by Combined PAC and Lattice Location Measurements
M.L, Swanson, L.M. Howe, A.F. Quenneville, M. Deicher, H. Hofsäss, G. Lindner,
E. Recknagel and Th. Wiehert
Hyperfine Interactions 15/16 (1983) 379-382.

Vacancy Trapping in Cu-0.1 at.% In
M.L. Swanson, L.M. Howe, A.F. Quenneville, Th. Wiehert and M. Deicher
J. Phys. F: Met. Phys. 14 (1984) 1603-1618.
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2.2 RADIOCHEMISTRY AND INSTRUMENTAL ANALYSIS

2.2.1 226Ra Determination

- D. Everall and K.I. Burns

Work on the procedure for the separation of Ra from Ba in environ-
mental samples has been completed. Separation was accomplished on a small
cation exchange column using dilute (NH^HaEDTA as the eluent (adjusted to
the appropriate pH). Following this, the separated Ra was reworked on a mini-
mum amount of resin and eluted with a small volume of eluent. This allowed
the total Ra fraction to be deposited on an a-source tray, and yielded a
"massless" source after flaming. In this way Ra a-spectra with resolutions
down to 40 keV were possible.

2.2.2 63Ni Determination

- D. Everall and K.I. Burns in co-operation with E. McAlpine of
System Materials Branch

A procedure for the determination of 63Ni in magnetite has been de-
veloped. Nickel-dimethylglyoxime is extracted into toluene and Ni is deter-
mined by liquid scintillation counting. The method was extended for the ana-
lysis of metal coupons and ion exchange resins that were generated as part of
an EPRI contract on corrosion studies. Two coupons and seventy five magnetite
filter bed samples were analyzed. Extensive work was done on two ion exchange
resins.

2.2.3 Uranium Determination

- K.I. Burns and D. Everall in co-operation with B. Mitchell of
System Materials Branch

A number of cement samples were analyzed for uranium content. The
uranium was extracted into diethyl ether, and redissolved in nitric acid after
evaporating the ether. Thiocyanate was then added to form a coloured complex
with the uranium suitable for spectrophotometric determination. This tech-
nique was compared to neutron activation. The neutron activation technique
was found to be less prone to interferences and will be used in the future.

2.2.4 9QSr Determination

- K.I. Burns and L. Catz in co-operation with G. Csullog of Chalk
River Environmental Authority

Analyses for 90Sr in incinerator ash are in progress. After fusing
a sample of the ash the insoluble oxalates are precipitated. Calcium is re-
moved by dissolution in fuming nitric acid and the remaining precipitate is
dissolved in dilute acid and passed onto a cation exchange column. By u|ing
0.75% citric acid eluent yttrium can be separated from strontium. Then Y is
allowed to regrow from the Sr decay. After allowing a suitable time growth
the Y is eluted and measured by 3 counting. The 90Sr in the original ash
can then be calculated and compared with 137Cs activity.
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2.2.5 Atomic Absorption

- L. Courchesne and K.I. Burns

In the past 6 months, the Varian 875 atomic absorption spectrophoto-
ineter has been devoted solely to research on hydride generation techniques for
arsenic, and recently, selenium. An apparently reproducible method for arse-
nic was developed. However, when standards were run as unknowns, the results
were about 20% low. Tracer studies indicated that approximately 20% of the
arsenic was retained in the reactant solution after hydride generation. A
subsequent reagent injection freed most of this residual arsenic as additional
hydride. Attempts were made to "freeze out" the arsine in a liquid-nitrogen
trap, but without success, as the arsine, once trapped, was irretrievable.
Causes of this unexpected phenomenon are not yet apparent. At present, freez-
ing out procedures are being carried out on selenium.

2.3 CHROMATOGRAPHY AND RECYCLE FUEL ANALYSIS

2.3.1 CAN-DECON Analysis

- S.Elchuk and R.M. Cassidy

A liquid Chromatographie method was described previously (PR-CMa-65)
for the determination of CAN-DECON reagents under conditions similar to those
present during reactor decontamination. Since then a number of experimental
conditions have been studied and as a result a more effective analytical
method has been developed. Some of the parameters examined were:

a) Effect of sample and eluent pH on peak shape and sample re-
covery.

b) Effect of time, pH, and temperature on the reaction of NH2OH.HC1
with Fe(III)EDTA.

c) Effect of sample container on sample recovery.
d) Effect of eluent pH and composition on selectivity.
e) Effect of Ni(II) and Cr(III) concentrations on sample recovery.
f) Effect of column packing on peak resolution.

Three different systems were developed and tested during decontami-
nations at the Nuclear Power Demonstration station at Rolphton in 1983
December, at the Pickering 2 station in 1984 January and 1984 April, and also
during decontamination of Pickering 2 end fittings at CRNL in 1984 March. The
most effective Chromatographie system of the three consisted of a silica based
reversed phase (Cie hydrocarbon bonded to 3 mi or 5 m porous spherical sili-
ca) that had been coated with a hydrophobic ion exchanger. A demonstration
separation for this system is shown in Figure 2.3.1.1. This Figure shows that
in addition to the analysis for the three CAN-DECON reagents (oxalate, ci-
trate, and EDTA) this system can also be used for the determination of total
iron (negative peak) and nickel. This system gave analytical results that
agreed with those obtained by other analytical procedures during the reactor
decontaminations but had the advantage that the information could be obtained
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RETENTION TIME

Fig. 2.3.1.1 Separation of CAN-DECON Reagents, Iron, and Nickel on a Silica
Phase.
Experimental Conditions: sample, 20 uL of a 3-fold dilution of
a standard containing 300, 350, 200, 100 and 300 pg.mL"1 of
OXalate, EDTA, CITrate, Ni(II) and Fe(III) respectively; 4 mm x
7.5 cm 3 wn Cie column coated with hydrophobic ion exchanger;
eluent, 1.5 x 10~3 mol.L-1 phthalic acid and 1.8 x 10~3 mol.L
THAM at pH 7.3 in 1% (V/V) acetonitrile in water; flow rate, 2

"1

mL.min
t p

; d e t e c t i o n at 254 nm.

THAM trishydroxyaminomethane
DCTA 1,2-diaminocyclohexanetetraacetic acid
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on one instrument (versus three) and, for most analyses, in a shorter time. A
report describing the application of this technique at reactor decontamina-
tions is in the final draft stage, and a paper describing the chromatography
and chemistry characteristics of the system is being prepared.

2.3.2 Cross Contamination Measurements

- F. Miller, R.M. Oassidy and K.I. Burns

Investigations (PR-CMa-65) were continued into the extent and
sources of cross-contamination for the separation of nanogram to picogram
amounts of metal ions during high performance liquid chromatography. The
radioactive isotope La was used as a tracer to evaluate these effects, and
the collected fractions were analyzed by gamma spectroscopy by W.J. Edwards.

Studies of peak tailing for 10 to 100 ng samples of La showed that
although some tailing occurred, the cross-contamination of La into the next
sample, under normal separation conditions, was of the order of 0.1% or less.
However it was felt that this was larger than it should be and the components
of the HPLC system were examined in an attempt to identify the major cause of
this slow release of La. These studies showed that the injection valve ap-
peared to be the most important factor. Presumably the peak tailing was
caused by sorption, either on the surfaces of the sample loop or on contami-
nants adhering to the surface of the system. To clean the sample loop a
series of cleaning techniques were used including: methanol-water rinses, 0.3
mol.L" nitric acid, and dilute ethylenediami ne tetra-acetic acid solution.
This eventually removed most of the sorption effects. Replacement of the
stainless steel loop with one made of Teflon reduced the tailing of La
peaks to almost a negligible amount.

In an effort to determine if the components of the mobile phase (Cs
sulphonate or hydroxyisobutric acid, HIBA) were the cause of surface contami-
nation or had some other effect on the sorption processes in the sample loop,
these reagents were removed successively from the system. The removal of the
Cg sulphonate had no apparent effect on the sample tailing while the removal
of HIBA from the mobile phase caused a five fold increase in the tailing of
the La. The moving parts of the injection valve contributed slightly to
the carryover adding a detectable spike to the normal slope of the elution
curve when the valve was rotated from inject to load and back to inject posi-
tion.

Although quantitative analytical results can be achieved by using
standardized sampling techniques, variations in the procedure used to add the
sample to the sample loop could change the results by as much as a factor of 2
at the 10 ng level. Direct injection into the sample loop of up to 50% of
loop volume gave quantitative and reproducible results. However, flushing the
sample injection loop with up to 50 loop volumes of sample caused increased
peak heights by up to 50% at the 100 ng level. This enrichment was traced to
surface sorption in the sample loop and could be reduced to negligible amounts
by thorough cleaning of the surface of the sample loop prior to sample injec-
tion.

To check if the sample enrichment in loop injections was strictly a
metal ion adsorption effect, the HPLC system was converted to methanol-water
and standards of benzene and toluene were made up. Direct injection and loop
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injection showed no enrichment of the organic standards in the loop.

These studies are continuing and the above results will be used to
develop procedures for the collection of fractions of a-active elements for
the analysis of waste management samples by a-spectroscopy.

2.3.3 Determination of Lanthanides in New Fuel

- B.w. Hildebrandt, B.M. Recoskie, R.M. Cassidy and C.H. Knight

Existing methods for the determination of Dy, Gd, Eu, Sm in new
fuels near the specification limits involve extraction of the rare earth im-
purities followed by spectroscopic analysis of extractant residues. These
methods have never been very satisfactory. Emission spectroscopy (D.C. Arc)
of the residues is subject to numerous interferences and has been found unre-
liable. More recently "inductively coupled plasma (ICP) emission spectroscopy
has been employed and has provided more reliable analyses; however the ICP
method is itself susceptible to spectral interferences from trace amounts of
the major fuel components. In addition, the methods cannot be extended to
active fuels because of a lack of active facilities.

We are therefore studying the application of liquid chromatography
(HPLC) to this analysis since it has already been successfully used to deter-
mine La in irradiated fuels for burnup measurements. Measurements can be made
on active fuels since HPLC facilities are now available for active work (see
Section 2.3.4).

Initial studies with ThO2 and (Th,Pu)Û2 indicate that the major com-
ponents can be separated from the lanthanides. While further work is required
to adequately determine extraction recoveries, and the effects of Pu and Am on
quantitative measurements, the method appears to have excellent sensitivity.
This has been illustrated by its ability to detect lanthanide impurities in
reagent grade ThÛ2.

2.3.4 Glove Box and Hot Cells

- C.H. Knight, B.M. Recoskie and R.M. Cassidy

A liquid Chromatograph has been assembled in the glove box that is
interfaced with the analytical hot cells in Building 250. A schematic diagram
of this facility is shown in Figure 2.3.4.1. It is now possible to perform
all sample manipulation and Chromatographie separations associated with burnup
determinations within containment. The operation and maintenance of the as-
sociated balances and Chromatographie instrumentation can be done relatively
conveniently as the electronics have been located outside the containment as
shown in Figure 2.3.4.1. Liquid eluents and postcolumn reactants are intro-
duced into the glove box. Waste eluent is transferred, within containment,
into the hot cells for evaporation and disposal.

This system provides HPLC separations of active samples and is now
being used for the determination of burnup. The agreement found with data ob-
tained previously has been better than 1%. This Chromatograph is also being
used for the development of procedures for the determination of lanthanides at
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specification limits in fresh a-active fuels, and for studies on the Chromato-
graphie behaviour of actinide metal ions.

Operation of the facility is somewhat limited by the currently
available data processing equipment; for example, the computing integrator can
not be used to reanalyze data that has been collected previously. This has
proven to be very expensive in terms of the time required for accurate analy-
sis. Alternate data analysis systems are being investigated.

2.3.5 Routine Analysis for Recycle Fuel Fabrication Laboratory

- B.W. Hildebrandt, D.B. Grice, F.C. Miller and R.M. Cassidy

Production of fuel bundles for the W-1010 campaign, which is to
fabricate 1510 elements of (Th,2%Pu)02, continued for all of the reporting
period. In support of this program the following analysis were carried out.

Determination No. of Determinations

Moisture 11
Metallic Impurities 15
Hydrogen 24
Oxygen/Metal RAtio 4
Nitrogen 5
Fluoride 5
Carbon 5
Quantitative Plutonium 23

2.3.6 Non Routine Analysis for Recycle Fuel Fabrication Laboratory

- B.W. Hildebrandt, D.B. Grice, F.C. Miller and R.M. Cassidy

The zinc stéarate binder lubricant presently used in the recycle
fuel fabrication laboratory performs well but has the drawback of plating out
onto the sintering furnace. Because of this a new commercial binder lubricant
was tested. Samples were weighed and then heated to 800"C under a nitrogen
atmosphere to test the burnoff properties in conditions similar to a sintering
furnace. The residue remaining after heating was found to be about 10% of the
initial weight and was mainly carbon. The off gases were very dense and con-
densed as a greasy film a short distance from the heated zone. Because of
this greasy film which easily plugged the filters used in our experiments and
partially plugged roughing filters in a glove box, it was recommended that
this lubricant not be used unless appropriate precautions were taken to treat
the off gases.

2.3.7 Analytical Support for Other Groups

- B.W. Hildebrandt, D.B. Grice, F.C. Miller and R.M. Cassidy

Two rare earth standards, one lanthanum the other neodymium, were
submitted for quantitative analysis. The lanthanum standard is used for the
calibration of a HPLC burnup method while the neodymium is used for calibra-
tion in a mass spectrometric burnup method. Both c+andards were analyzed by
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an EDTA titration method which used a ZnCl2 back titration with an Eriochrome
Black T colorimetric end point. The La standard, which was made up (from ig-
nited oxide) to be 1.024 mg.g , was analysed to be 1,027 mg.g-1 ±0.5%. The
Nd standard, which was made up (from ignited oxide) to be 8.477 mg.g"1 was
analysed to be 8.482 mg.g" ± 0.2%. These results showed no significant dif-
ference between calculated and analysed results.

A request for Thorium standards, one made up from Th metal and the
other from thorium nitrate, was made by the HPLC, mass spectrometric and acti-
vation analysis groups. These standards were prepared and subsequently ana-
lysed for quantitative thorium by the method described in AECL-MISC-218,
Section 2.4.1.

A commercial sample of SiO2 which was manufactured by the sol-gel
process, was submitted for Gd analysis. A portion of the sample was crushed
and leached with 1:1 HNO3 and another portion was dissolved in HF. Both were
then prepared and analysed by HPLC with results that were in good agreement
indicating the leaching method worked well. A sample of U-containing SiÛ2,
which was also manufactured by the sol-gel process, was submitted for U and
SiO2 analysis. The U was leached out of the finely crushed compound and ana-
lysed gravimetrically. The remaining solid was dried at 800°C. The U content
was found to be 17.6 wt% while the solid remaining, assumed to be SiO2, was
found to be 52.6 wt%.

Three samples of (Th,U)02 fuel were submitted by Fuel Materials
Branch for U analysis. The samples were dissolved, separated by ion exchange
and then analyzed for U content by controlled potential coulometry.

2.4 GAMMA SPECTROMETRY AND RADIOCHEMISTRY

2<4-1 Preparation of CH3
82Br

- V. Corriveau, M. Hurteau and W.O. Edwards

Two preparations of CH382Br of high specific activity were made at
the request of Commercial Operations. The labelled methyl bromide was used by
an intercompany (CANDU OP'S, R.C.C., CRNL) Process Analysis Services (PAS)
group for measurements of pipe line flows.

The synthesis apparatus is experimental and, as mentioned previously
(PR-CMa-65), requires replacement with equipment more suitable for production
work. Because of the high fields involved we have decided that no further
preparations will be made with the existing apparatus. A report on the syn-
thesis procedures is in draft form at present, and when released will form the
basis for discussions with the PAS group regarding improved production facili-
ties.

2.4.2 y-Spectrometry and Neutron Activation Analysis

- V. Corriveau and W.J. Edwards

About 1000 measurements were made in this period by Y-spectrometry.
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The distribution by sample origin is given by Table 2.4.2.1. The measurements
include both initially active samples and those from neutron activation pro-
cedures.

Table 2.4.2.1

Distribution of Y-Spectrometry Measurements

NRU 131
System Materials 6
General Chemistry 705
Metallurgical Engineering 100
Commercial 142

2.4.3 Determination of 230Th in Canadian Thorium Sources

- P.M. Ryan, M. Hurteau and W.J. Edwards

The sample pretreatment procedure has been modified in order to
examine some mine waste water characterized by a very low thorium content and
a very high iron content.. Existing simple extraction and alkaline precipita-
tion procedures did not reduce the iron level sufficiently for the post-
irradiation ion exchange separation by the thiocyanate (PR-CMa-65) method.
The excess iron caused the column to plug completely.

A reprecipitation of the hydrous oxide, obtained by the normal pre-
treatment, by fluoride was introduced and eliminated the difficulty. The
fluoride complexed the iron and also coprecipitated thorium and the concom-
mitant rare earths. The latter served as a carrier for the low quantity of
thorium. After separation the fluorides were converted back to nitrates
(fluoride interferes at later stages) and reprecipitated as hydroxides.

2.4.4 Silicon Neutron Transmutation Doping Flux Measurement

- M. Hurteau and W.J. Edwards

For several years the General Chemistry Branch has provided measure-
ments of the Co activity in small (1 cm) cobalt flux monitor wires used in
the neutron transmutation doping (NTD) process. In order to speed the turn-
around time NRU has requested that the General Chemistry Branch design and
provide suitable measurement equipment for use at NRU by NTD staff.

