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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Equilibrium charge state distributions have been measured for
ions of atomic number Zi emerging from thin foils. In contrast to
the monotonic dependence expected on the basis of the Bohr theory,
a very pronounced oscillation of q, the mean charge state, is
observed as Z^ is increased from 6 (carbon) to 19 (potassium).
Preliminary experiments with Ne as a test ion show no dependence of
q upon Z2f the atomic number of_the foil. There is no simple
connection between the present q oscillation and the well-known
stopping power oscillation. The role of Auger de-excitation
processes is under consideration as a possible explanation for these
unexpected and intriguing results.

A detailed study has been made of defect trapping in a dilute
tin alloy of aluminum. The fractions of displaced Sn atoms and of
Al host atoms have been measured following the ion irradiation of
single crystal specimens. The functional dependences upon
irradiation temperature, irradiation dose and anneal temperature
provide the first channeling evidence for multiple vacancy trapping
by a solute atom and for an annealing-induced changed in the
configuration of the solute-vacancy clusters.

Radiation Chemistry

The radiation chemistry of iodine in aqueous solution is a
research topic recently started in the Physical Chemistry Branch.
Following a literature survey, an attempt has been made to determine
rate constants for the individual reactions involved in the
103" ̂=7 I2 interconversion, about which a good deal is already known,
using computer programs developed here for other radiation chemistry
applications. Reasons for the discrepancies which have turned up
are currently being sought.

Laser Photochemistry

The effects of parameters such as laser radiant energy fluence,
density of states in absorbing molecules and pressure on multi-
photon excitation in a homologous series of absorbing molecules HOH,
CH3OH, CD3OH, C2H5OH and CF3CH2OH have been studied. Multi-
photon absorption, under collision-free conditions, was seen for the
higher density of state molecules C^H^OH and CF3CH2OH. For the
smaller molecules in the series, collisional processes are required
to assist in overcoming anharmonicity "bottlenecking".



(ii)

Far-infrared laser magnetic resonance (LMR) signals of ground
state OH and NH radicals have been observed when SFfi containing
small amounts of H-0 or NHo is decomposed by CO2 laser pulses. To
complement and aid in the interpretation of the LMR data, chemi-
luminescence spectra of electronically excited OH and NH radicals
are also being taken using the same gas mixtures.

Hydrogen Isotope Separation

Further work on the deuteration of CF^H, a molecule of interest
for laser isotope separation, by chemical exchange with water has
confirmed the rate increases achieved in the presence of the aprotic
solvent, dimethyl sulfoxide. These are attributable to increased
solubility of CF3H as well as increased activation of the hydroxyl
ion. Hydrolysis of CF3H, a competing reaction, was found to go at
0.01% of the rate of the deuteration reaction under conditions of
interest.

The operating voltage of the GE solid polymer electrolyte cell
has shown an increase from 1.89 to 2.54 V after 50 days operation.
This is unexpectedly large arid is 80 times more rapid than observed
by GE. Attempts to reduce the operating voltage have only been
marginally successful.

Analytical Chemistry

A new spray-in-spark excitation system has been developed in
this laboratory which increases the usefulness of an emission spectro-
graph for direct elemental determinations in solutions at intermediate
concentration levels, i.e. at greater than 1 yg/mL. It is an
improvement over previous dissolved sample systems because it
minimizes nebulizer inefficiency and memory effects. Standard
deviations for 10 yg/mL concentration are less than about 7%.

A simple microcomputer-based semi-automatic data system has
been assembled to speed the processing of data from spectrographic
photoplates. It consists of a microdensitometer, a digital
multimeter interface, a 32K, 8 bit microcomputer with a dual floppy
disc mass memory, a printer and a plotter. Software in PET-BASIC
language enables the following routines to be done:

1) emulsion calibration
2) conversion of transmittance data to intensity
3) generation of calibration curves
4) storage of calibration coefficients in memory
5) extraction of quantitative data from spectral lines

by accessing the calibration coefficient files
6) generation of ah issuable analysis report.
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Exclusive of the microdensitometer and the plotter, the system costs
about $7500, much less than presently available, fully automatic data
systems.

Good separations of complex anion mixtures (Cl~, F~, NC>3~ ,
PC>4~3 , SO4 ) have been achieved with ion chromatography using Dionex
pellicular anion exchange resins in high-efficiency columns. A
conductivity detector with a cell volume of 2.5 yL enabled well-
defined peaks to be obtained in the range 10~5 to 10~3 mol-L~l.
Comparison with colorimetric determinations of PC>4~3 in treated
waste water showed an agreement within 10% in the 10~3 mol-L range.

Materials Science

The cracking of Zr-2.5% Nb specimens in gaseous hydrogen at
room temperature is accompanied by the growth of thick hydride layers
(up to 200 ym) along the crack. No consistent variations in hydride
thickness with crack length were observed, but an inverse relation
to crack velocity appeared to hold in the early stages of cracking,
but not near the crack tip.

No significant effect of thermal cycling was found on the
movement of the ot-Zr/a + SZrH^ g phase boundary in Zr-2.5% Nb
pressure tube specimens for up"to 2688 cycles between 250 and 300°C.
This number should exceed the number of cycles received by the outer
ends of fuel channels in a CANDU reactor as a result of reactor
shut downs.