The necessary equipment has been designed, parts ordered and re-
ceived and built. It consists of a Nal(TI) y-detector mounted within a lead
shield and employed as a total y counter. Conventional NIM standard equipment
is employed for pulse amplification, scaling, etc. The NIM sealer is equipped
with an IEEE-488 standard port for control and readout and is controlled by a
microcomputer. The microcomputer system was purchased separately and program-
med specifically to make and evaluate Co activity measurements for neutron
dose determinations.
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In operation the operator places the wire monitor in a small plastic
well over a collimator to the detector, enters the sample and irradiation
parameters at the microcomputer keyboard, and then the equipment provides a
printout of the required dose information. Excepting the keyboard there are
no moving parts or adjustments to be made by the operator.

The equipment has been in operation at NRU for about two months,
after calibration by us. Precision of the results has been ~ 0.5% r.s.d.
and < 1% discrepancy has been observed in remeasuring old monitors previously
analysed by Y-spectrometry.

2.5 MASS SPECTROMETRY OF FUELS AND MODERATOR

2.5.1 Thermal Ionization Mass Spectrometry

2.5.1.1 Pulse Counting Detection System

- L.W. Green and T.H. Longhurst

Work is continuing on a mass spectrometer pulse counting detection
system to improve the sensitivity of isotopic analysis. Good resolution of
signal pulses from noise pulses has been obtained using a new electron multi-
plier and a new pulse amplifier at gains > 10 . However, peak top noise was
still high and efforts to identify its source are in progress. Tests con-
ducted so far indicate that the noise does not originate in either the multi-
plier or its power supply. Unfortunately, after operating at high gain for a
period of time the multiplier underwent several high voltage breakdowns and a
loss in gain.

2.5.1.2 New Mass Spectrometer Automation System

- L.W. Green and J.S. Barsczewski (Design and Technical Service
Branch)

The original automation system supplied with the thermal ionization
mass spectrometer is being replaced with a personal computer-based system to
improve operations and data processing and to permit the use of pulse counting
techniques. The system consists of a 16 bit central processor, a software
package that enables system and data control from BASIC programs, a 14 bit
analog to digital converter for field and current input, a 16 bit digital to
analog converter for output to control the magnetic field, 16 bits of digital
output for controlling the pulse counter, and 32 bits of digital input for
reading pulse count data. The new system has been connected to the mass spec-
trometer, and software for isotopic analysis has been written. The system has
now replaced the previous one for current-mode measurements.
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2.5.1.3 Isotopic Analysis of Zirconium

- T.H. Longhurst

Highly precise (~ 0.1% r.s.d.) isotopic analyses of Zr are re-
quired to test Zr isotope séparation techniques. Strong Zr+ signals with pre-
cision approaching 0.1% r.s.d. have been obtained using the conventional
triple filament technique, when Zr is deposited from nitric acid solution.
Molybdenum contamination in the rhenium filaments interferes but can be cor-
rected by monitoring mass 95.

2.5.1.4 Separation and Mass Spectrometry of Pu, U and Nd in Irradiated Fuels

- N.L. Elliot and L.W. Green

A procedure is being developed for separation and mass spectrometry
of nanogram quantities of Pu and U in irradiated UO2 fuels. It is patterned
after a procedure developed previously for (Th,U)02 fuels (1). A tributyl-
phosphate impregnated resin bead is used to separate Pu and U from a fuel
solution, the acid composition of which is selected to yield optimum selecti-
vity and a suitable Pu/U ratio. Pu and U are then back-extracted from the
bead into HNO3 solution and nanogram quantities are adsorbed onto anion-
exchange disks. A single disk is placed on a rhenium centre filament and Pu
and U are analysed sequentially.

Initial trials for which ~ 1 ng of Pu and ~ 15 ng of U were ad-
sorbed on each disk showed satisfactory signals for U but weak signals for
Pu. This was unexpected since previous measurements with only Pu on the disk
showed strong Pu+ signals for a 1 ng load and because tracer experiments
verified that ~ 1 ng of Pu had indeed been loaded for these trials. Further
work showed that U causes a decrease in the ionization efficiency for Pu, and
thus weakens the Pu signal. Several techniques to enhance the Pu+ signal are
being tested.

(1) L.W. Green, N.L. Elliot and T.H. Longhurst, Anal. Chem. (1983) 55, 2394.

2.5.1.5 Commercial Analyses

- N.L. Elliot and T.H. Longhurst

Analyses for B in moderator continued in support of fuel manage-
ment programs at the Point Lepreau, Gentilly, Cordoba and Bruce Generating
Stations.

2.5.2 Hydrogen Isotope Measurements

2.5.2.1 Deuterium Analysis

- W.M. Thurston and M.W.D. James

The following is a summary of deuterium analyses for the period.
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No. of Analyses

9

44

20

148005

24
250

510

Group

Chemical Company
BGHWP and PHHWP
Ontario Hydro
BHWP
Pickering NGS

Physical Chemistry

Miscellaneous
General Chemistry

Environmental Research

Program

Inter lab comparisons
and standardizations
Interlab comparisons
and standardizations
D2O inventory control
(contract)
H20-H2 exchange on-
line H 2 analyses
H20 analyses
Absolute determination
of D/H content of
water
Stream flow generation
studies

2.5.2.2 D20 Loss Test, Wolsung, Korea

- W.M. Thurston anbd J.P. Van Berlo (CANDU Operations)

A 30 day 0 $ loss test was performed on the Wolsung reactor between
84-01-19 and 84-03-31. The reactor easily passed the test with well below the
maximum acceptable leak rate. Assistance was given to the Korean laboratory
staff in setting up their infra red spectrophotometers for D2C analysis along
with training sessions in the proper use of the instruments and standards.
Several procedures were developed to optimize instrument use for D20 analysis.

2.5.2.3 Mass Spectrometry Assembly

- W.M. Thurston and M.W.D. James

(a) A commercial D/H mass spectrometer was incorporated into a CRNL
system for the Department of Earth Sciences, University of Waterloo. The job
was completed within the estimated cost and delivered on time after meeting
analytical specifications during acceptance tests at CRNL.

(b) A mass spectrometer system previously in use in the Chemical
Engineering Branch was repaired, tested and shipped to Electrolyser
Corporation Limited in Pointe Claire, Quebec for use on the catalytic exchange
program. Transfer of the system included technical training at CRNL and addi-
tional training and instrument set-up at Electrolyser Corporation. Additional
training for PHHWP personnel was also provided separately.

(c) The THN-202 D/H mass spectrometer, inactive for seven years,
has been updated with new electronics and vacuum systems and put into opera-
tion on the H2-H20 exchange program. This mass spectrometer was the first D/H
ratio instrument in service at CRNL (1966) and with the present updating of
components is still a high precision instrument capable of better than ± 0.05%
(of the amount being determined) precision on both hydrogen and water samples.
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(d) A wide-range D/H mass spectrometer system is being assembled
and tested for use on the catalytic exchange program in the Chemical
Engineering Branch. This will be the fourth unit to be built. The prototype
is in use in the General Chemistry Branch and the other two are at GBHWP and
PHHWP.

(e) Maintenance was performed on the mass spectrometer at Port
Hawkesbury during February.

2.5.2.4 Absolute Determination of the Deuterium Content of Heavy Water
Standards Using Distillation and Mass Spectrometry

- W.M. Thurston and M.W.D. James

Our new absolute method for standardizing heavy water has been
published in Anal. Chem. 56, 386-389 (1984). The work demonstrates the con-
formity of the Canadian standard, which was a de facto world standard, with
international comparisons done in the past. It is thus traceable to an inter-
national base.

2.5.2.5 Absolute Determination of the Deuterium Content of Light Water
Standards Using Distillation and Mass Spectrometry

- W.M. Thurston, M.W.D. James and W. De Jong

Continuing the program described in PR-CMa-65, Section 2.5.7, work
has begun on a series of absolute determinations of the deuterium and hydrogen
content of very low deuterium content water by mass spectrometry and distilla-
tion. Preliminary results indicate that our 200 Kg bulk supply has a total
deuterium content of ~ 0.2 ppm (atomic). The method is being refined to try
and reach an accuracy of < ± 0.04 ppm on a series of determinations.

2.5.3 Boron Analysis

2.5.3.1 Comparison of Methods for Boron Determination

- N.L. Elliot, P.L.J. Faught, L.W. Green, J. Gulens, T.H. Longhurst,
J.P. Mislan, P.K. Leeson and E.C. Davey (Electronics Branch)

The comparison of five methods for the determination of boron in
heavy water moderator described in PR-CMa-65, Section 2.5.2, has been accepted
for publication in the Canadian Journal of Chemistry.

2.5.3.2 Boron Isotope Abundance Measurements by Quadrupole Mass
Spectrometry

- A.S. Denovan and K.I. Burns

Ammonium fluoborate was introduced to the quadrupole mass
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spectrometer using a direct insertion probe which was temperature programmed
to 200°C. The following reaction occurs in the mass spectrometer:

> BF3 + NH4F

The parent masses of BF3, 10BF2(M/Z 48) and UBF2(M/Z 49), were measured and
the results are reported in Table 2 .5 .3 .2 .1 .

Table 2.5.3.2.1

Mass Spectrometry of BF3

Run No. Isotopic Abundance (%)

1 20.4 ± 1.9% 79.6 ± 0.5%
2 • 20.3 ± 5.3% 79.7 ± 1.3%

An NBS H3BO3 standard was then combined with NHi+F to y ie ld a NH^BF^ boron
isotopic standard.

H3BO3 + 4NH4F » SNĤ OH + NĤ BF,»

Results of isotopic analyses were:

10B-20.0 ± 0.7% (NBS Value 10B-19.8%)
nB-80.0 ± 0.7% (NBS Value nB-80.2%)

Further experimental work is continuing in an attempt to introduce a sample of
BF3 directly to the mass spectrometer that is free from species that degrade
the mass spectrometer ionization and ion measurement systems.
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2.6 ELECTROANALYTICAL CHEMISTRY

2.6.1 Sulfide Determinations in Ground Water

- J. Gulens

The geochemical characterization of deep ground waters in plutons is
of great importance in understanding the possible interactions that may occur
at a nuclear waste repository site between infiltrating ground water, wastes,
their containers, buffer, and back-fill materials. The presence of dissolved
sulfide unequivocally demonstrates that reducing ground waters are present.
The portable sulfide monitor (PR-CMa-65, Section 2.6.3) was used to measure
sulfide in ground waters from bore holes in gabbroic plutons at East Bull
Lake. Qualitative measurements indicated the presence of sulfide in some of
the bore holes but quantitative measurements were not attempted due to inade-
quate sample purity (presence of drilling water) and/or flow-rate. WNRE per-
sonnel at East Bull Lake are continuing to use the monitor for sulfide deter-
minations.

2.6.2 Electrochemical Measurements of Hydrogen in Zirconium and Its Alloys

- E.F. Hopkins, W.J. Olmstead and J. Gulens

The concentration of hydrogen in zirconium and its alloys is an im-
portant parameter in determining the mechanical properties and behaviour of
these metals. Present methods for measuring this concentration involve either
hot vacuum extraction or isotope-dilution mass spectrometry, and while these
methods are sensitive, they are also destructive and not amenable for remote
or in-situ measurements. Recent publications have suggested that electroche-
mical techniques could be used to determine local hydrogen concentrations in
metals (1,2), but these techniques do not seem to have been applied to zirco-
nium. We hoped that the potentiometric (1) and voltammetric (or controlled
potential) (2) approaches could provide at least qualitative information on
local hydrogen concentrations in zirconium, and could be adapted to non-de-
structive in-situ measurements.

The potentiometric approach is based on measuring the voltage of the
cell

M/M-H/SPC/H+aq/pH electrode

where M-H represents the metal-hydride sample, and SPC represents a solid pro-
ton conductor such as an acidic agar gel, a pressed disc of hydrogen uranium
phosphate (1) or a proton conducting plastic membrane. Provided that: a) the
hydrogen diffusion rate in M-H is rapid and (b) the rate of exchange of hydro-
gen ions across the M-H/SPC interface is also rapid, the measured potential of
the cell should reflect the hydrogen concentration in the metal hydride at the
area of contact with the solid proton conductor (1).

Samples of zirconium hydride were prepared using standard proce-
dures. Coupons of Zircaloy-2 or lengths of pure Zr wire were pickled in an
acid bath and degassed at 450°C under vacuum for 2 h. A known quantity of hy-
drogen gas was introduced into the quartz vessel, the hydriding reaction pro-
ceeded for > 120 h at 500°C and the system was then cooled to < 100'C in
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5 hours. Lengths of pure Ir wire were spot-welded onto the hydrided samples
for electrical contacts. The concentration of hydrogen in some of the
Zircaloy-2 coupons was determined by the hot (1100°C) vacuum extraction pro-
cedure, and the measured value agreed well with the calculated value.

The potentiometric'measurements were not successful. The reproduci-
bility of the potential for a given sample on a given day was reasonable (± 10
mV) but the day to day reproducibility was much poorer (± 50 mV). In addi-
tion, it was not possible to differentiate between samples of widely different
hydride concentration; samples with hydride concentrations differing by over 2
orders of magnitude gave essentially the same potential reading. Similar re-
sults were obtained with all the solid proton conductors studied. The failure
of this potentiometric approach was attributed primarily to slow ion-exchange
reactions at the M-H/SPC interface under open-circuit conditions.

An alternate approach to measuring the surface hydrogen concentra-
tion is to apply a potential to the M-H/solution interface, thereby forcing
ion-transfer reactions to occur. The magnitude of the resulting current is
governed by the diffusion rate and concentration of the hydride-hydrogen.
This approach has been used successfully to determine hydrogen in a variety of
metals (1-4), but we were unable to obtain electrochemical response that could
be attributed to the presence of hydride in the zirconium phase. The electro-
chemical response observed with hydrided zirconium samples was the same as
that obtained for "pure" non-hydrided zirconium. It would thus appear that
for zirconium and its alloys, both the rate of diffusion of the hydride-
hydrogen and its rate of exchange at the hydride/electrolyte interface is too
slow (at room temperature) to permit its measurement by electrochemical tech-
niques. A report describing these studies is being prepared.

(1) J. Schoonman, D.R. Franceschetti and J.W. Hanneken, Ber. Bunsenges.
Phys. Chem. 86, 701-703 (1982).

(2) F. Mansfeld,~~S\ Jeanjaquet and D.K. Roe, Materials Performance, (2),
35-38 (1982).

(3) D.A. Berman, J.J. De Luccia and F. Mansfeld, Metal Progress, 115, (5),
58-61, (1979). "

(4) M.D. Danford, An Electrochemical Method for Determining Hydrogen Con-
centrations in Metals and Some Applications, NASA-Technical Paper 2113,
January 1983.

2.6.3 Oxygen Isotope Analyses

- J. Gulens, W.J. Olmstead, A.S. Denovan with J. Rolston and K. Gale
(Physical Chemistry Branch).
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2.7 EMISSION SPECTROSCOPY AND GAS-IN-METAL ANALYSIS

2.7.1 Inductively Coupled Plasma/Atomic Emission Spectrometry

- J.P. Mislan, P.K. Leeson, P.L.J. Faught and E.F. Hopkins

2.7.1.1 Instrument Automation

An enlarged memory module (128K words) has been obtained for the
minicomputer used for control and data processing with the plasma emission
spectrcmeter. This has provided space for software to permit multielement
analysis and improve present single element capabilities. The software is
being developed currently.

Work is continuing to resolve interfacing and software problems with
a current-to-frequency converter, which will be used in a comparison test with
a point-sampling analogue-to-digital converter.

We have interfaced a 0.5 m monochromator used previously for atomic
absorption measurements to our plasma emission spectrometer to serve as a re-
ference channel for atomic emission measurements with internal standard ratio
compensation. It is hoped that this technique will increase analytical preci-
sion for major components (e.g. alloy analysis) to 0.5%.

2.7.1.2 ICP-AES Analysis of Small Volume Samples

Recently interest has been shown in the utilization of sample
volumes of 1 cm3 or less for multielement analysis by ICP-AES. We are inves-
tigating small volume sampling for potential application to the analysis of
concentrated (evaporated or solvent extracted) samples and radioactive solu-
tions. A commercial nebulizer has been modified to permit complete utiliza-
tion of 1 cm of sample in 10 minutes. Preliminary emission measurements have
given indications that precision and sensitivity are good, but memory effects
are excessive. Work is in progress to reduce the latter.

2.7.1.3 ICP-AES Analysis of U3SiA1

Fabrication of U3S1AI fuel by Fuel Materials Branch has resulted in
the need for elemental analysis to ensure that the composition is uniform.
Atomic absorption has been used for analysis of aluminum and silicon while
uranium has been analyzed by controlled potential coulometry (accuracy of 0.5%
or better). We have analyzed all three elements by ICP-AES and found that Al
and Si (content ~ 3%) can be analyzed to ± 5% while U at 94% could be ana-
lyzed to ± 2%. This analysis will be repeated using internal standard compen-
sation to determine whether each element can be determined to better than 1%
accuracy as desired for quality assurance analysis.

2.7.1.4 Analysis Requests

A summary of the analysis done by X-ray fluorescence and emission
spectroscopy is given in Table 2.7.1.4.1.