The changes in the apparent length of the aluminum specimen
in a NRX reactor creep rig are ascribed to dimensional changes
induced in the rig, since no change in the specimen should have
occurred. When converted to an equivalent creep rate these changes
in the rig represent a significant error in any short-term creep
experiment.

Irradiation-induced segregation of solute at grain boundaries
and dislocations has been calculated using the latest modifications
to the ZEUS code. The results are very similar to predictions of
segregation to the free surface of a solid.

Growth of single crystals of zirconium during reactor
irradiations has been characterized by small increases in length
for specimens near to the a-axis and small contractions for
specimens near to the c-axis at both 353 and 553 K. Comparison
with polycrystalline specimens shows a large difference at 353 K
attributable to the presence of grain boundaries.

The best current estimates of vacancy formation and migration
energies in zirconium give hf + hm > 2.7 eV; hf £ 1.6 eV and
h m > 1.1 eV.
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1.2 ION PENETRATION

1.2.1 Charge State Distributions of Heavy Ions Emergent from
Thin Foils: The Zj-Dependence for C foils (Z2 = 6)~

- W.N. Lennard, D. Phillips and D.A.S. Walker

The equilibrium charge state distributions for ions
emerging from thin carbon foils (Z2 = 6, thickness =
7-15 pg.cm 2) have been measured as a function of projec-
tile atomic number for 6 <_ 7,\ £ 19 using the technique
described in PR-CMa-49, section 1.2.3; AECL-6589. From
the individual charge state fractions, $(q), we have
determined the mean charge q = £ q<t> (q) for common exit

velocities in the range 0.8 <_ v/vo <_ 1.0, where vo is the
Bohr velocity. The uncertainties in our q-values are
approximately ± 2%.

Results are shown in Figure 1.2.1.1. The solid line

is the Bohr prediction (1), qB(Zi,v) = — Zi1'3. All data

for 6 < Zi < 18 are fitted to better than 4% by the
- - v ./, r v 2irz, "1

expression q(Zi,v) = — Zi 1-A(—) sin( ,g - 0.52)j

where A(—) is found to increase slightly with decreasina
° v ^velocity. For — = 0.9, A = 0.45.

vo

At higher velocities (v > v o ) , q(Zi) is generally
found (2) to be a monotonically increasing function of Zi.
All non-monotonic effects have been attributed to shell
effects, e.g., in the rare earth region (3). For
10 < Zi <. 18, the increase of q over aB might be qualita-
tively interpreted as arising from large equilibrium
values of the vacancy fraction in the projectile L shell
within the carbon foil, followed by fast (̂  lO"11* s) Auger
decays immediately after the beam exits from the target.
Such two-electron decays would leave the projectile in a
more highly ionized state. This explanation does not apply
to projectiles where Zi <_ 10, and cannot explain the
symmetry of the observed oscillation about the Bohr estimate.
Any attempt to explain our data through a mechanism based
on ionization potentials leads to the result that q should
be at a minimum near closed shells, i.e. Z2 ^ 10, 18. Our
data are not consistent with this interpretation. We also
note that the amplitude and phase of the q-oscillation are
not related in a simple way to the Z1-oscillations of
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electronic stopping powers measured in carbon foils (4)
at the same velocity. Work is continuing in an effort to
understand our results quantitatively.

(1) N. Bohr, Kgl. Danske Videnskab. Selskab., Mat.-Fys.
Medd. 1£, No. 8 (1948).

(2) H.-D. Betz, Rev. Mod. Phys. 44_, 465 (1972).

(3) L.A. Petrov, V.A. Karnaukhov and D.D. Bogdanov, Sov.
Phys. JETP 32_, 1042 (1971).

(4) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard,
R.B. Walker and N. Rud, Can. J. Phys. 57, 645 (1979).

Figure 1.2.1.1 - Plot of mean equilibrium charge
q = E q<(> (q) measured for projectiles of

atomic number, Z j, emerging from a thin
carbon foil at a velocity v = 0.9 v o.
The solid curve is the Bohr estimate
based on the Thomas-Fermi atom,
qB = v Z^/VVQ.
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1.2.2 Charge State Distributions of Heavy Ions Emergent from
Thin Foils: The Z2-Dependence for Ne Ions (Zt = 10~)

- W.N. Lennard and D, Phillips

In order to study the systematic effect of observed
charge state distributions on time-of-flight measurements
(1) made using microchannel plate detector assemblies,
where the timing foils are not at ground potential, we
have measured the emergent charge state distributions of
2°Ne ions incident on five targets, C, Al,_Ni, Ag and Au,
of approximate thickness 5 x 10 1 7 atoms-cm 2. The measure-
ments were made in a vacuum (P ^ 10 5 Pa), typical of that
used for the time-of-flight measurements.

The results for g = Z q<}>(q) i where <|> (a) is the fraction

of ions having charge state q, as a function of target
materials are shown in Table 1.2.2.1 for the common exit

velocity — = 0.90. Within the measurement uncertainties,vo
no Z2-dependence is observed. The same conclusion is valid
over the limited velocity rang0 0.8 £ v/vo <_ 1.0.

In view of the oscillatory Zi-dependence of q in
carbon (see this Progress Report, section 1.2.1), it is
clear that the Zz-dependence of q should be measured for
other values of Zi. Such measurements may allow one to

! make a more general statement concerning the Z2-dependence
of q than is possible at present.