Table 2.7.1.4.1

Emission Spectroscopy and X-Ray Fluorescence

Received From

Metallurgical
Engineering Branch
Chemical
Engineering Branch

Fuel Engineering
Branch

R.&I.S. Branch

Environmental
Research Branch

System Materials
Branch

Type of Sample

Welding Rod

Process Feed Water
Catalyst Solutions

Calcium Oxide

Air Filters
Mercury Absorber Solu-
tions

Bore Hole Samples

H-3 Loop Water
Zirconium Oxide

Boiler Deposits
Heat Exchanger scales
Decontamination Solution;
Uranium Solutions
Filter Deposit
Vitrification Solution

Bldg. 250 Distilled H20
Autoclave Solution
Cell Window Oil
Inconel Alloy
Stainless Steel Alloy

No. of
Samples

1

2
9

2

12
2

9

46
6

4
3

; 48
17
1
8

1
1
1
8
8

No. of
Determinations

8

8
20

8

12
4

36

194
24

72
108
288
34
12
18

14
2
8
56
72

Technique*

ICP-ES

ICP-ES
ICP-ES

ICP-ES

ICP-ES
ICP-ES

ICP-ES

ICP-ES
ICP-ES

ICP-ES
ICP-ES
ICP-ES
ICP-ES
ICP-ES
ICP-ES

ICP-ES
ICP-ES
XRF
ICP-ES
ICP-ES

Elements Determined or
Type of Analysis

Composition

Copper
Platinum

Calcium, Hafnium

Lead
Mercury

Iron, Arsenic

Iron
Iron, Cobalt, Nickel
Chromium
Composition
Composition
Iron, Nickel, Uranium
Uranium
Composition
Aluminum, Uranium,
Sodium
Trace Impurities
Phosphorus
Chloride
Composition
Composition

i

I



Received From

Systems Materials
Branch (Cont.d)

General Chemistry

NPD

Fuel Materials
Branch

W.E.&P. Branch

Electronics Branch

Type of Sample

Boiler Water
Cement Leach Solutions

Zirconium Alloy
Process Solutions
Reverse Osmosis Permeate
Iron Standard Solution

Distilled Water
Diffusion Pump Housing
Stainless Steel Coupon
Thorium oxide

Plutonium Oxide
Thorium/Plutonium Fuel
Extraction Solutions
Thorium Metal

D2O Preconcentrate
Heat Exchanger Scale

Thorium Oxide
Thorium Nitrate
Zinc Stéarate

U3SiAl

Cutting Oil
Weld Rod

Connector Deposits

No. of
Samples

78
11
4
28
88
7
1

2
1
1

17

3
5
14
1

8
3

28
2
6

14

3
3

3

No. of
Determinations

244
28
12

168
88
104

2

28
6
6
78

48
70
36
2

48
42

84
28
36

84

9
27

24

Technique*

ICP-ES
ICP-ES
ICP-ES
ICP-ES
ICP-ES
ICP-ES
ICP-ES

ICP-ES
ICP-ES
ICP-ES
ICP-ES

ES
ES
ICP-ES
ICP-ES

ES
ICP-ES

ICP-ES
ICP-ES
ICP-ES

ICP-ES

ICP-ES
ICP-ES

ICP-ES

Elements Determined or
Type of Analysis

Iron, Sodium, Silicon
Uranium, Iron
Cesium
Tin, Chromium,
Molybdenum
Composition
Iron

Impurities
Weld Composition
Nick-el
Gadolinium,
Dysprosium
Impurities
Impurities
Nickel
Gadolinium,
Dysprosium, Samarium,
Europium, Cadmium

Impurities
Composition

Nickel, Iron, Chromium
Impurities
Zinc, Nickel, Iron
Chromium
Composition

Uranium
Composition

Composition



Received From

Mechanical Services
Branch

New Brunswick
Electric Power

Type of Sample

Fabrication Metal

Swarf Material

TOTAL

No. of
Samples

1

1

522

No. of
Determinations

18

18

2328

Technique*

ICP-ES

ICP-ES

Elements Determined or
Type of Analysis

Composition

Qualitative Analysis

in
en

*ES Emission Spectrography
XRF X-Ray Fluorescence
ICP-ES Inductively Coupled Plasma-Emission Spectroscopy



- 56 -

2.7.2 Gas Analysis Mass Spectrometry

- J.P. Mislan, L. Junop, D.K. Solway, L. McDonald and P.K. Leeson

2.7.2.1 H and D Analysis of Highly Active Pressure Tube Samples

During the reporting interval, we continued to analyze highly-
active zirconium alloy pressure tube samples at a rapid rate, while at the
same time we incorporated many improvements to the basic apparatus.
Approximately 1100 samples from Pickering Unit 1 and 2 pressure tubes, NPD
G-07 and G-05 pressure tubes and Pickering Unit 3-J-09 pressure tube were
analyzed for H and D. In addition approximately 100 garter spring and girdle
wire samples were ana1\yzed for H and D. Some samples were of minimum size,
ranging down to 30 mg.

System improvements or modifications are listed below:

1) The data system software has been improved to allow data acqui-
sition and processing of gas sample isotope composition, in triplicate, within
120 seconds (3-fold improvement).

2) An all metal vacuum system for equilibration experiments has
been assembled to replace the original glass vacuum system built around a
mercury diffusion pump. The metal vacuum system consists of an air cooled oil
diffusion pump, high vacuum valves with viton 0-ring seals and a combination
of Penning, Pirani and capacitance manometer gauges for pressure measurement.

This vacuum system has been used to demonstrate that the rate
determining step for the equilibration of H2 with zirconium deuteride at 850°C
is the absorption of head space gas by the hot zirconium metal. Measurements
made with a sample of CRNL deuterided reference material showed that gas
absorption was complete within 120 seconds. Deuterium analysis results for
equilibrated gas recovered from these experiments agreed with values listed
for standards to within ± 5% for 22 ppm D.

3) A moveable lead glass window assembly has been designed for the
batch analysis apparatus and will be incorporated in the near future.

2.7.2.2 New Facility for Automatic H and D Analysis of Active Samples

Funding for a new automatic H and D analysis facility has been
authorized. Design and acquisition of equipment is complete. A small indus-
trial robot will be used to automatically manoeuvre active samples to and from
a single equilibration manifold. A magnetic sector mass spectrometer equipped
with a microcomputer data system has been acquired for hydrogen isotopic ratio
measurements of equilibrated gas samples.

2.7.2.3 Prototype Automatic Analyzer for H and D-in-Metals

The analyzer quadrupole mass spectrometer has been serviced by a
factory service representative. Testing of electro/mechanical analyzer system
reliability is in progress.
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2.7.2.4 Quality Assurance Analysis of Pt Catalyst ty Mass Spectrometry

At the request of Physical Chemistry personnel, we have started an
investigation of Pt catalyst preparations to determine whether Triton X-1OG
(nonionic surfactant), which is used as a wetting agent during catalyst forma-
tion, can later contribute to catalyst poisoning. Preliminary tests of Pt
catalyst deposited on stainless steel screen material have indicated the pre-
sence of thermally desorbed CO2 which could also be accompanied by CO.
Efforts are under way to reduce spectral interference at M/Z 28 by isolating
CO from N 2 and C2H6 by Pt getter ing.

2.7.2.5 Analysis Requests

A summary of gas analyses done by mass spectrometry is given in
Table 2.7.2.5.1.

2.8 BURNUP ANALYSIS

2.8.1 U0 2 Fuel

- R.M. Cassidy, N.L. Elliot, L.W. Green, B.W. Hildebrandt,
C.H. Knight, T..H. Longhurst and B.M. Recoskie

Burnup results obtained by high performance liquid chromatography
(HPLC) and thermal ionization mass spectrometry (TIMS) are being compared for
UO? fuels. Lanthanum-139 is the fission monitor for the former method while
14 +1H Nd is used with the latter. Results obtained for 9 samples from a
Bruce fuel bundle showed a consistent relative difference of 3% between the
two methods. Although this is within the accuracy limits quoted for the ana-
lysis, it is desirable to eliminate the bias, hence the reason for this dif-
ference is being investigated. To date, thorough checks of standards and ana-
lyses have not revealed any errors. U235-depletion results are also being
generated, and so far they fall between results obtained by the methods just
mentioned.

2.8.2 Fission Yields

- N.L. Elliot, L.W. Green and T.H. Longhurst
1 O Q O O Q

Reference values for the thermal fission yields of La from Pu
and 233U show relatively high uncertainties (~ 4% r.s.d.). To reduce these
uncertainties and to perhaps resolve the discrepancy between the burnup
methods described in Section 2.8.1, the La yields for the fission of Pu
and U are being measured. The experiments involve irradiation of precisely
known quantities of highly enriched Pu and U and measurement of l a
and 11+5+llt6Nd contents by high performance liquid chromatography and isotope
dilution mass spectrometry. Current work is concerned with finding a suitable
irradiation container. Thin-walled quartz tubing was used initially, but this
crumbled during irradiation or handling; thicker walled quartz tubing is being
tested.



Received From

Fuel Materials
Branch

System Materials
Branch

Metallurgical
Engineering
Branch

Chemical Operations
Branch

Materials Science
Branch

Fuel Engineering

CPD

Queen's University

Ontario Hydro

Mass

Type of Sample

Zr Fuel Sheath

Zr-2.5% Nb
133Xe in He
Process Gas
N0 2 in He

Zr-2.5% Nb
Zr-2
XL-Alloy
Process Gas
Argonne Experimental
Samples

Fission Gas
Process Gas
Hot Cell Window - Purge
Gas

D 2

D 2 in N 2

Fission Gas
Zr Fuel Sheath
Zr-2.5% Nb

133Xe Production Gas

H Isotope Process Gas

Pressure Tube Coupons

TOTAL

Table 2.

Spectrometr

No. of
Samples

109

144
4
2
2

10
29
4
6
6

40
1
1

8
25

8
8
16

1

1

1191

1623

7.2.5.1

ic Gas Analysis

No. of
Determinations

109

144
46
22
22

10
29
4
6
6

807
11
7

78
164

144
8
16

15

6

1191

2922

Technique*

ID-MS

ID-MS
MS
MS
MS

ID-MS
ID-MS
ID-MS
MS
ID-MS

MS
MS
MS

MS
MS

MS
ID-MS
ID-MS

MS

MS

ID-MS

Elements Determined or
Type of Analysis

H and D

H and D
Composition
Composition
Composition

H
H and D
H
H 2

D

Composition
Composition
Composition

Composition
Composition

Composition
H and D
H

Composition

Composition

H and D

en
oo

*MS Mass Spectrometry
ID-MS Isotope Dilution - Mass Spectrometry
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2.8.3 Irradiation Simulations

- L.W. Green and M.S. Milgram (Applied Mathematics Branch)

Irradiation simulations using the computer codes SOLACE and
FISSPROD3 are being used to generate burnup estimates and effective fission
yields for 139La and 1 4 5 + 1 4 6Nd. A problem with the simulations is that fre-
quently the ournup estimate is in error by a significant amount and this
causes errors in the effective fission yields. Since these burnup estimates
are directly dependent on flux or power levels, which are known to have errors
up to 20%, a program has been written that scales the flux or power values un-
til a best fit of the SOLACE case to an experimental parameter has been ob-
tained. The measured burnup and 2 3 5u/ 2 3 8u ratio have been used as experi-
mental parameters. We believe that the effective fission yields obtained now
are more representative of the particular fuel under consideration. When the
35y/238y ratio is used as the experimental parameter, a "U235 depletion

method" burnup is generated which is useful for comparison with other burnup
values.

2.8.4 U/A1 Fuels

- C.H. Knight, B.M. Recoskie and R.M. Cassidy

Liquid-chromatographic burnup procedures have been investigated for
the determination of burnup for highly enriched U/Al fuels used for the pro-
duction of Tlo. For UO2 fuels the weight of the fuel is used to determine
the amount of UO2 originally present in the fuel, but for U/Al fuels the fuel
alloy is enclosed in an Al sheath. Consequently the fuel itself cannot be
weighed, and the U content must be measured by analysis. This was done by
liquid chromatography as previous results for U determinations (PR-CMa-65,
Section 2.3.3) had shown good agreement with controlled potential couiometry.

These procedures have been applied to 99Mo production fuels that
were beina investigated by the System Materials Branch in an effort to deter-
mine why Mo recoveries were lower than that predicted. The LC results sug-
gested that the computer codes were giving high predictions for the burnup.

2.8.5 Chromatographie Procedures for Burnup

- C.H. Knight, B.M. Recoskie and R.M. Cassidy

Previously we had reported that a Chromatographie procedure, based
on La as a fission monitor, had been developed for the determination of
burnup in U02 fuels. Initial studies showed good agreement (~0.6%) with
mass spectrometric techniques, but further analyses and adjustment of fission
yields (see Sections 2.8.2 and 2.8.3) have shown a bias of 3% (see Section
2.8.1). Analysis of the data has shown that this bias is statistically highly
significant. As this bias was less than the 5% level normally expected for
burnup determinations in general, the Chromatographie procedure is still being
used for routine burnup determinations; however, extensive work has been
directed towards establishment of the source of the bias.
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As the Chromatographie analysis takes much less time than a mass
spectrometric analysis, more studies have been made on the Chromatographie
procedures. Burnup analyses have been repeated several times with changes
made in equipment, standards, and experimental procedures; however, the re-
sults for La have always been consistent to within 1% or less. While
recent studies on low burnup UO2 fuels have shown that subtle baseline distur-
bances from large injections of uranium can, under some experimental condi-
tions, cause a 4% bias, a re-examination of the UO2 fuels showed that this was
not a factor in this case.

Studies have shown that the original fuel solutions have deterio-
rated slowly during storage and this may have been part of the reason for the
observed bias, as not all of the mass spectrometric results were obtained on
samples from freshly dissolved fuel. Consequently new fuels, for which
archive samples are available, will be analyzed by both techniques. An
attempt is also being made to determine the La concentration by an
alternate technique.

2.9 PUBLICATIONS AND REPORTS

2.9.1 Publications

Equilibria Effects in the Dynamic Ion-Exchange Separation of Metal
Ions.
- R.M. Cassidy and Marie Fraser. Chromatographia (accepted for

publication).

Comparison of Methods for Determination of Boron in Heavy Water
Moderator.
- L.W. Green, E.C. Davey, J. Gulens, T.H. Longhurst and J.P. Mislan.
Canadian Journal of Chemistry (accepted for publication).

Kinetic Influences on Studies of Copper II Hydrolysis by Copper Ion
Selective Electrode.
- J. Gulens, P.K. Leeson and L. Seguin. Analytica Chim. Acta 156,

19-31 (1984).

A Portable Monitor for Measurement of Dissolved Sulfide Based on the
Glass/Sulfide-Selective Electrode Couple.
- J. Gulens. Water Research (accepted for publication).

Book Review of "Automated Stream Analysis for Process Control".
Vol. I, O.P. Manka Editor.
- Reviewed by J. Gulens, Analytical Chemistry, Vol. 56, 741A-742

(1984).

Influence of High Gamma Radiation Fields in Response of Ion
Selective Electrodes.
- J. Gulens. Analytical Chemistry (accepted for publication).
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Chemical Analysis Methods for the Recycle Fuel Fabrication
Laboratory.
- R.M. Cassidy and I.H. Crocker. Revision of AECL-MISC-218.

2.10 LECTURES, MEETINGS AND COURSES

2.10.1 Lectures

Modern Liquid Chromatographie Techniques for the Separation and
Determination of Metal Ions.
- R.M. Cassidy. Presented at the University of Western Ontario,
Faculty of Medicine, London, Ontario, 1984 April 26.

Equilibria Effects in the Dynamic Ion-Exchange Separation of Metal
Ions.
- R.M. Cassidy and Marie Fraser. Presented at the CAN- AM Congress

and 67th Canadian Chemical Conference and Exhibition, Montreal,
Quebec, 1984 June 3-6.

Separation and Mass Spectrometry of Nd, Pu and U from U and (U,Pu)
Fuels.
- L.W. Green an'd N. Elliot. Presented at the 32nd Annual Conference

on Mass Spectrometry and Allied Topics, San Antonio, Texas, 1984
May 27 - June 01.

2.10.2 Meetings

R.M. Cassidy attended meetings of the executive of the Analytical
Chemistry Division of the Chemical Institute of Canada, Ottawa,
Ontario, 1984 January 20 and 1984 June 03.

R.M. Cassidy, S. Elchuk and C.H. Knight attended seminar on new
instrumental developments in ion chromatography, Ottawa, Ontario,
1984 May 16.

J. Gulens attended executive meeting of the Electrochemical Society
and Symposium "Applied Electrochemistry", Toronto, Ontario, 1984
February 16-17.

J. Gulens attended American Chemical Society Symposium "Trends and
Accomplishments in Electroanalytical Chemistry", at the National
Bureau of Standards, Baltimore, MD, 1984 June 11-14.

J. Gulens attended meeting to discuss biogeochemistry in relation to
waste disposal at WNRE, Pinawa, Manitoba, 1984 March 26-28.

J. Gulens attended organizational meeting for "Third Workshop on
Analytical Chemistry Related to Canada's Nuclear Industry", Toronto,
Ontario, 1984 May 18.
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J.P. Mislan and P.K. Leeson visited emission spectroscopy
specialists at NRC (Montreal Road) and attended seminar "ICP
Analysis of Geological Materials" at EMR, Ottawa, Ontario» 1984
February 24.

2.10.3 Courses

K.I. Burns and J. Gulens attended Project Management Courses, Deep
River, Ontario, 1984 January 16-18 and March 5-7, respectively.

R.M. Cassidy presented a CIC sponsored course in Montreal, Ontario,
1984 June 2-3.

K.I. Burns, as part of an agreement on technology transfer to
Romania, presented a course on Post Irradiation Examination of Fuel,
Pitesti, Romania, 1984 May 28 - June 09.