(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard,
R.B. Walker and N. Rud, Can. J. Phys. 57, 645 (1979).

Table 1.2.2.1

Z2-dependence of the mean charge (q) observed for 2 0Ne ions
transmitted through thin foils. The common exit velocity
is v = 0.9 v o.

Target
Materials (Z2) q

C (6) 1.786 ± 0.023
Al (13) 1.779 ± 0.028
Ni (28) 1.825 ± 0.055
Ag (47) 1.811 ± 0.060
Au (79) 1.807 ± 0.057
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1.2.3 Stopping Powers

- D.C. Santry and R.D. Werner

Stopping measurements for 500 to 1000 keV deuterons
in C, Al, Si, Ni, Ag and Au were made using the 2.5 MV
Van de Graaff accelerator. High neutron fields produced
by the D + D reaction prevented measurements being made at
higher energies. Cleaning of beam defining surfaces to
remove previously deposited deuterium gave only a modest
reduction in neutron fields. Although the deuteron stopping
data are still being processed, preliminary results indicate
that scaling of proton data for carbon from semiempirical
tabulations by Andersen and Ziegler (1) gives deuteron
stopping values which are within 2 to 4% of our measurements.
Results for Ti show that scaled proton values are about 8%
lower than our measurements. Further attempts will be made
to reduce the neutron background and extend the stopping
measurements to an energy of 2 MeV.

Beams of fluorine from the 2 MV Pelletron accelerator
were used to measure stopping values of C, Al, Si, Ni, Ag
and Au over the energy range 200 to 2000 keV. Measurements
will be repeated before finalizing the results.

(1) H.H. Andersen and J.F. Ziegler, Hydrogen Stopping
Powers and Ranges in All Elements, Pergamon Press,
New York, 1977.

1.2.4 Preliminary Experiment to Measure the Lifetime of the
2210 keV Level of 30S

- T.K. Alexander, G.C. Ball and W.G. Davies (Nuclear
Physics Branch) with I.V. Mitchell

For details see Progress Report PR-P-124, section 2.6;
AECL-6788.

1.2.5 Re-Analysis of the Data on the Lifetime of the 2000 keV
Level of llC

- T.K. Alexander, G.C. Ball and W.G. Davies (Nuclear
Physics Branch) with I.V. Mitchell

For details see Progress Report PR-P-124, section 2.7;
AECL-6788.
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1.2.6 The Electric Field Gradient for Gadolinium and
Ouadrupole Moments in x ** 7Gd

- 0. Hausser, D. Ward, T.K. Alexander, H.R. Andrews,
(Nuclear Physics Branch), H.-E. Mahnke (Hahn-Meitner-
Institut), J.F. Sharpey-Schafer (University of Liverpool),
P. Skensved (Queen's University), and P. Taras
(University de Montreal) in collaboration with
M.L. Swanson

For details see Progress Report PR-P-124, section
2.15; AECL-6788.

1.3 SURFACE PHENOMENA

1.3.1 Surface Structure Analysis by Rutherford Backscattering
(RBS) and Channeling

- J.A. Davies, C. Sitter and P.R. Norton (Physical Chemistry
Branch)

A re-investigation of the surface relaxation of clean
and H2-covered Pt(lll) surfaces has now been completed and
submitted for publication. For the H2-covered surface,
three completely independent runs have yielded a mean
value of + 0.003 ± 0.001 nm for the outward relaxation Ad
of the surface plane; this is in good agreement with our
previous measurement (Progress Report PR-CMa-48, section
1.2.3; AECL-6538). Corresponding measurements in the
absence of adsorbed H2 exhibit no evidence of asymmetry in
the angular scan through a non-perpendicular axis such as
<110> indicating that_Ad for the ultra-clean (111) surface
is less than t 5 x 10 * nm. Measurements on a CO-covered
Pt(lll) surface also exhibit no evidence of relaxation.

A similar investigation of surface relaxation has
been performed for the Pt(100) surface in the presence of
monolayer coverage of adsorbed H2 or CO. In both cases,
we observed an extremely small but reproducible asymmetry
in the <110> angular scan from which a Ad value of
+ 0.001 ± 0.0005 nm was deduced. Figure 1.3.1.1 demonstrates
clearly the sensitivity of the RBS technique in measuring
such small values of Ad. The total relaxation observed
here is almost an order of magnitude smaller than the
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± 0.005 nm detection limit available via other techniques
such as low energy electron diffraction (LEED). For Pt(100)
we have not yet succeeded in investigating surface
relaxation of the ultra-clean surface because an extensive
lateral reconstruction always occurs as the crystal is
being heated to remove the adsorbed H2 or CO molecules (1).

One particularly annoying limitation in our previous
RBS studies, using the LEED/Auger ultra-high vacuum system,
has been a 3-5% (intermittent) lack of reproducibility
between duplicate scattering measurements. In many cases,
this uncertainty was only about twice the statistical
counting errors involved and hence was rather hard to
identify. The cause of the problem has finally been
traced to fluctuations in duty cycle of the mechanical
beam-chopper used for monitoring and integrating the beam
current. Minor modifications to the eccentric cam and its
synchronous motor drive have been made to eliminate this
problem. Using the modified integrator system, duplicate
scattering measurements (including those in the experiments
of Figure 1.3.1.1) now agree within the normal counting
statistics (1-2%).