B.M. Recoskie, P.M. Ryan, L. Courchesne and L.L. McDonald, D.B.
Grice, D. Everall attended technical report writing courses, Deep
River, Ontario, 1984 April 12,-16 and May 7-10, respectively.
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PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

Branch Head
Secretary

J.P. Butler
R.M. Fraser

Professional Staff Technical Staff

RADIATION AND LASER PHOTOCHEMISTRY

R.D. M
G.V.
A.J.
O.K.
J.W.
R.G.

IcAlpint
Buxton
Elliot
Evans
Fletcher
Macdonald

H.M.
G.R.
.W.

Adams
Fair ley
Goodale
Miller
Padamshi

J.
O.A.

S.
J.

F..B.
F.C. Sopchyshyn
E.M. Verpoorte

Pika3

Selkirk

CATALYSIS AND ISOTOPE CHEMISTRY

J.H. Rolston
k.J.
J.D.
K.

P.R.
E.A.

Franklin5

Halliday
Griffiths
Norton
Symons

P.E.
J.D.

J.
K.L.
K.D.
.W.
.M.

F.
L.
R.R.

Bindner
Bonnett
den Hartog
Gale
McCrimmon
Mol son
Paterson
Tremblay

1. Visiting scientist, commenced visit 1984 June 29.
2. National Summer Student, commenced employment 1984 May 7
3. Concordia University co-op student, commenced

employment 1984 January 3, terminated - 1984 May 11
4. National Summer Student, commenced employment 1984 May 1
5. NSERC Post-Doctoral Fellow.
6. Commenced employment 1984 May 7.
7. Returned from maternity leave 1984 March 19.
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and F.C. Sopchyshyn

(a) Kinetics of N2O3 Formation

The pulse radiolysis of dilute NO mixtures in Ar, He and N2 at 220 K
has been used to study the kinetics of N2O3 formation, reaction [1], see
(PR-CMa-64, AECL 8108 and PR-CMa-65, AECL 8269).

[1] NO + N02 + M + N 20 3 + M

The data were first analyzed (PR-CMa-64, AECL 8108) assuming that reaction [1]
went to completion. These data have now been reanalyzed using the full
Lindemann-Hinshelwod mechanism for association reactions, (1). The reaction
sequence is:

[2] N + NO -»• N2 + 0

[3] 0 + NO + M -• N02 + M

[4] NO + N02 t M *

[5] N20* + M , Î N 20 3 + M
K-5

*

N2O3 is an energized N2O3 molecule whose energy content is greater than the
bond dissociat ion energy of the N-N bond (2.0 kJ/mole) in N2O3 (2) . The
electron beam creates a small concentration of N and 0 atoms (less than 0.2%
of the NO is dissociated) within the Febetron pulse length of 50 nsec. A
steady-state analysis of the reaction sequence leads to the fol lowing time
dependence of the N2O3 concentration:

[6 ] [N203] = [N 2 0 3 ]e q { l -exp( -k 1 t ) }

where the decay constant k ' i s given by

The expression for [N2O3], equation [6], is identical in form to the
previous expression (PR-CMa-64, AECL 8108), however, the equilibrium between
NO, NO2 and N2O3 and the full recombination mechanism is now explicitly taken
into account.

In order to determine the recombination rate constant kr given by
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[8]
k5 [M]

it is necessary to plot k1 vs [NO] for constant total [M]. This plot gives a
straight line of slope kr and intercept Keq where Keq is the
equilibrium constant given by

Keq [NO] [N02]

All of the data have been treated in this fashion. The results are presented
in Table 3.2.1.1.

From Table 3.2.1.1 it is clear that N2 and Ar are equally efficient
at moderating the recombination of NO and N02 while He is a factor of 2 less
efficient. These data show that the reaction [1] is in the intermediate
fall-off region and has not reached a high pressure limit. Currently, experi-
ments are underway to try and extend the pressure range of these
measurements.

Table 3.2.1.1 Recombination rate constants for NO + NO2 •*• N2O3 in the
presence of Ar, He and N2 measured at 220 ± 7 K.

[M] x 10- 1 9
 3 kr x 10

13

molecules cm cm molecules" s~
Ar N2 He

_ _

1.79
3.46
6.01
8.66
17.3

1. J. Troe in "Physical Chemistry an Avanced Treatise" Vol. VI B, edited by
Eyring, Henderson and Jost, Academic Press, New York, 1975.

2. D. de B. Darwent, "Bond Dissociation Energies in Simple Molecules",
NSRDS-NBS 31, 1970.

3.2.2. Radiolysis of Liquid Systems

(a) Radiation Chemistry of Iodine Species in Aqueous Solutions

- J.W. Fletcher & O.A. Miller

The reactor and radiation chemistry of hypoiodous acid (HOI) is still
not completely understood as indicated by the related papers presented at the
1983 British Nuclear Energy Society Conference on Water Chemistry of Nuclear

0.64
0.94
1.6
2.1
2.8
4.7

-
1.9
1.8
2.5
3.0
5.1

-
0.64
0.85
1.2
1.5
2.5
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Reactor Systems (1-5). One of the difficulties of studying the chemistry of
HOI is due to its high reactivity.

A study has been undertaken to form HOI by radiolysis of aqueous
solution. In the radiation chemistry of water the species formed are
indicated in equation [1]

[1J H 20^~+e§, OH, H, H 20 2, H2

The solvated electron (e^) can be converted to a hydroxyl radical (OH) by
the addition of nitrous oxide (N20)

H20
[2] ej + N20 + OH + N2 + 0H~

In the presence of iodide ion (I") the OH will react to form the iodine
radical ion (I2") and hydroxyl ion

[3] OH + 21- • I2- + 0H-

On recombination, iodine (I2) will be formed

[4] I2" + I2" + I2
 + 2I~

The relative concentrations of I2, I3-, HOI and 10" will be determined by
equilibria [5] to [7]

[5] I2 + I" * Is" K5 = 714
[6] I 2

+ OH- t HOI + 1 - K6 = 20

[7] HOI * H+ + 10- K7 = 2.3xlO-u

Thus for an iodide solution (N20 saturated) in a radiation field at
equilibrium I2f I3-, HOI or 10" will be formed, depending on the
conditions. We have been able to demonstrate clearly the formation of I2,
I3- and 10" by their individual optical spectra. As the absorption
spectrum for HOI is not well characterized, confirmation of its formation
could not be as firmly established.

Since HOI is the least stable species in the equilibrium, all species
will be removed mainly via the overall reaction [8] to form I" and IO3-,

[8] 3H0I + IO3- + 21- + 3H+

The rates of loss of I2, I3- and 10" have been determined to be related to
the concentration of HOI. However, there appears to be a secondary effect of
I- concentration on the rate of the overall reaction [8] and this effect is
being studied further.
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The formation of I2 could be demonstrated by observation of its
volatility during irradiation. Under conditions where only HOI would be
formed, no volatile iodine species was observed. Further studies with tracer
iodine are planned to confirm the non-volatility of HOI. When methane was
added during irradiation, evidence for a volatile iodine species was
obtained. This was probably methyl iodide. These results would indicate that
HOI is not volatile; however, unde^ conditions where I2 or organic iodides
could be formed, volatile iodine species would be observed.

1. The Chemistry of Iodine and Cesium under Reactor Accident Conditions.
J. Paquette, S. Sunder, D.F. Torgerson, C.J. Wren and D.J. Wren.
Bournemouth Conf. on Water Chem. of Power Reactions (3) (1983) p. 71.

2. Some Aspects of Aqueous Iodine Chemistry in PWR Environments.
R.J. Bawden, ibid, p. 81.

3. The Decomposition of Aqueous Iodide Solution Induced by Y-radiolysis and
Exposure to Temperatures up to 300°C. W.6. Burns and W.R. Marsh, ibid,
p. 89.

4. Chemical Behaviour and Distribution of Volatile Radionuclides in a BWR
System with Forward-Pumped Heater Drains. Chien C. Lin, ibid, p. 103.

5. Carryover of Volatile Iodine Species in Some Swedish and American BWRs.
E. Linden and D.O. Turner, ibid, p. 111.

(b) Radiolysis of Uranyl Solutions

- A.J. Elliot, S. Padamshi and J. Pik a

The change in G(U(IV)) as a function of pH when deoxygenated 10"3

mol'L"1 uranyl solutions containing 10"1 mol-L"1 2-propanol are y-irradiated
(see Figure 3.2.2.1) is due to a change in the mechanism for the reaction of
U(IV) with H 20 2. This change is illustrated in Figure 3.2.2.2, 3.2.2.3 and
3.2.2.4 for the reaction of 10"3 mol-L"1 U(IV) and 10~3 mol-L"1 H 20 2 with
and without 2-propanol present at pH 0.7, 1.5 and 2.0. In all these reactions
the H 20 2 is completely consumed. At the lowest pH, little U(IV) is consumed
when 2-propanol is present but at pH 2.0, even with 2-propanol present, 75% of
the U(IV) is oxidized by the H 20 2. In the radiolysis experiments this implies
that the U(IV) formed by the reduction of uranyl ions with (CH3)2C0H at pH's
less than 1.4 will be

G(U(IV)) ~ 0.5 G((CH3)2C0H)

while above pH 2.0

G(U(IV)) - 0.5 G((CH3)2C0H) - 0.75 G(H202)

At pH 0.7, H 20 2 reacts with U{IV) by chain mechanism involving the
hydroxyl radical.

Initiation: [1] U(IV) + H 20 2 * U(V) + OH + OH"

Propagation: [2] U(IV) + OH + U(V) + OH"

[3] U(V) + H 20 2 •*• U(VI) + OH + OH"
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o.o

Fi gure 3.2.2.1. Effect of. pH on G(U(IV)) in deoxygenated solutions containing
10-3 mol'L-1 U(VI) and 0.1 mol'L-1 2-Propanol.

12.0

10.0

2.0
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Figure 3.2.2.2. The decay of U(IV) in deoxygenated 10~3 mol'L'1 U(IV)
and 10-3 mol'L" H 20 2 solutions at pH 0.7: (0) No
2-Propanol; (•) 0.1 mol'L- 2-Propanol.
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_1Figure 3.2.2.3. Decay of U(IV) in Deoxygenated 10"J mol»L"x U(IV) and 10*
mol 'L"1 H202 Solution at pH 1.5:
(0) No 2-Propanol; (D) 0.1 mol 'L"1 2-Propanol.
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Figure 3.2.2.4. Decay of U(IV) in Deoxygenated 10"" mol-L"1 U(IV) and 10
mol'L- H202 Solution at pH 2.0:
(0) No 2-Propanol; (o) 0.1 mol-L 2-Propanol
(A) 1.0 mol»L" 2-Propanol
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Termination :

The net resu l t

[4 ]

[5 ]

i s :

[61

U(V)

U(V)

U(IV)

+ U(V) -

+ OH + U(

+ H202 *

U(VI)

VI) +

U(VI)

+ U(VI)

0H-

+ 20H-

CH3
^CHOH
CH3

+ OH + 0.85
CH3
>C-OH

CH3

+ 0. 15
CH2
)CHOH

CH3

Addition of the OH-scavenger 2-propanol will prevent reactions [2] and [5]
through [7]:

[7]

and t h e (CH3 )2C0H r a d i c a l w i l l , i n c o n j u n c t i o n w i t h [ 4 ] , reduce U(V) and U (V I )
back t o U ( I V ) .

CH3 CH3
[ 8 ] U ( V ) ( o r U ( V I ) ) + vC-OH •* U ( I V ) ( o r U(V) ) + ) C = 0

CH3 CH3

At pH 2 . 0 , t h e r e a c t i o n o f H 2 0 2 must p roceed p r e d o m i n a n t l y by a
d i f f e ren t mechanism not involv ing OH radicals as 0.1 and 1.0 mol»L
2-propanol had the same ef fect on the time p r o f i l e (Figure 3 .2 .2 .4 ) . At pH
1.5 (Figure 3 .2 .2 .3 ) , the reaction appears to be intermediate between the two
mechanisms. The change in mechanism may be associated with the hydrolysis of

()

- 1

[9]

An estimate of
" 3mo l ' L - 1 U(IV) and 10"3 mo

+ H20 + U0H3+ + H+

i and k3 was made at pH 0.7. The react ion of 10"3

• L - 1 Ho02 was fol lowed with 0.42 mol-L-1 t -butanol
2 2

present to scavenge the OH rad ica ls . The radical CH2C(CH3)20H does not reduce
U(VI) or oxidize U(VI). A value for k i of ~2.1 x 10"1 L-mol"1 s"1 was
determined by computer f i t t i n g the time p r o f i l e U(IV) (see Figure 3 .2 .2 .5 ) . A
value for k2 of - 40 L-mol"1 s * 1 was then obtained by f i t t i n g the decay in
the absence of t -butanol (Figure 3.2.2.5) (ki+ was assumed to be
10~3L«mol s - 1 ) f t The time p r o f i l e the 2-propanol case was calculated
assuming ks - 10 L-mol"1 s" and th i s is shown in Figure 3 .2 .2 .5 .

At pH 0.7, the oxidat ion of U(IV) by 02 is catalysed by 2-propanol and
t-butanol (Figure 3.2.2.6) which suggest H202 may be formed.

H+

[10] U(IV) + 02 + U(V) + H00

[11] U(IV) (or U(V) + H00 •• U(V) (or U(VI)) + H202

[12] H00 + H00 + 02 + H 20 2

The OH formed in [2] and [3] reacts with the alcohol (RH2) to form a radical
which in turn reacts with 02 to form H00 which can then be recycled in
reactions [11] and [12]:
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Figure 3.2.2.5 Decay of U(IV) in deoxygenated TO"3 mol'L"1 U(IV)
and 10 mol'L- solution at pH 0.7:

No 2-Propanol (Line - Computer Fitted)
0.1 raol*L~ 2-Propanol (Line - Computer Calc.)
0.4 mol*L" t-Butanol (Line - Computer Fitted)
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Figure 3.2.2.6. Decay of U(IV) in 10"3 mol 'L"1 U(IV) solutions at pH 0.7:
0 : O2 Saturated
D : 02 Saturated, 0.1 mol«L" 2-Propanol
A : 02 Saturated, 0.42 mol 'L-1 t-Butanol
v : N2 Saturated
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[13] RH2
OH
•»• H R

O2
•»• H R O O R + HOO

3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

- O.K. Evans, R.D. McAlpine, H.M. Adams, J.W. Goodale,
G. Fairley, and E.M. Verpoorte.

(a) Multiphoton Absorption (MPA) and Decomposition (MPD)
Studies of EthanoT

At pressures ranging from 2.5 kPa to 5.5 kPa, ethanol vapour excited
with an HF laser appears to decompose according to three main primary
processes [1] to [3], with resulting product ratios that are independent of
pressure [1]:

[1] CH3CH20ri + H2 + CH3CHO

[2] + G2Hlt + H20

[3] + CH3 + CH20H

It has been suggested that this behaviour is indicative of a thermal
decomposition due to collisional processes. Multiphoton decomposition (MPD)
of ethanol vapour at pressures less than 2.5 kPa is less well understood,
though it has been postulated that decomposition at these pressures is due to
multiphoton absorption (MPA) by ethanol of the IR radiation produced by a
pulsed HF laser.

In order to better characterize the MPD of ethanol vapour (2)we are
carrying out some MPA and MPD experiments for various pressures. To date,
transmission experiments for ethanol at pressures from 26.7 Pa to 5.3 kPa (see
Table 3.3.1.1) indicate that cross section (a) and average number of photons
per molecule absorbed (<n>) for ethanol at each of these pressures are
virtually independent of radiant energy fluence. Furthermore, 0 shows no
dependence on pressure and this is in contrast with the MPA behaviour of
methanol which displays a pressure dependence due to "rotational hole burning"
effects (3). The results of the transmission experiments will be used to
calibrate (4) future photoacoustic measurements.

1. L. Selwyn, R.A. Back, C. Willis, Chem. Phys. 32, 323 (1978).
2. R.D. McAlpine, D.K. Evans, F.K. McClusky, J. Tjfîem. Phys. 22» 1153

(1980).
3. D.K. Evans, R.D. McAlpine and H.M. Adams, Israel J. Chem., in press.
4. S.L. Chin, D.K. Evans, R.D. McAlpine, F.K. McClusky, E.B. Selkirk, Opt.

Commun. 31, 235, (1979).
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Table 3.3.1.1 MPA parameters for absorption of the HF laser Pi(7) line by
ethanol. Results were obtained by transmission techniques for
a range of average fluence (E) of 10 i. E £ 1 0 J/cm . For
definition of the parameters E,K, and b see Ref (2).

PRESSURE
Pa -logioK -b

26.7
167.
400.
667.

1000.
1330.
2000.
2660.
3330.
4000.
4660.
5330. 19.68 0.012

20.02
19.67
19.81
19.65
19.69
19.70
19.86
19.65
19.69
19.75
19.74

0.19
0.014
0.068
0.0070
0.016
0.018
0.083
0.0095
0.024
0.043
0.031

(b) Self-Focussing in CDF3

- with S.L. Chin, P. Galarneau, Z-Y. Niu; Université Laval

Research on this topic has been carried out at Laval University
using experimental equipment not available at CRNL. A detailed study of the
propagation of the CO2 laser 10R(26) line through CDF3 has been completed as
well as a less intensive series of measurements on the 10R(24), 10R(14) and
10R(12) lines. Pressures from 0.10 to 5 kPa of CDF3 were studied using
interaction path lengths of 25 to 100 cm, several laser fluences and
determinations of beam profile at different positions from the interaction
cell. Control experiments using CHF3 showed that the exiting beam had the
same shape as that upon entering the gas.