(1) P.R. Norton, J.A. Davies, D.P. Jackson and
N. Matsunami, Surf. Sci. 85, 269 (1979).

1.3.2 Surface Structure Analysis by Rutherford Backscattering
and Channeling"

- P.R. Norton (Physical Chemistry Branch), J.A. Davies,
C. Sitter, W.N. Unertl (University of Maine) and
D. Posner (University of Maine)

For details see Progress Report PR-CMa-51, section
3.3.3; AECL-6846.

1.4. RADIATION DAMAGE

1.4.1 Collision Cascades in Si and Ge

- L.M. Howe and M.H. Rainville

Detailed electron diffraction analyses were performed
on Si monocrystals implanted with 10xl-1012 As, Sb and



Figure 1.3.1.1 - Angular scan about the <110> bulk
channeling direction in Pt(100) at 175 K,
using 2.0 MeV kHe ions. Upper panel:bulk
backscattering yields which locate the
<110> axis to ± 0.01°. Lower Panel:
surface peak area, indicating a small
(-0.1°) shift in location of the minimum
yield relative to the <110> axis. Solid
curves are drawn to guide the eye.
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Bi ions-cm z (ion energies 15-120 keV). Of particular
interest were the contrast features of the damaged regions
and their variation with the thickness of the observed area.
Regardless of the thickness of this area, the damaged regions
give rise to contrast which is principally of the structure
factor type (i.e., arising from the difference in extinction
distances between the matrix and the damaged regions) with
the images reversing from black to white contrast on either
side of a thickness extinction contour. These damaged
regions are best described as being 'amorphous'. More
specific information regarding the degree of amorphicity of
these damaged regions would require the use of a high
resolution scanning transmission electron microscope in order
to perform micro-dif frac-.ion analysis.

Studies have also been initiated on Ge bombarded with
As, Sb and Bi ions. Preliminary results indicate that the
contrast features of the damaged regions are more complex
in Ge than in Si. For example, at foil thicknesses of t less
than 2 extinction distances, E,q, the contrast is principally
of the structure factor type whereas for t > 2£Q, some black-
white streaking in the images is observed which"is indicative
of a strain contrast effect. The direction of black-white
streaking is approximately parallel to the diffraction vector;
hence, the defects have essentially a spherically symmetrical
strain field.

Previously (1) the average diameter and number
densities were obtained for damaged regions in Si produced
by 15-30 keV monatomic and diatomic ions of As, Sb and Bi.
These studies have now been extended to damaged regions
produced by ions having energies up to 118 keV. Stereo
pairs have been obtained in the electron microscope and have
proven to be very useful for studying the breakup of the
main collision cascades into subcascades as the incident
ion energy is increased.

(1) L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson,
to be published in the Proc. VIII Int. Conf. on Atomic
Collisions in Solids, Hamilton, Ontario, 1979.

1.4.2 Measurement of the Displacement of B Atoms in Si Crystals
using the 11B(p,a)8Be Reaction

- M.L. Swanson, L.M. Howe, A.F. Quenneville and F.W. Saris
(FOM Institute, Amsterdam)

The displacement of B atoms from lattice sites in a
Si-0.2 at. % Be cyrstal was measured as a function of
0.7 MeV H+ irradiation fluence at 35, 200 and 293 K, using
the 11B(p,a)BBe nuclear reaction (Figure 1.4.2.1). The
apparent displaced fraction of B atoms into a given <lmn>
channel is given by
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LdB

<lmn>

, <lmn>
= (XB

where

ions from Si atoms and

is the normalized yield of backscattered H+

R is the normalized yield of

alpha particles from the 11B(p,a)8Be reaction. Figure
1.4.2.1 shows that the rate of displacement of B atoms

O MEASURED AT 35K

s MEASURED AT 2DDK

6 MEASURED AT 293K

2 3

IRRADIATION FUIENCE * (10" CH'1)

Figure 1.4.2.1 - The apparent displaced fraction of B atoms

fdB in a <110> channel as a function of

0.7 MeV H+ irradiation fluence (J> at 35 K,
200 K and 293 K. The equivalent random
fluence of each aligned spectrum, given
by the aligned fluence multiplied by

Xg^ > at the measuring depth of 150-900 ran,

was included in the total fluence. The
data obtained by Wiggers and Saris (1) for
irradiations at 293 K using an identical
crystal are shown as a dashed line.
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into <110> channels was much larger at 293 K than at 35
or 200 K. Since vacancies become mobile between 70 and
180 K in Si, the trapping of vacancies by B atoms could
not be responsible for the displacement of the B atoms.
Because both B interstitials and B-vacancy pairs are
mobile between 200 and 293 K, the migration of either of
these defects could cause the B displacements at 293 K.
Detailed annealing results after 200 K irradiation showed

that the rate of increase in f-,B reached a maximum at

240 K. A comparison of this temperatare with the annealing
kinetics of B interstitials, as measured by Watkins (2),
indicates that migration and clustering of B interstitials
was probably the cause of the displacement of B atoms.
(See also PR-CMa-50, section 1.4.2; AECL-6689.)

(1) L.W. Wiggers and F W. Saris, Rad. Effects £1, 149
(1979).

(2) G.D. Watkins, Phys. Rev. B12, 5824 (1975).

1.4.3 Channeling Measurements of Interstitial Trapping in
Al-0.07 at. % Cr Crystals

- M.L. Swanson, L.M. Howe, A.F. Quenneville and
0. Dimitrov (CNRS, Vitry-sur-Seine, France)

The backscattering channeling method was used to study
interstitial trapping by Cr atoms in an Al-0.07 at. % Cr
crystal. (See Progress Report PR-CMa-4S, section 1.4.4;
AECL-6589.) Al-Cr <100> mixed dumbbells were created by
this trapping during irradiation at 50 K or 70 K with
1 MeV He ions. There was no measurable difference in the
mixed dumbbell configuration between 50 K and 70 K. The
displacement of Cr atoms along <100> directions in .he
mixed dumbbells was 0.146 ± 0.004 nm at both temperatures.
Thus the change in trapping configuration near 58 K which
was inferred from the electrical resistivity results of
Dimitrov et al. (1) could not be due to an alteration in
the mixed dumbbell configuration. The mixed dumbbells
were annihilated during annealing near 200 K by combination
with vacancies.

(1) C. Dimitrov, O. Dimitrov and F. Dworschak, J. Phys.
Mat. Phys. 8_, 1031 (1978).
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1.4.4 Channeling Measurements of Defect Trapping in Al-0.03 at.
% Sn Crystals

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

The backscattering-channeling method was used to
investigate the trapping of irradiation-induced defects by
Sn atoms in an Al-0.03 at. % Sn crystal. Since Sn atoms
were not displaced appreciably from lattice sites by
irradiation of the crystal at 35 K or 70 K, or by subseauent
annealing up to 160 K, it was concluded that mixed dumbbells
were not formed by interstitial trapping in that temperature
range. Further annealing up to 220 K produced a considerable
displacement of Sn atoms from lattice sites, and the

apparent displaced fraction f ,c for <110> channels was
<111>considerably greater than the value f,g fcr <111>

channels, as shown in Figure 1.4.4.1. (This displacement
was attributed to multiple vacancy trapping at Sn atoms,
because further irradiation at 70 K reduced the apparent
displaced fraction of Sn atoms more than did irradiation at
35 K.) Annealing at temperatures above 240 K caused

jr<110> , Jr<lll> . . ,
dSn a dS become equal, as shown in

Figure 1.4.4.1, indicating a change in Sn atom positions
caused by an alteration of the configurations of vacancy
clusters. These results, which are the first channeling
evidence for unique solute atom-vacancy configurations in
metalc, are consistent with data for Al-In and Ni_-In alloys
using perturbed angular correlation measurements'"(1,2).

(1) H. Rinneberg and H. Haas, Hyperfine Int. 4_, 678 (1978) .

(2) C. Hohenemser, A.R. Arends, H. de Waard, H.G. Devare,
F. Pleiter and S.A. Drentje, Hyperfine Int. 3, 297
(1977).

1.4.5 Growth of a Cu-0.3 at. % Au - 0.25 at. % Be Crystal

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

A crystal of Cu-0.3 at. % Au - 0.25 at. % Be was grown
by the Bridgman method, using as starting materials 99.999%
purity Cu, 99.999 % purity Au and a high purity Cu-23 at. %
Be alloy. Analysis by backscattering and by the nuclear
reactions 9Be(d,a)7Li and 9Be(d,p)10Be indicated that the
desired concentrations of Au and Be were achieved. This
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Figure 1.4.4.1 - Isochronal annealing (600 s pulse anneals)
of a water quenched Al-0.03 at. % Sn
crystal after irradiation at 35 K with
1 MeV He ions to a fluence of 1.0 x 10I e

cm
-2 In the lower part of the figure,

the effect of annealing on f,g and

f,„ is shown. In the upper part, the

recovery R& of the irradiation-induced
dechanneling increment is shown.

alloy will be used to investigate the shallow trapping of
self-interstitial Cu atoms by Au atoms; i.e., Be atom dis-
placements will be monitored during annealing to see if
there is an increase in the concentration of Cu-Be mixed
dumbbell interstitials resulting from the release of self-
interstitial Cu atoms from Au atoms.
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1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 Thermal Neutron (n,p) and (n,a) Reactions

- D.C. Santry, R.D. Werner and A. Lone (Neutron and Solid
State Physics Branch)

A search for hydrogen and helium production in reactor
materials due to thermal neutron capture has continued at
the NRU N4 external thermal-neutron facility (see PR-CMa-49,
section 1.5.5; AECL-6589). A surface barrier particle
detector was used to measure protons or alpha particles
which result from thermal neutron capture. The detector
system was calibrated using ion implanted samples of known
atomic concentrations for reactions of known cross sections,
i.e., 3He(n,p)T, 6Li(n,a)T and 10B(n,a)7Li.