Two non-linear phenomena were observed to occur simultaneously for
CDF3. Non-linear absorption in which lower intensities of laser light are
more strongly absorbed gave an apparent narrowing of the laser beam while
self-defocussing makes the beam divergent. The net result of these phenomena
was a beam at the exit of the interaction cell which had a smaller spacial
line width (FWHM) than the entering beam but was divergent. These results are
being compared to previous MPA results obtained at CRNL and the theory of
self-focussing as they are prepared for publication.

(c) Multiphoton Absorption and Luminescence of 0s0i+

Both the multiphoton absorption of the CO2 laser 10P(20) line and
the resulting visible emission have been studied for two laser pulse lengths.
Previous work (1) had reported a dependence in the luminenscence on laser
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pulse intensity. The photoacoustic spectroscopy data acquisiton unit (2) was
modified to measure the peak voltage signal from a photomultiplier and to
determine the laser fluence simultaneously. Typical experiments involved
about 1500 laser pulses over 3 orders of magnitude of laser fluence and up to
8 orders of magnitude of visible luminescence intensity. Pressures of OsO*,
used ranged from 13 to 200 Pa for absorption measurements for each of the
10 and 40 ns (FWHM) laser pulses used.

In these experiments, the absorption measurements give only the
average energy absorbed by each molecule and no information about the distri-
bution of excitation around the mean. Knowledge of this distribution and how
it may be modified is important in maximizing the efficiency of any appli-
cation of laser photochemistry based on infrared multiphoton processes. Since
only those molecules excited above some minimum level can emit a visible
photon, the luminescence results contain information about the fraction of
molecules excited into the high energy tail of the distribution. A comparison
of the mean excitation to the luminescence intensity indicates that the distr-
ibution is not what would be obtained in the thermal case. Additionally,
under collisionless conditions the increase in luminenscence intensity is
stronger than the increase in mean excitation when going from 40 to 10 ns
laser pulses at fixed energy indicating that a larger fraction of molecules
are excited above the threshold for emission by a more intense CO2 laser
pulse. This is the first time that a change in excitation distribution as a
function of intensity has been observed. This work is being prepared for
publication.

1. M.N.R. Ashford, C.6. Atkins and G. Hancock Chem. Phys Letters 80, 1
(1981).

2. H.M. Adams, E.B. Selkirk, J.W. Goodale, D.K. Evans and R.D. McAlpine
Rev. Sei. Instr., in press.

d) Bomem Model DA3.02 Fourier Transform Infrared (FUR) Spectrometer

A Bomem FTIR spectrometer has been purchased for use in the following
programs :

(1) Laser photochemistry
(2) Catalyst development
(3) Surface studies

The spectrometer has been commissioned and is now being used in experimental
studies.

One task for which the FTIR is intended is analysis of isotopic
mixture of products obtained from laser isotope separation studies.
Fig. 3.3.1.1 shows a small region of the FTIR spectra of HC1 using a resol-
ution of 0.04 c m . The two peaks represent H Cl and H Cl vibrational -
rotational transitions which are instrumentally broadened (since the Doppler
line width is * 0.005 cm" ). These spectra are currently being used to
measure isotopic enrichment factors for selective decomposition of CDCI3 in
CHCI3 (see PR-CMa-64, AECL 8108).
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Fig. 3.3.1.1 A small region of the FTIR spectrum of H35C1 and H37C1 at a
pressure of 26.7 Pa determined with an instrumental
resolution of 0.04 cm . The abscissa scale is the wavenumber
of the transition.
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(e) Modification of the Lumonics Model K-920 C02 Laser

The Lumonics K-920 was previously modified to allow economic operation
on isotopically substituted CO2 as reported in PR-CMa-62, AECL 7909; however,
lasing occurs on several longitudinal modes which beat together causing
intensity fluctuations in the pulse. This complicates the interpretation of
MPA and MPD experiments for molecules in which an intensity dependence may be
important. The laser has recently been further modified by the addition of a
low pressure discharge (smoothing) tube and precise control of the cavity
length. This now allows single longitudinal mode operation on 12C O2 which
gives temporarily smooth pulses.

3.4 CATALYSIS

3.4.1 Isotopic Studies Between Hydrogen and Water

- J.P. Butler, J. den Hartog, F.W.R. Molson, J.H. Rolston,
L.M. Peterson, K.D. McCrimmon, K.L. Gal«, J.D. Halliday and
R. Tremblay

3.4.2 X-ray and UV Photoelectron Spectroscopy

- P.R. Norton and P.E. Bindner

3.4.2.1 Instrument Development

The first phase of the in-house rebuilding program is complete. We
await delivery of the automated quadrupole and LEED optics to complete the
instrumentation of the chamber.

The new rotary sample probe has been operated very successfully over
the temperature range 67 to 1400 K. Very fast cool down of single crystal
specimens has been achieved (1200 K to 77 K in - 150 s). This reduces the
contamination from the ambient vacuum during sample cool down. The XYZ motion
and rotation capabilities allow accurate sample alignment with a) Kelvin
probe; b) quadrupole mass spectrometer and c) FTIR reflection optics.

Dosing of condensible gases (e.g., H2O) onto a sample surface in UHV
requires the use of beam techniques to prevent adsorption and reaction of the
condensible (and, sometimes, reactive) gas with the chamber walls. We have
successfully designed, built and tested a moveable micro-capillary array doser
that also has a built-in shutter. Tests with a platinum sample have shown
flux enhancements of 10 to 1 0 \ 3 mm from the array, compared to the measured
background pressure. This means that a monolayer of H2O can be condensed on a
cold surface in - 1 s even though the background H20 pressure is
< 10" Pa. The shutter arrangement allows much more rapid turn-on and
turn-off of the beam than is possible in previously published designs which
relied on pumping the doser.

The supply of clean H2O vapour at low pressure to the doser required
a complete rebuilding of the gas handling system. All metal bellows sealed
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valves and unions have been used to permit dosing of several gases simultan-
eously as well as the condensible gas. The newly acquired turbomolecular pump
ensures clean UHV conditions in the dosing system before filling with high
purity gases. This same turbo pump also a) differentially pumps the array
doser and b) pumps the entire chamber during experiments at pressures above
the operating range of the diffusion pumps (P > 10" Pa).

High resolution thermal desorption spectroscopy requires detection
of species desorbing only from the investigated surface of a sample and not
from support wires, edges, back surface, etc. This has been achieved through
use of a nozzle connected to the mass spectrometer port. The nozzle, which
has a 3 mm aperture about 6-10 mm from the sample, and the mass spectrometer
envelope are differentially pumped. Tests have shown a discrimination against
species desorbing from unwanted surfaces by a factor of - 4. A smaller
sample-to-orifice distance will further enhance this factor. The Kelvin probe
can De adjusted so that work function and thermal desorption data can be
acquired simultaneously.

3.4.2.2 Adsorption of Deuterium on Ni(110)

- with K. Griffiths

Several unresolved questions remain regarding the interaction of
hydrogen with Ni(110). Recent nuclear reaction analysis (NRA) measurements
(1) indicate that the work function (£.$) versus coverage (0) relationship near
the onset of the (2x1) to (1x2) transition may exhibit discontinuties. The
statistical precision of the NRA measurements and the unavailability of the
RBS chamber make it necessary to further investigate this system in our
rebuilt ESCA-3. Experiments have been successfully completed and the results
await analysis.

1. T.E. Jackman, K. Griffiths, J.A. Davies, W.N. Unertl and P.R. Norton,
to be .published.

3.5 ISOTOPE CHEMISTRY

3.5.1 Deuteriun Exchange Between Chloroform (CHCI3) and Water

- E.A. Symons and J.D. Bonnett

Work has been completed on this project and a draft paper is circul-
ating; the main results are summarized here. The solubility of CHCI3 in water
(a test of the new analytical procedure against literature data), in 0.1
mol'L"1 NaOH solution, and in the aqueous phase surrounding anion exchange
resin beads has been determined. The method involved heating aqueous phase
samples, taken from 2-phase stirred solutions, at 70°C in 1.0 mol«L~ NaOH
solution to completely hydrolyze the dissolved chloroform to chloride ions,
which were then determined by specific ion electrode. Results are shown in
Figure 3.5.1.1. Chloroform is salted out of water by 6-8% in the presence of
0.1 mol-L-1 NaOH but is unaffected, within experimental error, by the -0H-form
resin beads.
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Figure 3.5.1.1. Temperature dependence of chloroform solubility in some
aqueous systems: •, distilled water; A , 0.10 mol'L" NaOH
solution; 0, clear aqueous phase after contact with anion
exchange resin (see text). Solid line is from equation
reported for best fit of literature data (1) for water.

Figure 3.5.1.2.
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Comparison of rate constants for CDCI3/H2O exchange
catalyzed by 0.10 mol'L" NaOH under 2-phase (0, this
work) and single phase (•, ref. 2) conditions; ±10% bars
shown.
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The catalytic activity for CDCI3-H2O exchange was measured for
batches of Rexyn 201 (OH) and Ionac ASB-IP(OH) resins under stirred 3-phase
slurry conditions. The Ionac beads showed better physical stability. Both
resin types gave increased activity when used in the powdered state, and these
kinetic plots were linear. The curvature noted for whole bead runs (see
report PR-CMa-65, AECL-8269, section 3.5.2) was probably caused by slow equil-
ibration of the chloroform and water in the pore structure of the beads over a
period of minutes. Representative in-solution rate constant data, obtained by
correcting k (observed) by the appropriate bulk/dissolved chloroform ratio,
are given in Table 3.5.1.1 for both the resins and NaOH. The high reactivity
for the crushed Ionac beads corresponds to an in-solution half-life of < 2
seconds at 25°C, at a catalyst concentration of 5 g wet resin per 50 mL of
water in contact with liquid chloroform.

NaOH is itself an effective catalyst for this reaction, as shown by
Hine (2) under single phase conditions. Our results measured under stirred
2-phase conditions, when converted to in-solution values, are in excellent
agreement with Hine's data (Arrhenius activation energy 100 kJ/mol), as shown
in Figure 3.5.1.2. This confirms that mixing of the two liquid phases was
efficient enough to avoid mass transfer limitation effects in the deuterium
exchange reaction. The greater reactivity of the hydroxide ion when assoc-
iated with the resin beads (Table 3.5.1.1) was also seen for CDF3-H2O exchange
(3) and undoubtedly arises from an enhanced "solubility" of the haloform in
the styrene-divinylbenzene structure of the resin near the active sites, rela-
tive to aqueous NaOH solution. The ~0H catalyzed exchange rate constant for
the CDCI3-H2O system is about 105 times faster than for the corresponding
CDF3-H20 system at 25°C.

TABLE 3.5.1.1. A comparison of NaOH and anion exchange resin ("OH form)
reactivities for CDC13/H2O deuterium isotope exchange at 25°C
under 2-phase conditions (15 mL chloroform, 45 mL aqueous
phase; 5 g wet resin).

Catalyst kobs (solution), s.1 kobS/mole of

NaOH, 0.10 mol-L-1

Rexyn 201(0H) beads, wholeb

Rexyn 201(OH) beads, crushed0

Ionac ASB-1P beads, wholed

Ionac ASB-1P beads, crushed0

0.195x10"l

2.8X10-1

3.5x10

2.6x10

_i

_i

lO.xlO_i

4.3

31

39

24

95

a Moles of hydroxide ion in reaction vessel.
b "OH loading 1.7 mmol/g wet resin.
c Beads crushed with mortar, not sieved, particle size range not measured.
d "Oil loading 2.0 mmol/g wet resin
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Tests of chloroform hydrolysis at 25 and 35°C in Ionac resin
slurries have indicated that this reaction is at least a factor of 1x10
slower than deuterium exchange. If hydrolysis were to become significant on
the long time scale of an industrial process involving chloroform recycle,
there is evidence that addition of chloride ion to the aqueous phase would
suppress this reaction (4).

1. A.L. Horvath, "Halogenated Hydrocarbons: Solubility-Miscibility with
Water", Marcel Dekker, N.Y. 1982, page 485.

2. J. Hine, N.W. Burske, M. Hine and P.B. Langford, J. Am. Chem. Soc. 79,
1406 (1957).

3. E.A. Symons, J.H. Rolston, L.A. Baldisera, J.C.G. Drover and J.D. Bonnett,
Can. J. Chem. 61, 1301 (1983).

4. J. Hine and A.M. Dowell, Jr., J. Am. Chem. Soc. 76, 2688 (1954).

3.5.2 Chemical Methods for Zirconium Isotope Separation

- K.J. Franklin and E.A. Symons

(a) Nuclear Magnetic Resonance Studies

Concentrations of various species resulting from ligand exchange
reactions between different 3-diketonate complexes of zirconium dissolved in
benzene have been calculated from the relative areas of the methyl group
resonances in the H nuclear magnetic resonance (NMR) spectrum. The chemical
shifts for methyl group resonances from acetylacetonate (acac) and trifluoro-
acetylacetonate (tfac) ligands change at different rates with changes in
temperature. This property permits the resolution of overlapping signals and
the precision of the analytical procedure has been tested by obtaining spectra
at different temperatures. An example of this temperature effect is shown in
Figure 3.5.2.1 where the areas of improved resolution are circled.
Differences in the concentrations of a particular zirconium complex calculated
from these two spectra are less than 1.5%. This value also represents an
upper limit for any effect of temperature changes on the exchange equilibria
between 8.5 and 25.8°C.

A series of twelve samples at varying Zr(acac)i+/Zr(tfac)it ratios
have been analyzed by H NMR spectroscopy. A plot of the mole fraction of
mixed ligand species versus the fraction of tfac ligand present in solution is
shown in Figure 3.5.2.2. The solid lines represent sixth order polynomial
fits to the observed data. The scatter of data points is greater than
expected and a second series of spectra are being analyzed. Equilibrium con-
stants calculated on the basis of concentrations from the lines of best fit
are Ki=5.9(6.2) K2=4.7(6.0) and K3=6.4(7.2) where

[Zr(acacK_n(tfac)n]
2

[Zr ( ac ac K_ n+i (tfac)n_i][Zr (acac) !•_,,_ i(tfac)n+i]

and the values in parentheses are corresponding results obtained by Pinnavaia
and Fay (1) using F NMR spectroscopy. The discrepancy between the two
studies is not fully understood and possible sources of error are under
investigation for both cases. Samples for a second series of spectra were
prepared in deuterated benzene under an atmosphere of nitrogen (glove bag) and
then degassed end sealed under vacuum. The resolution obtained in the methyl
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Figure 3.5.2.1. Methyl region of the 2H NMR spectra of a benzene solution
containing Zr(acac)i+/Zr(tfac)i+ = 1.86:1 at 8.5°C (A) and
25.8°C (B). The areas of improved resolution are circled.
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~* 0.4 _

Figure 3.5.2.2. Ligand exchange equilibria for the Zr(acac)it-Zr(tfac)i+ system
in benzene solution; f denotes mole fraction.

5 Hz

Figure 3.5.2.3. *H NMR signals from methyl (A) and methine (tfac, B; acac, C)
protons in a C6D6 solution of Zr(acac)it/Zr(tfac)i, = 0.658.
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region of the H NMR spectra was significantly improved for these samples as
illustrated in Figure 3.5.2.3. Also shown in the same Figure are the NMR sig-
nals arising from the methine protons of tfac and acac ligands, which are
likewise better resolved. Analysis of the latter components will provide a
separate measure of the concentrations of the species present in solution.
This additional information may help to improve the accuracy and precision of
the derived equilibrium constants that are required to quantify the observed
effects of excess ligands on the exchange equilibria. Progress has been
hampered by difficulties associated with processing NMR data obtained from
spectrometers located in Hamilton and Kingston.

*H NMR spectroscopy has also been used to study the hydrolysis of
Zr(acac)3Cl dissolved in deuterated chloroform. The hydrolysis was found to
be rapid in the presence of atmospheric water and therefore Zr(acac)3Cl is not
a suitable complex for further study in the development of an aqueous-non
aqueous countercurrent exchange process for zirconium isotope separation.

(b) Mass Spectrometric Studies

Sample-to-sample reproducibility of the isotopic ratios 90/92 and
90/94 achieved so far with the UF-5 electron ionization mass spectrometer on
Zr(tfac)i+ is not much better than ± 1%. This is not sufficiently precise to
permit reliable detection of Zr isotope effects under laboratory exchange
conditions. A microcomputer will be installed on the UF-5 to automate rela-
tive peak height analysis and thereby improve the statistics on the isotope
ratios.

More consistent results were obtained on a single sample by
T.H. Lonç'nurst and L.W. Green, General Chemistry Branch, with Zr(tfacK con-
verted to Zr(N03)4 before being run on a thermal ionization mass spectro-
meter. However, more time would be required to develop a procedure for
routine, high precision analysis on this instrument.

Natural abundance zirconium isotope standards are not available
commercially to permit calibration of these instruments. However, isotop-
ically enriched ZrÛ2 (for Zr isotopes 90, 92 and 94) will be purchased to
check the 90/92 and 90/94 ratios specifically.

1. T.J. Pinnavaia and R.C. Fay, Inorg. Chem. 5, 228 (1966).
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Oxidation of Cis and Trans-9-Octadeconoic Acid Monolayers on Acidic Solutions,
- A.O. Elliot and Shahsultan Padamshi
J. of Colloid and Interface Science (In Press) 1984.
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J. Vac. Sei. Technology (In Press).
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Isotope Separation by Multiphoton Decomposition. (Invited Paper).
- R.D. McAlpine and D.K. Evans
C1C Annual Symposium on Photodissociation, Montreal, P.Q.
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Kinetics of N2O3 Formation.
- R.G. Macdonald and F.C. Sopchyshyn
Chemical Institute of Canada CAN-AM Chemical Congress (67th Canadian Chemical
Conference and Exhibition), Montreal, Quebec, 1984 June 3-6.



- 87 - i y/.
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- K. Griffiths, P.R. Norton, J.A. Davies, W.N. Unertl, T.E- Jackman
6th European Conference on Surface Science, University of York, York, U.K.,
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Deuterium Adsorption on Ni/110): Reconstructed and Un-Reconstructed Phases.
- P.R. Norton
(a") Institute for Phys. Chem., University of Munich, Munich, West Germany
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(b) ECOSS-6, University of York, York, England, 1984 April 2.

In Situ Studies of Temporal Oscillations in CO Osication by Rutherford
Backscattering Nuclear Microanaiysis, LEED and Work Function Techniques.
- P.R. Norton
(a") Institute for Phys. Chem., University of Munich, Munich, West Germany,

1984 March 29
(b) Department of Chemistry, University of Liverpool, England, 1984 April 9.

Development of Wetproofed Catalysts
~ J-H. Roiston
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4.2 SURFACE CHEMISTRY

4.2.1 Gaseous Hydrogen Absorption by Zirconium Alleys

- B. Cox and V.C. Ling

The protective oxide f i lm on zirconium alloys rapidly breaks down when
the specimen is heated in an oxygen-free hydrogen environment. Reaction rates
are rapid and can lead to the formation of hydride blisters at the points of
f i r s t oxide breakdown. I t is not clear whether the same rapid ingress and
blister formation can occur when hydrogen is a minor component {<_ 1 vol%) in an
inert gas (e.g. nitrogen). Experiments to study the incubation time for oxide
breakdown and the rate of hydrogen ingress under such conditions have been
performed to provide background information for the Pickering-2 pressure-tube
failure investigation.

In the experiments conducted so far, the removal of hydrogen from the
vacuum system containing a Zircaloy-2 specimen in N2/l% D2 was monitored by
analyzing successive gas samples, and was thought to indicate uptake by the
Zircaloy-2. Analysis of the Zircaloy-2 specimens, however, failed to show any
evidence for deuterium uptake. Operation of the system without a Zircaloy-2
specimen showed continued loss of hydrogen even though the system was apparently
vacuum-tight. Elimination of one rubber 0-ring connection and the glass/metal
seal for the thermocouple seems to have eliminated the out-diffusion of
hydrogen.

4.2.2 Long-Tern» Oxidation Rates of Zirconiua Alloys

- B. Cox, N. Ramasubramanian and N. Preocanin

The long-term post-transition oxidation rates of the Zircaloys have long
been thought to be linear. Recent data (1,2) show this assumption not to be
correct. The post-transition rate in the laboratory accelerates to a f inal
steady state rate, which is not achieved unti l oxide thicknesses of ~ 30 ym
(450 mg/dm^ weight gain) are achieved. Starting from a pickled surface, i t
could take ~ 1400 days exposure at 360°C to reach this point. The desire to
extend fuel burnup in l ight water reactors, and the accelerating oxidation at
long times in Pickering Unit-2 and the N-reactor make i t important to understand
the metallurgical and other factors which affect these long-term rates.

In order to study these effects within a reasonable time scale, a short-
cut to measuring the final steady-state rates is desirable. Pre-oxidation at
higher temperatures, followed by an exposure at the lower temperature sufficient
to eliminate any 'memory' of the previous high temperature oxidation, is one way
to reach these oxide thicknesses. The cr i ter ia for such a preoxidation to be
successful are severe. The 'memory' effects are affected by both the temperature
and the pressure of the preoxidation (3). For a high-pressure final environment
(e.g., aqueous solutions at 360°C), a high pressure preoxidation minimizes the
size of the transient. Minimizing the temperature difference on transfer also
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minimizes the 'shock1, and reduces the probability of oxide spall ing following
transfer. Such spalling would render meaningless the subsequent weight gain
measurements (from which oxidation rates are assessed). The preoxidation must
also produce a uniform (relatively) parallel-sided oxide film similar to that
resulting at low temperature; nodular oxide growth cannot be accepted.

The ideal combination of fast preoxidation and high pressure would be in
steam at 500°C/1500 psig (10.6 MPa), however, this produces nodular corrosion on
many Zircaloy batches. Tests in steam at 450°C/1000 psig (~7 MPa) showed that
some batches of Zircaloy still developed nodular oxides, so further tests at
450°C/500 psig (~3.5 MPa) were performed. These still gave nodular corrosion
for the same susceptible batches, and actually gave more rapid oxidation than at
the higher pressure. A further reduction in steam pressure to 1 atmosphere
seemed essential, but at 450°C, this would have resulted in > 100 days to reach
30 ym oxide thickness, which was regarded as too long. Preoxidation in steam at
500°C/l atm. was therefore selected, since most batches of Zircaloy reached
oxide thicknesses of 30 ym in ̂ 3 5 days.

Subsequent oxidation of these preoxidized specimens in 360cC water has
shown that the 'memory' transient is smaller than expected (3), however, it has
also shown that specimens with preoxidation weight gains > 500 mg/dm^ can
begin to spall after < 60 days at the lower temperature. Specimens with preoxi-
dation weight gains between 400 and 450 mg/dm^ have not yet shown any signs of
spalling, and it is hoped that they will not do so. Initially, pickled speci-
mens can be oxidized at either 360 or 500°C to weight gains > 700 mg/dm^,
without evidence of spall ing; but at 360°C, this takes > 2000 days. Our chances
of studying the long-term oxidation rates in times significantly less than this
will depend on the oxide film's ability to recover from the shock of transfer to
a lower temperature. This seems to be critically dependent on the preoxidation
thickness in the range 400-600 mg/dm^; further work will show whether or not
any preoxidized specimens can survive the change.

(1) J.S. Brync-, J . Nucl. Mat., 1979, 82, 84.
(2) H.R. Peters, Proc. of 6th I n t . ConTT on Zirconium in the Nuclear

Industry, Vancouver, July 1982, ASTM-STP-824 ( to be published).
(3) B. Cox, U.K. Report, AERE-R4348 (July 1963).

4.2.3 Zircaloy Corrosion Properties Under LHR Coolant Conditions

- N. Ramasubramanian and N. Preocanin (in collaboration with J. Keenan,
System Materials Branch)

A total of 10 batches of Zircaloy tube were selected from the 16 received
from EPRI; samples were machined to size and pickled in a hydrofluoric and
nitric acid solution. Some of the sanples were a-annealed prior to the pickling
step. A set of 27 samples (in triplicate from 9 batches) was preoxidized in
steam at 773 K and atmospheric pressure. Weight gain measurements were followed
at ~ 7 day intervals. An average of 350 mg.dm"^ was gained in 28 d. Further
oxidation of this set of samples is being carried out in pH7 water in a
replenished autoclave at 633 K.
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The kinetics of oxidation are being followed on a set of 78 samples (in
triplicate from all the batches in the as-received and a-annealed conditions) in
pH7 water at 633 K under replenished conditions. The crud (iron oxide) deposition
was considerable initially but has diminished greatly with time of operation of
the autoclave; decrudding in warm dilute hydrochloric acid solution was found to
be very effective. The weight gains, averaging 20 mg.dm~2 in 28 d, compare
well with the data reported in the literature.

Another similar set of 78 samples was oxidized in pH12 lithium hydroxide
solution at 633 K in a replenished autoclave. Accelerated oxidation, resulting
in weight gains ranging from 1.5 to 2 g dm~2 in five days, was observed with
all the samples. This result is unexpected and contrary to that reported in the
literature. Tests are being repeated with Zircaloy-4 samples, from CRNL
archives, to trace the cause of this accelerated oxidation. Contamination of the
test solution, by species from earlier tests performed in the system, is
suspected.

4.2.4 Passivation of Iron in Molten Alkali Nitrates

- N. Ramasubramanian and N. Preocanin

The conclusion from electrochemical investigations is that oxide ion
exists in molten nitrates but at negligibly small concentrations. Equilibrium
diagrams, relating pO^- and potential, therefore, indicate the stability of
the metal and the oxides formed at these low levels of oxide ion concentration;
but oxide ion may not be the species participating in the oxidation process as
has been assumed previously. In order to relate the experimental results to the
potential/pO^- diagram a knowledge of the oxide ion concentration is essential.
For example, oxide ions can be added to the melt; oxide ions can also be stabi-
lized by having a sufficient amount of nitrite in the melt kept under a vacuum
or an inert atmosphere. We have investigated the passivation of iron in nitrate
melts containing added nitrite and oxide ions in order to obtain evidence of the
importance of oxide ions.

Iron rods were oxidized in molten KN03-NaN03 at 573 K. The reducible
ferric oxide formed was estimated by cathodic reduction in a deaerated borate-
boric acid buffer solution of pH8.6. From the total weight gained and the
weight loss after the cathodic reduction, the composition of the passive film
was evaluated. The cathodic reduction results indicated the presence of a

type of oxide as a stable phase; the passive film consisted of
the major component at the metal-oxide interface, with some
and -y-Fe203 at the Fe3Û4-salt interface.

When voltammograms were traced for large area (0.1 cm^) platinum
electrodes in a melt kept evacuated to 1.3 Pa, the presence of a 'water wave1
was detected. Oxide ion additions to the melt were made by controlled
electrolysis and the 'water wave1 diminished in size with an increase in oxide
ion additions. The oxidation of iron was least affected by these additions; the
shifts in the rest potentials of platinum and iron did not correspond to those
expected from the equilibrium diagram. The changes could be related to



- 94 -

hydroxide formation by the reaction of added oxide ions with traces of water
present in the melt. From these results, it is concluded that oxide ions in
molten nitrates exist at very low levels of concentration, _< 10~^8 i*
and therefore do not participate directly in the oxidation process.

4.2.5 Supported Thin Filni Platinum Catalysts

- N. Ramasubramanian and N. Preocanin

(i) Behayiour of 316 L Stainless Steel in a Borate-Boric Acid Buffer
Solution - The platinum catalysts, prepared by sputtering platinum onto
oxidized stainless steel sheets (cf. PR-CMa-65 (AECL-8269), Section 4.2.4) could
not be tested in sulfuric acid solutions (normally used for surface area
measurements by cyclic voltammetry) because the oxide support dissolved. There-
fore, it was decided to use a borate-boric acid buffer solution of pH8.6 for the
electrochemical measurements. However, before the catalysts could be tested,
information on the behaviour of the steel itself in the buffer solution was
needed. Anodic passivation and cathodic reduction of the passive layers formed
were investigated; scanning Auger microscopy of the samples complemented the
electrochemical data.

Characteristic reduction peaks associated with the dissolution of ferric
oxide and the valence transitions for chromium and nickel in the oxide were
observed in the cathodic scans. Two types of passive films were formed; at
anodization potentials < 0 V (SCE) the oxide was mainly chromium oxide. With
increase in anodizing potential, the outer layers were rich in the reductively
dissolvable ferric oxide. Cyclic voltammetry in the buffer solution was shown
to provide a qualitative and semi-quantitative analysis of the passive films.

(ii) Characterization of Thin Film Platinum Catalysts - Peaks,
characteristic of the adsorption/desorption of hydrogen and oxygen occurring on
platinum, were observed in the cyclic voltammograms obtained for a platinum foil
electrode in the buffer solution. Similar peaks were observed in the initial
voltammogram traced for the thin film supported catalysts. From the charge
equivalence of the oxygen reduction peak, by comparison with the result for the
foil electrode, the surface area of the thin film catalyst was calculated; it is
found to be in good agreement with the area calculated from the size of the
platinum crystallites and the amount of platinum in the catalyst. A dispersion
of 70 m^ g~* is obtained for platinum by the sputtering technique. Repeated
cyclic polarizations in the buffer solution led to the anodic deposition of
ferric oxide on the platinum crystallites; ferrous ions in solution, for the
anodic deposition, were provided by the oxidized steel substrate.

Samples from a batch of catalyst which had been tested in the catalytic
reactor, for the recombination of hydrogen and oxygen in water at room tempera-
ture, also showed oxidation (hydrogen) and reduction (oxygen) peaks in the
initial voltammogram. But the oxygen peak had a large contribution from the
reduction of ferric oxide existing on the platinum crystallites. Scanning Auger
analysis also revealed major changes which occurred as a result of the catalytic
test; the oxide support, on which platinum was sputter-deposited, had decreased
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to less than half its original thickness and iron oxide and traces of copper
were present on the surface. An estimate of the platinum area, masked by the
iron oxide and copper or. the surface, not available for the adsorption/
desorption of hydrogen and oxygen during the electrochemical measurements can be
made by calculating the platinum area from the initial hydrogen ionization peak
in the voltammogram. It is found that nearly half of the platinum area has
become unavailable as a result of the catalytic tests.

4.2.6 Oxidation of Low Alloyed Zirconium

- R.A. Ploc and J.A. Roy (in collaboration with R. Davidson, System
Materials Branch)

(i) General

Work has continued on the oxidation of 0.5 v/t% binaries of Sn, Cr, Fe
and Ni in zirconium at 573 K in dried oxygen. In addition to extending the
kinetic data, the oxide films which developed on the matrix and on the various
precipitates have been depth profiled in the Scanning Auger Microprobe to
determine the distribution of the various elements.

(ii) Kinetic Data

The overall oxidation kinetics have proceeded in a manner similar to
that reported in PR-CMa-64 (AECL-8108), Section 4.2.4. Because there was a
question of whether the rapid oxidation of the Zr/Ni binary was due to the
protruding nature of the Ni based precipitates, additional samples were diamond
(1/4 ym) and alumina polished (0.025 um) prior to oxidation. For exposures of
up to 4000 h, the most rapid rate of oxidation was experienced by the diamond
polished sample, followed by the chemical then alumina polish. After approxi-
mately 3500 h, however, the chemically polished samples began to experience
linear oxidation so that by 4250 h the curves for the chemically and diamond
specimens crossed over.

Other samples of the binaries Ni, Cr and Fe were quenched from 1273 K.
chemically polished and oxidized. Although data is limited to about 500 h
exposure, the kinetics for the Ni sample identically followed those for the
annealed and chemically polished sample. Both the Fe and Cr quenched binaries
are oxidizing significantly more rapidly than the annealed, chemically polished
reference samples.

{iii) Auger Analysis

(a) Cr and Sn

Auger analysis of the Cr and Sn binaries did not reveal the presence of
either alloying element. In the former instance, the Cr precipitates were
probably smaller than the resolution limit of the instrument or they may have
been etched out of the surface by the chemical polish. In the latter case, the
tin was probably all in solid solution.
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In the case of the Cr binary, many precipitate-like features were seen
on the surface of the oxide but these were invariably contamination containing
AT, Fe, K, Na or C. The first two constituents possibly came from the aluminum
can in which the high purity Cr was stored. Some of the Fe also arose from the
residual impurity level in the stock Ir. In an effort to coarsen any Cr preci-
pitates, a long-term, high temperature anneal with slow cooling was performed.
Large particles were found in the unoxidized alloy, however, these were ZrW2>
the tungsten probably arose from the 'non-consumable' electrode used for fusing
the alloying materials.

(b) Fe

The matrix oxide did not reveal the presence of iron. The oxide over
the precipitates, however, changed with increasing oxidation time. At first, the
iron in the oxide remained stationary as the oxide/metal interface swept by but,
with increasing time at the oxidation temperature, the Fe began to diffuse to
the oxide/gas interface where it oxidized to Fe2Û^ and/or fe^O^. The iron
within the bulk oxide film was in the zero oxidation state.

SEM micrographs, besides showing the depressed areas where the ^
inclusions were located (preferential etching), revealed the pebbly nature of
the iron which had reached the free surface and oxidized. The surrounding matrix
oxide was often lifted and cracked due to the rapid localized oxidation of the
precipitate. The oxide film on the precipitate was considerably thicker than
that on the matrix - by an order of magnitude after four days of oxidation.

(c) Ni

Results for the Ni binary are still incomplete and hence, inconclusive.
Present indications are that although the overall oxidation rate for the Zr/Ni
binary is the fastest of the four tested, the oxide film formed on the Z^Ni
precipitate is thinner than that on the matrix - just the opposite to the Zr/Fe
case.

It appears that the Ni is mostly swept up by the advancing oxide/metal
interface to form an enriched Ni layer at that point. Diffusion of the Ni
appears to be sufficiently fast to keep pace with the interface, however, long
term oxidation results revealed a Ni layer a small fraction of a ym below the
oxide/gas interface. The Ni apparently forms a mixed oxide with the ZrO2 as
well a concentrating and precipitating out sub-surface.

SEM investigations of the inner oxide/precipatate interface revealed
that the oxygen probably diffused along the precipitate/matrix interface to
oxidize the periphery of the precipitate (and matrix). The precipitate, for
example, extended into the matrix more deeply than the oxide film had advanced
and yet, the precipitate interface even at such great depths was oxidized.