The elements studied have Q values which favor alpha
emission following thermal neutron capture. For example:

Nuclide

91Zr
93Nb
95Mo

Abundance (%)

11.2

100

15.9

0-value (MeV)

5.7

4.9

6.4

"̂ hin samples (̂  1 mg«cm 2) of natural Zr, Nb and Mo were
vacuum deposited on backings_of Be or C and irradiated with
a flux of '\> 5 x 107 n*cm 2«s 1 for periods of 5 to 18 hours.
Particle spectra accumulated during the irradiations showed
that 6Li and 10B impurities were present, but showed no
other alpha particles with energies greater than 2 MeV. It
was possible to set upper limits to (n,a) cross sections of
0.1 mb* for all three elements studied. Attempts will be
made to prepare sources with lower concentrations of B and
Li so that the energy region below 2 MeV can be examined
for particle emission.

1.5.2 The Reaction of Aluminum with Hot Water

- W.D. Mackintosh and H.H. Plattner

The hydrated oxide film formed on a specimen of Al
exposed to hot water (370 K) is known to be porous. We have
found that if the films are subsequently immersed in

* 1 mb = 1 x 10 31m2
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solutions containing negative ions (e.g. Cr2O7~~, IO3 )
the ions are adsorbed on the surface of the pores. Using
the Rutherford backscattering (RBS) technique to examine
the depth distribution of the adsorbed ions, we have found
that the pores must be open from the metal/oxide interface
to the oxide/solution interface.

We have carried out experiments to measure the amounts
adsorbed as a function of water temperature, pH, species,
concentration of ions and voltage polarity (̂  5 V) applied
to the specimens during immersion. The RBS spectra obtained
during analysis have not yet been analyzed in detail but
some preliminary results have been obtained:

(1) the adsorption is strongly dependent on both the
water temperatue and the polarity of the applied
voltage;

(2) the adsorption is weakly dependent on the pH of the
solution; and

(3) the adsorption is nearly independent of both the
absorbed species and solution strength.

It is also apparent that the films have a two-layer
character: the inner half behaves in a different manner
from the outer half.

We have also looked at the desorption of the ions on
exposure to water alone and to water with low voltages
applied to the specimen. The dual nature of the film is
again apparent.

1.6 COMPUTATIONS

1.6.1 Determination of Equipotential and Equi-Flux Contours for
Channeled Ions

- L.M. Howe and N. Matsunami

Previously (1) computer programs were developed for
calculating both the equipotential and the equi-flux
contours for ions of He and D incident along various
channels in Al and Cu. These calculations were then used,
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along with experimental results, to determine the magnitude
of the displacement of solute atoms from lattice sites in
the mixed dumbbell interstitial configuration (1). New
programs have now been written which are more general and
which can be applied readily to f.c.c, h.c.p. and b.c.c.
crystals. Calculations are currently underway for He ions
channeled in the h.c.p. crystals Zr, Mg and Zn and these
will also be used to obtain detailed information on the
magnitude of solute atom displacements in mixed dumbbells.

(1) N. Matsunami, M.L. Swanson and L.M. Howe, Can. J.
Phys. 56, 1057 (1978).

1.6.2 The Backscattering of Li and He from Clean Single Crystal
Ni Surfaces at Low EnergieF

- D.P. Jackson in collaboration with W. Bnglert, W. Heiland
and E. Taglauer (Max Planck Institute for Plasmaphysics,
Garching, Germany)

The calculations on this topic (introduced in Progress
Report PR-CMa-44, section 1.6.1; AECL-6179 and further
discussed in Progress Report PR-CMa-49, section 1.6.1;
AECL-6589) have received a fresh impetus as a result of
further experimental work done at Garching. The theoretical
predictions and the experimental data are now showing
encouraging agreement. Different collision processes are
observed for He+ and Li+: the He+ data can be explained by
a simple binary collision picture whereas multiple collision
processes are important for Li+. The trajectory dependence
of the ion neutralization (proposed in PR-CMa-49) seems
to be the dominant effect as is seen in a comparison of the
experimental and calculated ion yields as a function of
crystal orientation.

1.7 ACCELERATOR OPERATION

1.7.1 Beam Identification on the 2 MV High Voltage Mass Separator
(HVMS)

- W.N. Lennard, D. Phillips, D.A.S. Walker and G.A. Sims

Periodically, beams are observed in the 2 MV HVMS
whose identities are unknown. Such beams are produced with



- 19 -

an intensity (after maanetic analysis) of tens of n.ino-
amperes. We have succeeded in deducing the origin of
several of these beams using the techniques of (i) RBS
analysis from a thin self-supportinq Au target (̂  100 pg-cm" 2),
and (ii) charge state analysis after passage through
a thin (̂  7 ug-cm 2) carbon foil. (For a description of
the charge state analyzer see PR-CMa-4 9, section 1.2.3;
AECL-6 589.) Both of the above techniques produce signals
that are characteristic of the constituent atoms (ions) for
molecular beams, i.e. molecules will be dissociated before
detection.

(1) Apparent Ion Mass 7

Magnetically analyzed beams are defined by the relation-
ship B = k(ME)1/2/q, where B is the magnetic field strength,
M, E, q are the mass, kinetic energy and charge of the
projectile, respectively, and k is the magnet constant.
When operating a 1 **N beam we observed two beams both with
a magnetic rigidity appropriate to a beam M = 7, q = 1
and energy E. One was, of course lkN++ at energy 2E, i.e.
extracted and accelerated as 3 "*N++. From our electrostatic
and backscattering analysis, we determined that the second
mass 7 beam was N 2

+ + , presumably formed by charge exchange
from N 2

+ after acceleration and before the magnet. The
intensity ratio N2 + +/N 2

+ was ^ 10~ 3.