Although there are several factors which can affect the Auger profile
curve shapes, examination of the Ni atomic concentration as a function of depth
into the oxide on the precipitate revealed a mass balance problem. For
instance, the indicated number of Ni atoms missing from the oxidized precipitate
(i.e., in the oxide film) were far greater than the number which appeared in the
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enriched Ni layer, A possible solution appears to be that the Ni is present as
small metallic particles smaller than the irradiating electron beam diameter of
the microprobe. Such a distribution would dilute the Ni signal and hence, give
the apparent mass-balance problem. Transmission electron microscopy, in some
circumstances, has indeed revealed clusters of small, high-contrast particles
which might be Ni. I t should be remembered, however, that the same electroly-
t ical process which removed the remaining precipitate and matrix zirconium from
the oxide would probably also remove the Ni except in chance cases. The compo-
sit ion of these tiny particles cannot be analyzed except in an Analytical
Electron Microscope.

4.3 ELECTRON MICROSCOPY

4.3.1 Deuteride Precipitates in g-Titanium

- O.T. Woo, with G.C. Weatherly (Department of Metallurgy and Materials
Science, University of Toronto), and C.E. Coleman (Metallurgical
Engineering Branch)

In a recent paper, Numakura and Koiwa (1) reported the observation of
t i tanium hydrides with a previously unknown face-centred-tetragonal structure
(c/a > 1) in ct-Ti specimens containing 1 to 3 atX hydrogen or deuterium. This
prompted a reexamination of the structure of the deutendes in our specimens
(containing up to 270 ppm deuterium), especially on the (0001)j j plane
which is not a usual f o i l plane in these samples. Figure 4 .3 .1 .Ha) shows the
deuteride spots contained in a [OOOl]y-j zone axis. A l l the spots have been
shown by dark f i e l d electron microscopy to come from the same prism habit
deuteride under examination. This selected area d i f f rac t ion pattern, combined
with those along the prism zone axes, shown in Figures 4 . 3 . 1 . K b ) - ( c ) , unambi-
guously y ie lds a f c t deuteride structure with a = 0.422 nm, and c = 0.470 nm
(c/a = 1.11), in agreement with the results of reference 1 . We are now proceed-
ing to produce deutendes with deuterium contents close to the so lub i l i t y l i m i t
to see i f the f c t phase with c/a < 1 (quoted in the l i t e r a t u r e , e.g. (2)) ex is ts .
I f th is deuterium phase is present, i t is then possible to confirm that t i tanium
hydrides are isostructural with zirconium hydrides, exist ing in three forms a
f c t y-s t ructure, with c/a > 1 , at low hydrogen concentrations, a fee equil ibrium
6-structure at medium hydrogen content, and a fc t e-structure with c/a < 1 at
high hydrogen levels close to the so lub i l i t y l i m i t (1) .

(1) H. Numakura and M. Koiwa, Acta Met., in press.
(2) L.D. Jaf fe , J . Metals 206 (1956) 861.
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4.3.2 Explosive Crystallization of Amorphous Gemaniu»

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

Since PR-CMa-65 (AECL-8269), two short papers on this subject have been
prepared titled 'Hexagonal Germanium Content of Explosively Crystallized Amorph-
ous Germanium Films' and 'Substrate Influences on Explosively Crystallized
Amorphous Germanium Films'. Together, they establish that the morphology and
crystal structure of explosively crystallized foils are dependent on the
substrate and its temperature during formation. The results of the more recent
paper are summarized in Figures 4.3.2.1 and 4.3.2.2, where it is evident that
the largest crystals appear in the central region of room temperature deposits
on rock salt. Accordingly, it has been with these foils that attempts have been
made to obtain hexagonal germanium crystals large enough to attach current leads
for conductivity measurements.

Two methods of providing a heat pulse sufficient to initiate explosive
crystallization in these foils were investigated. (Note that crystallization is
sustained by the addition of the latent heat of crystallization to ambient). In
the first, a xenon flash lamp was made available by W. Fletcher of the Physical
Chemistry Branch. With it, a 1 cm^ blackened copper plate could be heated in
air by xenon light absorption to 433 K and subsequently pulsed to 448 K by
flashing the xenon lamp. By building a vacuum furnace with a quartz window and
heating the amorphous foil to 723 K, it might be possible to initiate explosive
crystallization by flashing the xenon lamp.

However, this method was abandoned in favour of a furnace inserted into
the camera chamber of the Elmiskop 101. As shown in PR-CMa-65, a 50 ym diameter
area of an amorphous foil at room temperature can be crystallized by simply
removing the condenser aperture. Because of the six fold decrease in current
density, the same procedure generates a calculated heat pulse of 323 K at the
camera chamber. The camera chamber furnace was therefore set at 723 K and a
series of elecron beam pulsing experiments performed with the following results.

Self-sustained explosive crystallization of substrate mounted foils
heated to 723 K was not achieved by pulse heating with the electron beam. Since
it is the evolution of the latent heat of crystallization into areas not yet
crystallized which sustains the crystallization process, it was reasoned that
this heat was lost to the substrate. Consequently, pulse heating experiments
are in progress with foils prepared so as to be self-supporting over a 1 cm
diameter hole in a metal frame.

4.4 METAL PHYSICS

4.4.1 Damage Production and Recovery In Neutron Irradiated Zr-Alloys

- R.H. Zee, S.R. MacEwen, J.F. Watters and R.C. Birtcher (Argonne
National Laboratory)

Two pure Zr and twelve dilute Zr alloys (Zr-Ti, Zr-Sn, Zr-Au and Zr-Dy,
each with 200, 1000 and 5000 atomic parts per million of solute) were irradiated



1 •' -. A

l.nw r iinn i f
• ' ; , • . • • " ! '

: ,i i ti'.:

d i i



- 101 -

at 6 K to a total dose of ~ 5 x 10^1 n/m2 at the IPNS facility in Argonne
National Laboratory. The sample holder was modified for this irradiation to
prevent the failure of the spot-welds caused by thermal cycling (see PR-CMa-65
(AECL-8269) ). The resistivities of the specimens were monitored continuously
during irradiation.

The damage rate, as measured by the change in resistivity, increases
with solute content for all four types of alloys studied. Figure 4.4.1.1 shows
the total change in radiation-induced resistivity as a function of solute
concentration. The small difference in the values for the two pure Zr reference
samples is due to the gradient in the neutron flux and the uncertainty in the
geometry of the specimens.

Post-irradiation isochronal annealing was performed on all the specimens
up to 430 K. The annealing was interrupted at this point to facilitate the
removal of several specimens belonging to another user. The heater burned out
upon further annealing. The annealing experiment will resume in mid-July.
Figures 4.4.1.2a-b show the annealing results from one of the pure zirconium
specimens and the Zr-5000 ppm Dy alloy. The addition of Dy suppresses the two
predominant annealing peaks (one at ~ 110 K and the other at ~ 250 K). Similar
solute effects were found in all the specimens irradiated.

4.4.2 Irradiation Growth in Zirconium

- R.H. Zee, J.F. Watters and A. Rogerson (UKAEA, Risley)

This collaborative programme with the UKAEA at Risley using Harwell's
DIDO reactor is progressing very well. The results to date can be summarized as
follows:

(i) A near <a> axis single crystal which was swaged 16% grew at a constant
rate of ~1.4 x 10~28 m^/n ^Q doses Up t 0 ~6.5 x 1 0 " n/m^. Annealing the
swaged crystals at 823 K and 673 K for 1 h prior to irradiation reduces the
growth rate to 4.6 x 10~29 m^/n and 2.3 x 10~29 m2/n, respectively. This
reduction in growth is attributed to the recovery of the deformation-induced
dislocation structure.

(ii) An annealed near <a> axis zirconium single crystal of iodide purity
showed signs of breakaway growth at a fluence of 4 x 10^5 n/m^ when irradiated
at 553 K whereas a similar crystal but of higher purity did not. The next set
of data should reveal whether this difference in growth behaviour is genuine or
is due to measurement error.

(iii) A zirconium polycrystal which was pulled 5% and then stress-relieved
showed no significant changes in dimension when irradiated at 353 K to a neutron
fluence of 2.8 x 10^5 n/m2 whereas a similar specimen irradiated at 553 K
exhibited a reduction in length to doses up to 1.6 x 10^5 n/m?. Two recrystal-
lized reference specimens were also irradiated at 353 K and 553 K. Both showed
positive growth. These results can be explained by a combination of irradiation
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induced growth and radiation-enhanced stress relaxation.

(iv) The neutron fluences on the four Zr-0.1% Sn and lr-1.5% Sn alloys,
irradiated at 353 K and 553 K, have just passed the dose levels where breakaway
growth was observed in Zircaloy-2 at the two temperatures. No signs of such a
phenomenon have yet been detected in any of these specimens.

4.4.3 Electrotransport

(a) Electrotransport Purification and Fabrication of Zirconiuw Single
Crystals

- R.H. Zee and J.F. Watters

A zirconium rod, 4 mm in diameter and 17 cm in length, was
electrotransport-purified at 1875 K for 770 h in a vacuum of ~ 5 x 10~9 Pa.
The resistivity ratio has not yet been measured.

We have also succeeded in growing zirconium single crystals in the
electrotransport apparatus. A 4 mm diameter zirconium rod was first heated tc
1500 K for 24 h to simulate the purification process. The temperature was then
lowered to ~1073 K (below the a-3 transition temperature) and held there for
1 h following which the temperature was raised to ~ 1273 K (above the a-3
transition) for 1 h. This cycle was repeated twice. The specimen was then held
at 1110 K for 60 h to anneal out all the structures induced by the a-ß trans-
formation. As a result of this process, single crystals (4 mm in diameter) with
lengths up to 15 mm were produced.

(b) Effects of a Source Term on Boundary Diffusion by Electrotransport

- R.H. Zee and G.E. Lee-Whiting (Theoretical Physics Branch)

Earlier, we solved analytically the differential equation governing the
one-dimensional electrotransport of a step boundary for a finite system and an
infinite system, both with either a constant source or a concentration-
proportional source (see PR-CMa-65 (AECL-8269)). Careful examination of the
solutions reveals the following:

(i) The effect of the source term is only important when the term S.t in
case 1 (finite system, constant source) and case 3 (infinite system, constant
source) or the term S0.n.t in case 2 (finite system, concentration-proportional
source) and case 4 (infinite system, concentration-proportional source) is
comparable to the smaller of ni and n2 (the initial concentrations). This
is illustrated in Figure 4.4.3.1 which shows the concentration profiles for a
finite system with different constant source strengths. The parameters used are
based on the values for the electrotransport of oxygen in zirconium.

(ii) The solutions for the two infinite systems (cases 3 and 4) are in the
form of error functions. The introduction of a source term results either in an
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additional S.t term or a multiplying factor of exp(S0.t) to the source-free
solution.

( i i i ) The two f in i te systems never reach a true steady-state condition as long
as S (or So) f 0. However, they do reach a quasi-steady-state condition. In
the concentration-proportional source case, the time required to reach this
condition is independent of the source strength whereas this time depends weakly
on the source strength i f the source is a constant.

(iv) In an in f in i te system, the boundary moves at a constant velocity. In a
f in i te system, the boundary i n i t i a l l y moves at the same velocity but then i t s
speed would gradually reduce to zero as the boundary approaches an asymptotic
position, xaSy, defined as:

_ D g 2D.sinh(vL/2D)
x *ng

asy v * n vT

where v is the boundary velocity, D is the diffusion coefficient, and L is the
length of the system.

(v) For diffusion analysis, the in f in i te system approximation is good
provided the sum of the diffusion distance (2*ut) and boundary displacement (vt)
does not exceed the asymptotic distance.

4.4.4 Mechanical Properties of Irradiated Zircaiqy-2 Specimens

- J.F. Mecke, S.R. MacEwen and N. Christodoulou, in collaboration with
C.E. Ells (Metallurgical Engineering Branch).

Zircaloy-2 specimens were annealed for 20 min at 1273 K, air-cooled and
subsequently irradiated in NRX to a fast fluence of 7.7 x 1023 n/m2. The
temperature during irradiation was 573 K. Early results show that neutron i r ra -
diation:

(a) Increases the 0.2% yield stress as much as 40% and the Young's Modulus
8%. The increase in the 0.2% yield stress can be predicted assuming 0rowan type
hardening. The flow curves of the irradiated and unirradiated specimens are
shown in Figure 4.4.4.1a. The work hardening rate before and after irradiation
is shown in Figure 4.4.4.1b.

(b) Does not change the activation area. This is an indication of the
athermal nature of the obstacles that are introduced due to irradiation. The
activation area Aa' and the instantaneous rate sensitivity M were determined
from strain rate change and stress relaxation tests. The values of the two
quantities are - Aa1 =* 13 b2 (where b is the Burgers vector) and M = 0.020 for
the unirradiated and 0.018 for the irradiated material. Tests on irradiated
specimens with different heat treatments are in progress.
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4.4.5 Effect of Stress Reversals on the Work Hardening Behaviour of OFHC Cu
and Zircaiqy-2

- N. Christodoulou, O.T. Woo, S.R. MacEwen and J.F. Mecke

( i ) Results on Cu - The effect of prestress of (or prestrain £f) on
the flow behaviour after a stress reversal was determined by plotting the work
hardening rate #n_rev i n t h e r e v e r s e direction as a function of the absolute
flow stress a. This is shown in Figure 4.4.5.1. The work hardening behaviour
can be divided into two regions

(a) 0p_ rev
 > öp-for (the work hardening rate during monotonie loading}'•

The material response in the early stages of reverse flow is identified as the
Bauschinger effect. The dependence of the amount of flow softening due to the
reversal on the prestress of was analyzed by employing the parameter ß = Oy/of,
where a« is the proportional l imi t in the reverse direction. Table 4.4.5.1
l i s ts trie values of ß at increasing prestress (or prestrain) levels. I t can be
seen that ß i n i t i a l l y increases and then saturates with of. This behaviour is
consistent with the development of back stresses due to the non-uniform d i s t r i -
bution of the dislocation structure (1).

(b) ön-rev < 0p-f or • Given that the strain rate and temperature are kept
constant, the existence of a long transient in #p-reverse merely implies that the
flow stress alone is not sufficient to uniquely describe the reverse work
hardening behaviour. Hasegawa and co-workers (2) have shown that under condi-
tions of reverse loading in A l , the average dislocation density remains
essentially constant. Given that the flow stress is proportional to the square
root of the dislocation density, at least one additional structure parameter
must be evolving during the reversal. Meek ing and Kocks (3) recently proposed
that the deviations from the Cottrell-Stokes law in monotonie loading are due to
the increasing importance of dynamic recovery with ongoing deformation. Assuming
that the work hardening rate 0p = öh~^R» where 0n is the a thermal work hardening
rate (approximately constant) and R is the component that includes al l devia-
tions due to dynamic recovery, they were able to modify the Cottrell-Stokes law
and f i t a broad range of experimental data. The parameter 0R is considered
here as the one that changes during reverse loading and the modified Cottre l l -
Stokes relation can qualitatively describe the experimental observations. The
complete analysis of these data along these lines is currently under investiga-
t ion.

( i i ) Results on Zircaloy-2 - The dependence of 3 on of for Zircaloy-2
seems to be similar to that in Cu. For 430 MPa < of < 540 MPa, the corresponding
values of ß are l isted in Table 4.4.5.2. Additional experiments are in
progress to extend the range of prestress for which ß is determined. From these
results, i t appears that, as in Cu, ß (or \.he Bauschinger effect) tends to
saturate as af increases. The latter is again consistent with the presence of
back-stresses that oppose flow in the forward direction and aid reverse y ie ld-
ing. The nature, however, and the range over which the back-stresses act are
l ikely to be different in Zircaloy-2 than in Cu.
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TABLE 4.4.5.1. Dependence of the Parameter ß on the Prestress of for OHFC Cu

-0.02*
-0.04
-0.08
0.18
0.28
0,35

af (MPa)

70
-118
-156
227
265
282

°y (MPa)

7
72
144
191
222
240

0

0.1
0.61
0.92
0.84
0.84
0.85

*The minus sign indicates straining in compression.

TABLE 4.4.5.2. Dependence of 0 on of for Zircaloy-2

£f °f (MPa) qy (MPa) g

0.04 436 216 0.495
0.09 506 330 0.650
0.14 540 380 0.705

Table 4.4.5.3. Dependence of \ on Strain

for erev f (±0.01)

0.00 0.00 0.10 (initial texture)
-0.04 0.00 0.13
+0.04 0.00 0.10

0.10 0.00 0.10
0.10 -0.10 0.27

-0.30 0.00 0.57
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The work hardening behaviour #p_rev "*n a sample that was predeformed
in tension to a Of - 430 MPa and then in compression is shown in Figure 4.4.5.2.
I t is evident that the flow behaviour in the reverse direct ion is ent i re ly
d i f ferent than that of Cu. Although # p_ r e v i n i t i a l l y f a l l s below 9p_for, i t
eventually begins to increase unt i l i t rejoins the work hardening rate of a
sample that was monotonically deformed in compression (curve 3). The unusual
dp exhibited by the material when i t is deformed in compression is l i ke ly to
be due to twinning. The la t te r is supported by measurements of the resolved
fract ion of basal-pole normals in the longitudinal direct ion ( i . e . the f[_
number). Although f[_ does not change during tension, i t increases continuous-
ly during compression. This is shown in Table 4.4.5.3.

The experimentally observed rotat ion of basal-pole normals towards the
compression axis can be explained by considering the rotat ion of the basal plane
normal when j lO Ï2 | and ) l l 2 l j twinning occurs. This interpretat ion is currently
being examined.

(1) H. Mughrabi, Acta Met., 31, 1367 (1983).
(2) T. Hasegawa, T. Yakou anTTS. Karashima, Mat. Sei. Eng., 20, 267 (1975).
(3) H. Mecking and U.F. Kocks, Acta Met., 29, 1865 (1981).