(2) Mass 14 Satellite

A more puzzling beam has been observed as a weak
satellite to the M = 14 beam, and which would be identified
through the charge state distribution as 1 4N. The satellite
was present for all accelerator voltages, V, in the range
0.8-1.6 MV, but always 12.5 (± 0.5) keV lower in energy
and a factor 80 lower in intensity than the primary 1^N
beam. We believe that this beam originates in the ion
source without acquiring the full bias potential (̂  30 kV).
This suggestion will be tested by measuring the energy
difference between the two beams as a function of the bias
voltage.

(3) Apparent ion mass 49

A large (̂  30 nA) beam was observed at the mass 49
position. Our charge state and energy analysis indicated
the presence of three ions: Mi % 11, M2 •"..

 n-8, M3 % 20.
Since the charge state distributions are distinctive and
only two were observed, we set Mi = M2; further, this latter
species was observed to have a non-negligible q = -1
component (suggesting C, 0, F ) . We conclude that
Mi = 1, M2 = M3 = 19, and that the beam was BF 2

+. This
result was subsequently confirmed by RBS analysis and by
the identification of a M = 48 beam with ^ 25% of the
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intensity of the M = 49 beam, consistent with the natural
abundance ratio ^B/^B = 1/4. We suggest that this beam
originates from the diffusion of fluorine into the boron
nitride insulators. We could not detect llB+ or 19F+

beams at the 1 nanoampere level despite the large BF2+ beam
intensity.

The above results suggest that all beams produced in
isotope separators can be identified using a combination
of techniques. We know of no single technique that is
capable of unambiguously identifying all beams, both atomic
and molecular.

1.7.2. HVMS Instrumentation

- D.A.S. Walker

Recent requests for more complete beam diagnostics
have resulted in the development of two pieces of instrumen-
tation. The first, a beam current monitor, is based on
the integrated output of the National Electrostatics
Corporation beam profile monitor located immediately ahead
of the target chamber. Once the beam shape and intensity
have been optimized for a given experiment, the monitor
readout can be normalized (with the Faraday cup) and used
as a measure of beam intensity during that run, assuming
no beam-defining slits are located between the cup and the
monitor. This method of measurement obviates direct
connections to the target and is therefore independent of
target material (i.e. no variation in secondary electron
emission).

The second instrument is a "mass meter". Analog
signals, derived from the accelerator generating voltmeter
and from a Hall probe located in the analyzing magnet, are
fed into a circuit whose output generates a signal

proportional to M = k> -y-, where M is the mass (amu), B is

the magnetic field, V is the accelerator voltage and k is a
calibration constant. Bench tests indicate a system
accuracy of ^ 0.3%. Once normalized "on-line", no change
in k was required for the following conditions—(a)
generating voltmeter variations of 0.6-1.5 MV at mass 28
and (b) mass variations of 12-44 at 1.5 MV. Case (b)
illustrates the most practical application. Measurements
will be extended as heavier beams are requested.
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1.7.3 HVMS Operation

- G.A. Sims

During this period, shutdowns were caused only by
minor technical faults. These faults required replacement
of a bias resistor and anode circuit breakers, and repair
of a faulty gate valve on the ion source.

The use of tetraf luoromethane (CFi,) as a source gas
for 1 9F + and 1 9 F + + beams proved to be very satisfactory,
and stopping power experiments requiring these were carried
out without difficulty.

The new accelerator tube is now scheduled to be
installed early in the new year.

The "beam-on" time during the previous three months
was 259 hours.

1.7.4 2.5 MV Van de Graaff Operation

- G.R. Bellavance

The accelerator performed satisfactorily during the
past three months with only one day down-time for visual
inspection, lubrication and minor adjustments.

The beam time (hours) was allocated as follows:

Sept.

Oct.

NOV.

Total

1H +

24

24

2D +

7

4

7

18

76

121

115

312

1 2C +

3

3

1

1

16Q+

4

4

Tota

115

125

122

362
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1.8 PUBLICATIONS, REPORTS AND LECTURES

1.8.1 Publications

Erosion of Frozen Gas Films by MeV Ions
by J.A. Davies, J. L'Ecuyer, N. Matsunami, R. Ollerhead,
and J. BjzTttiger
Proc. of the 1st Int. Conf. on Ion Beam Modification of
Materials, Budapest, Hungary, 1978 September 4-9, Vol. Ill,
1521 (1979)

The Importance of Screening Corrections in Accurate RBS
Analysis at MeV Energies
by J. L'Ecuyer, J.A. Davies and N. Matsunami
Proc. of the 1st Int. Conf. on Ion Beam Modification of
Materials, Budapest, Hungary, 1978 September 4-9, Vol. Ill,
1723 (1979)

Ion Bombardment of Ordered Zr3Al
by L.M. Howe and M.H. Rainville
Proc. of the 1st Int. Conf. on Ion Beam Modification of
Materials, Budapest, Hungary, 1978 September 4-9, Vol. II,
1091 (1979)

An Application of Ion Beams to the Determination of
Reconstruction and Relaxation of Pt-Surfaces
by N. Matsunami, J.A. Davies, P.R. Norton, D.P. Jackson,
and J.U. Andersen
Proc. of the Jap. Conf. on Ion Sources and Applications to
Technology (ISAT) 1979 February, p.215-219 (1979)