4.4.6 Mechanical Testing Large Strain Flow Behaviour of OFHC Cu Tested in
CompressTön

- N. Christodoulou and J.F. Mecke

The high s t ra in flow behaviour of OFHC Cu was determined by conducting
experiments on cy l indr ica l samples that were compressed to true strains of ~1.9.
The uniformity of p last ic flow was maintained by employing two lubricants simul-
taneously. Namely, the compression platens were covered with te f lon tape,
whereas the sample's end surfaces were coated with MoS2« I t was thus possible
to show that the work hardening rate at high strains ( c > 1.4) becomes negative.
The l a t t e r was at t r ibuted to texture softening which was also supported by
numerical simulations carr ied out concurrently by C Tome (1) .

(1) C. Tome, G.R. Canova, U.F. Kocks, U. Christodoulou and J . J . Jonas, to be
published in Acta Met.

4.4.7 Residual Stresses From Theraal Expansion

- S.R. MacEwen (with J. Faber, Argonne National Laboratory)

I t has long been recognized that the anisotropy of thermal expansion in
zirconium alloys would result in large internal stresses being generated by
uniform changes in_temperature (1). To measure these i t is necessary to compare
the (0002) and (ÎOTO) d-spacings as a function of temperature. Any difference
in lat t ice constants at a given temperature is representative of the internal
stress required to maintain compatibility between grains. A single crystal
( « 4 x 4 x 4 mm) was grown by passing a narrow molten zone down a Zircaloy-2 rod
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in an electron-beam zone refiner. The crystal was oriented in the General
Purpose Powder Diffractometer, at the Intense Pulsed Neutron Source in Argonne,
so that the incident beam bisected the angle between the prism and basal planes.
Thus, the (0002), and higher order basal peaks, were recorded in one 90° bank of
detectors, while the other 90° bank collected data from the prism lines. The
crystal was heated by a small, Ta-wound furnace (2) that had slits to allow for
the passage of the incident and ±90° diffracted beams. Temperature was measured
and controlled from a thermocouple in contact with the small vanadium post on
which the crystal was mounted. The polycrystalline sample was simply a 5 cm by
1 cm diameter cylinder, machined from rod stock and annealed to give a 20 m
grain size. Each sample was heated to about 600°C and then cooled in steps back
to room temperature, with a diffraction pattern being obtained at each step.
Figure 4.4.7.1 shows that the (10Ï0) and (0002) spacings, for both the single
and polycrystal samples, decreased linearly with decreasing temperature. The
slopes are given in Table 4.4.7.1.

The single crystal thermal expansion coefficients increase slightly
(:=sO.5%) with decreasing temperature and at 300°C aa = 5.53 x 10~6K~1 and
ac = 10.53 x 10~6 K" , in reasonable agreement with values reported in
the literature (2,3) for pure Zr single crystals. It is evident that at all
temperatures the basal planes of the polycrystalline sample are in residual
tension while the prism planes are in residual compression, relative to the
stress-free single crystal. With decreasing temperature the magnitude of the
residual strains increases until at room temperature they reach values of
1.07 x 10~3 in the <c> direction and -0.94 x 10~3 in the <a> direction.
A simple analysis shows that the change in strain on cooling from 600°C to 25°C
is less than expected if compatibility were maintained elastically, suggesting
that plastic flow on the prism systems has occurred during cooling.

(1) G.R. Piercy (1968) J. Nucl. Mater. 26, 18-50.
(2) L.T. Lloyd (1963) ANL-6591. ~
(3) D.L. Douglass (1971) The Metallurgy of Zirconium, IAEA, 4-5.

4.4.8 Positron Annihilation Spectroscopy - Doppier-Broadem'ng

- G.M. Hood and R.J. Schultz

A. Defects in Zr, Zr Alloys and Ti and Other Metal s

( i ) Irradiation Damage and i ts Thermally Activated Recovery.

Materials Irradiated and Electron Irradiation Facil i ty Used:

• a-Zr (single crystals) - CRNL (1.2 MeV) in col laboration with
S. Kidner, J . McKeown and D. Earle

• Zr-0.2 at% Sn (single crystals) - NRC (6 MeV) in col laboration with
A. Novak and N. Sherman

• Zr-3 at% Oxygen (polycrystal l ine samples) - CRNL
• Zr-0.4 at% Hydrogen (polycrysta l l ine samples) - CRNL
c ct-Ti single crystals - NRC/CRNL
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TABLE 4.4.7.1
d d

x 1 Q

Single

Polycrystal

(0002)

2.7179

2.5279

(1010)

1.5491

1.8223

THERMAL EXPANSION OF ZIRCALOY-2

SINGLE CRYSTAL

POLYCRYSTAL - 2 810

J 2 800

100 700
TEMPERATURE (CI

Figure 4.4.7.1 Thermal expansion of single and polycrystal Zircaloy-2.
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• Al single crystals - NRC/CRNL
t Al-1.5 x 10-* atï Zn single crystals - NRC/CRNL

Experimental Conditions

• All samples were.in a well-annealed state prior to irradiation
• All irradiations were done with samples at a nominal sample

temperature of 100 K
• Samples were kept under liquid nitrogen storage until required.

Results

Reco« 3rv of Zr single crystals TC"lowing irradiation to a fluence of
3.6 x 102* e~/m2, with samples irradiated normal to the basal plane, and using
a 22Na positron source for PAS, showed:

• A free vacancy migration stage, with the formation of vacancy
clusters, at 250-300 K.

t Instability of the vacancy clusters and the probable formation of
vacancy loops and/or larger clusters at 300-400 K.

• Gradual recovery of the loops and/or even larger clusters at
400-600 K.

• Recovery effectively complete by 600 K.
• The surprising absence of any clear stage indicative of self-

interstitial /vacancy annihilation, which was anticipated between
100 and 150 K.

For samples irradiated normal to the jlOÏOJ prism plane, and using a 68Ge
positron source for PAS, the results were generally as above, but without the
clear stage at 300-350 K indicative of vacancy cluster instability. This
difference could be associated with the sensing of a lower vacancy concentration
in this latter experiment.

The recovery of Zr-0.2 at$ Sn single crystals following irradiation to
2.2 x 10^0 (6 MeV) e~/m2 showed a general delay of ~20 K in the recovery stages
associated with vacancy migration, when compared with the pure Zr results. The
recovery characteristics of the Zr(Sn) alloy and pure Zr are otherwise notably
similar.

The recovery of Ti single crystals, following irradiation to
2.2 x 10 2 0 (6 MeV) e"/m2, showed characteristics which were, with one striking
exception, quite similar to those noted above for Zr (prism plane samples) and
Zr-0.2 at* Sn. Thus, vacancy clustering is apparent from 250-280 K, there is a
plateau stage from 280-430 K (where recovery is very slow), a relatively strong
recovery stage from 430-520 K followed by a long-slow recovery stage to 750 K,
the upper temperature limit of the study. The striking difference from the Zr
work (noted above) concerns a pronounced recovery process evident at ~110 K.
This is associated with vacancy/interstitial annihilation by freely migrating
self-interstitials. The absence of this stage in the Zr recovery data is
surprising. This feature, or its absence, is currently being investigated.
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(ii) A study of deformation damage and its thermally-activated recovery using
wel1-annealed, high-purity Zr polycrystalline samples, which had been compressed
to ~20% thickness reduction at 78 K (nominal), showed that the as-deformed
defect signals are very strong. The values are akin to those found for Zr
irradiated with ~ 1 C 2 4 n/m2 at 373 K. There it was surmised that
positrons were interacting with both vacancy loop and vacancy cluster defects.

Isochronal annealing of the deformed specimens (up to 700 K) shows slow
continuous and essentially featureless recovery of the defect signal. It had
been anticipated at the outset that stages indicative of interstitial and/or
vacancy migration would be evident. Approximately 50" of the defect related
signal had annealed out by 700 K.

(iii) A study of quenching damage and its thermally-activated recovery, using
pure Zr single crystals, quenched from 1110 K under He into an aqueous/HCl bath
at 200 K, showed a small as-quenched defect signal which could be attributed to
vacancies. The annealing behaviour was symptomatic of vacancy recovery.

B. Parameterization of Doppier-Broademng Data - (in conjunction with
A. Lone and J. Blair, Mathematics and Computations Branch)

Mathematical deconvolution routines are being applied to some Doppler-
broadening data for AI. As a test case, it is intended to compare deconvolved
Doppler data with results from long slit angular correlation measurements. The
aim here is to see whether more physical significance may be attached to the
data treated in this manner. Initial results here are encouraging.

4.4.9 Development of a Spectrometer to Measure Positron Lifetimes for
Materials Research

- J.A. Jackman and G.M. Hood

Both the angular correlation and Doppler-broadening of positron
annihilation radiation have been used for metals research at Chalk River Nuclear
Laboratories for several years (1,2). A third technique which utilizes the
tendency of positrons to become localized at vacancy-type defects is the
measurement of the positron lifetime (typically 100-200 ps). When localized,
the positron experiences a lower electron density and survives about 30Ï longer
in a single vacancy, or about 150% longer in a void, depending on the material.
Lifetime measurements may in principle use specific trapped-state lifetimes to
distinguish among defect types, making it possible to study the development of
vacancy clusters. Another prime advantage of this technique over Doppler-
broadening and angular correlation is that the lifetime is an absolute quantity
which is much more easily calculated theoretically than the momentum distribu-
tion. As a result, most of the theoretical effort for positrons in defects is
directed to calculating the lifetime.

Fast-timing circuitry is used to measure the time elapsed between the
detection of a gamma ray of characteristic energy, which is emitted simulta-
neously with the positron during nuclear decay (the 'prompt' gamma), and the
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TABLE 4.4.9.1 Comparison of literature values and our measurements of positron
lifetimes (T) and intensities (I) for annealed metals. T£
represents the source component.

z
13
14
22
29
40
78
79

Sample

Al
Si
Ti
Cu
Zr
Pt
Au

T ( 3 )

psec

166
228
148
122
165
117
118

T l
psec

166 ±1
226 ±1
149±1
122 ±1
163 ±2
174 ±2
138 ±2

h
%

98±0.5
97±0.5
97±0.5
96 ±0.5
95 ±0.5
92 ±0.5
93±0.5

T2
psec

728 ±7
1449±16
697±11
619±8
545 ±7

1072±9
562 ±7

12
%

2±0.5
3±0.5
3±0.5
4±0.5
5±0.5
8±0.5
7±0.5

Variance

6.6
2.6
3.1
3.0
3.6
8.4
3.0

TABLE 4.4.9.2 Positron lifetimes (T) and intensities (I) for neutron irradiated
Zr, Zr-2.5% Nb and Zircaloy

Sample

Zr
lr-2.5% Nb
Zircaloy-2

Tl
psec

208 ± 1
203 ± 1
222 ± 1

94 ± 0.5
95 ± 0.5
92 ± 0.5

T2
psec

542 ± 14
521 ± 14
509 ± 7

6 ± 0.5
6 ± 0.5
8 ± 0.5

Variance

1.60
2.00
3.28
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detection of the 511 keV annihilation radiation. Plastic scintillators having
very fast (about 2 nsec) decay characteristics are used as detectors; these are
coupled to suitably fast photomultipliers. A time-to-pulse-height converter
produces a pulse whose amplitude is proportional to the elapsed time between the
two events, and which can be fed into a multi-channel analyzer. The resulting
spectrum is analyzed by a fitting program assuming the data to be represented by
a sum of exponential decay curves convoluted with the spectrometer resolution.
For detailed and accurate analysis particular attention must be paid to
stabilizing the electronics against drift, reducing the fraction of positrons
annihilating in the radioactive source instead of the sample (the source
component), accumulating sufficient data for statistical precision, and
determining the correct shape of the resolution curve.

Although further improvements to the system will be realized in the near
future, a brief study has been undertaken to determine whether generally
accepted literature values can be reproduced for well-annealed metals. Extremely
good results are obtained for Al, Si, Ti, Cu and Ir (Table 4.4.9.1) where liter-
ature values (3) have been reproduced to within _+ 2 psec using a straightforward
analysis. More difficulty was encountered in the" high-Z materials Pt and Au,
where back scattering of positrons increases the source component significantly.
For these materials, a three-component analysis yielded better results.
However, more sophisticated techniques of source production can also be employed
to reduce the source component.

A preliminary study of neutron irradiated samples at room temperature
indicates the promise of the technique (Table 4.4.9.2). The positron lifetime
in IT increased by 23* after irradiation to a fluence of about 10^4 n/m^, compared
with an 8% increase in the Doppier S parameter. It is reassuring that the source
component does not change. Similarly long lifetimes were found for Zr-2.5 wt% Nb
and Zircaloy-2. More detailed studies of defect migration and interaction as a
function of temperature and dose are planned for the near future.

(1) S.M. Kim and W.J.L. Buyers, J. Phys. F: Metal Physics 8 (1978) L103.
(2) G.M. Hood and R.J. Schultz, J. Phys. F: Metal Physics TO (1980) 545.
(3) I.K. MacKenzie, in Proceedings of the International ScTuJol of Physics

'Enrico Fermi: Positron Solid State Physics, Eds. W. Brandt and
A. Dupasquier, North Holland (Amsterdam, 1983) p.200.

4.5 LECTURES, PUBLICATIONS AND REPORTS

4.5.1 Lectures

THE PUZZLING MAGNETIC BEHAVIOUR OF THE URANIUM ROCK-SALT COMPOUNDS.
- J.A. Jackman ( inv i ted seminars)
Presented at - Guelph Univers i ty , 1984 Apr i l 3

- University of Western Ontario, 1984 Apr i l 4
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MEASUREMENT OF RESIDUAL STRESSES BY NEUTRON DIFFRACTION
- S.R. MacEwen
Presented at University of Toronto and at IPNS Users Meeting (Argonne)
1984 February 21-25.

RADIATION-INDUCED AMORPHIZATION OF A TiNi-BASED ALLOY
- O.T. Woo
TMS-AIME Annual Meeting at Los Angeles, 1984 February 26-March 1.

ASSESSMENT OF PWR WATERSIDE CORROSION MODELS AND DATA
- B. Cox
Presented at EPRI Contractor's Meeting, Atlanta, 1984 April 3-5.

CORROSION AND HYDRIDING BEHAVIOUR OF ZIRCONIUM ALLOYS
- B. Cox
Presented at inaugural meeting of Advisory Board for Centre for Nuclear
Engineering, University of Toronto, 1984 May 2.

34th Canadian Metal Physics Conference, Kingston, Ontario, 1984 June 6-8.
(1) EFFECT OF IRRADIATION ON THE WORK-HARDENING RATE AND RATE SENSITIVITY OF

THE FLOW STRESS OF ZIRCALOY-2
- J.F. Mecke, S.R. MacEwen and N. Christodoulou.

(2) EFFECT OF STRESS REVERSAL ON THE WORK HARDENING BEHAVIOUR OF
POLYCRYSTALLINE COPPER
- N. Christodoulou, O.T. Woo, S.R. MacEwen and J.F. Mecke.

(3) HELIUM BLISTERING IN ZIRCONIUM.
- R.H. Zee, S.R. MacEwen and J.F. Watters.

4.5.2 Publications

FLOW LOCALIZATION IN OFHC Cu AND 99.99% Al.
- N. Christodoulou and J.J. Jonas.
Submitted to Acta Met.

HEXAGONAL GERMANIUM AND HIGH RESOLUTION ELECTRON MICROSCOPY
- J.R. Parsons and C.W. Hoelke
Submitted to Philosophical Magazine.

THE INFLUENCE OF TEXTURE ON THE INTERPRETATION OF DIFFRACTION DATA TO DETERMINE
RESIDUAL STRESS
- S.R. MacEwen, J. Faber Jr., and A.P.L. Turner
Scripta Metallurgica, Vol.18 (1984) 629.

PURIFICATION OF ZIRCONIUM BY ELECTROTRANSPORT PROCESSING
- R.H. Zee, G.J.C. Carpenter and F.A. Schmidt
Scripta Metallurgica 18 (1984) 489-493.

RECOVERY OF ELECTRON IRRADIATED a-Ti SINGLE CRYSTALS - A POSITRON ANNIHILATION
STUDY
- G.M. Hood, R.J. Schultz and J.A. Jack man
Submitted to Radiation Effects



- 119 -

THE RECOVERY OF SINGLE CRYSTAL a-Zr FROM LOW TEMPERATURE ELECTRON IRRADIATION -
A POSITRON ANNIHILATION SPECTROSCOPY STUDY
- G.M. Hood, R.J. Schultz, and J.A. Jackman
Journal of Nuclear Materials (Letter to the Editor) (in press)

A STUDY OF THE TEMPERATURE DEPENDENCE OF ANISOTROPY EFFECTS CHARACTERISTIC OF
POSITRON ANNIHILATION IN SINGLE CRYSTAL a-Zr
- G.M. Hood and R.J. Schultz
Submitted to Journal of Physics F.

WORK HARDENING AND PATE SENSITIVITY MATERIAL COEFFICIENTS FOR OFHC Cu AND 99.99%
Al
- N. Christodoulou and J.J. Jonas
Submitted to Acta Metallurgica

ANALYSIS OF PASSIVE FILMS ON STAINLESS STEEL BY CYCLIC VOLTAMMETRY AND AUGER
SPECTROSCOPY
- N. Ramasubramanian, N. Preocanin, and R.D. Davidson
Submitted to Journal of the Electrochemical Society.

4.5.3 Reports

AECL-8482
SÜLTJTION TO THE DRIVEN DIFFUSION OF A STEP BOUNDARY WITH A SOURCE TERM
- R.H. Zee and G.E. Lee-Whiting
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