Implantation and Reflection of Medium Energy Hydrogen and
Helium in Oxidized and Solid Surfaces
by P.C. Lichtenberger, J.E. Robinson and D.P. Jackson
Proc. of the 1979 IEEE Int. Conf. on Plasma Science, Montreal,
1979 June 4-6, IEEE Trans. 79CH1410-0, p.117 (1979)

1.8.2 Lectures

On the Stability and Reactivity of (5x20) and (lxl) Pt(100)
Surfaces
by P.R. Norton, D.K. Creber and J.A. Davies
Proc. of the 26th Nat. Symp. on the Amer. Vac. Soc.,
New York, U.S.A., 1979 October 2-5

The '27I(n,2n)l26I Reaction as a Fast Neutron Flux Monitor
by D.C. Santry
Proc. of the Int. Conf. on Nuclear Cross Sections for
Technology, The University of Tennessee, Knoxville, 1979
October 22-26
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Use of MeV Ion Beams in Studying Platinum (100) and (111)
Surfaces
by J.A. Davies
Bell Laboratories, Murray Hill, New Jersey, 1979
December 10

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

2.2.1 Emission Spectrography

- G. Jarbo, P. Faughc

2.2.1.1 High Voltage Spray-in-Spark Excitation of Solutions

For many samples requiring simultaneous multi-element
analysis, spray-in-spark excitation offers an attractive
complement to the dried residue and Webb techniques in two
important aspects. Firstly, it utilizes samples in solution
directly, thus reducing the amount of careful sample prepar-
ation that the solid sample techniques require. Secondly,
it has a sensitivity in an intermediate or utility range
that is most convenient for many solutions for which trace
analysis capability is unnecessary. Development of a viable
method has until recently been hampered by two problems:

a) nebulizer inefficiency

b) significant memory effects.

A new spray-in-spark excitation system has been
developed in this laboratory to minimize the effects listed
above. It consists of a variable-flow pneumatic-nebulizer,
Lucite spray-chamber and tantalum alloy electrode holder
(see Figure 2.2.1.1.1). Aerosol from the spray chamber is
directed through a tubular graphite electrode to a 3 mm gap
across which a high voltage current is discharged. The
upper electrode is a 6 mm diameter graphite rod. The spark
gap is surrounded by the argon nebulizer gas inside a
quartz chimney. Cyanogen band interference is insignificant.

Preliminary tests with a 1000 yg/mL mixed (10) element
solution indicated no memory effects if distilled water was
nebulized and resultant aerosol purged the source for thirty
seconds immediately after sample nebulization. Electrodes
had to be changed between samples. At the 10 pg/mL level
the standard deviation of any element in the test solution
did not exceed 7%. Using a thirty second exposure time,
elements present at 1.0 ng/mL could be readily detected.

Work will continue to establish the dynamic range of
this technique and prepare calibration curves for various
elements.
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2.2.1.2 Spectrographic Recordings of Inductively Coupled Plasma
(ICP) Emission Spectra

Enclosure of the arc and spark stand in an activity
containment chamber has restricted use of the optical bar
of the Jarell Ash 3.4 m spectrograph for installation of
other excitation sources such as the PlasmaUierm ICP source.
We have attempted to direct light from the ICP into the
spectrograph through 90° by use of a plane mirror and
alternatively, a concave mirror. The light gathering
efficiency in either case was inadequate. Recent disclosure
of UV transmitting optical fiber bundles (Maxlight - Optical
Waveguides Inc., Phoenix,Arizona) suggests that this may
constitute an attractive interface between the ICP source
and spectrograph. We have obtained optical fiber material
from Bell Northern for optical efficiency test purposes in
the visible region (>350 nm).

2.2.1.3 Carrier Distillation Analysis of ThO2 Impurities

Calibration spectra for 21 impurity elements in ThO2
have been recorded using the carrier distillation technique.
Spectra are being processed to generate calibration curves
for these elements.

2.2.1.4 Computer-Assisted Spectrographic Data Processing

- H. Herrington, G. Jarbo, P. Faught, J. Mislan

A simple, off-line data system for processing informa-
tion recorded on spectrographic plates was reported in
PR-CMa-49, section 2.2.1.2. This data processing system is
based on the HP 9820 programmable calculator and a simple
emulsion calibration algorithm based on the Siedel Transform.
We suggested that a microcomputer equipped with a dual
floppy disc, mass memory unit would constitute a more effective
spectrographic data processing system.

A microcomputer-based data system has been developed to
replace the HP 9820 for spectrographic data processing.
The HP 9820 has been retained in an ancillary role as a
plotter interface. The spectrographic laboratory data system
consists of the following hardware items.
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1) Interface - Hewlett Packard 3438A digital multi
meter (IEEE-488 bus)

2) Microcomputer - Commodore PET 2001 - 32K, 8 bit
words

3) Mass Memory - Compu/Think Model 400 KP2 dual
floppy disc

4) Printer - Integral Data Systems

5) Plotter - HP 9862A interfaced to Commodore PET
by RS232 line - HP 9820 provides plotter intelligence.

Spectrographic software in PET-BASIC performs the
following functions:

1) emulsion calibration using an algorithm based on
the Siedel Transform.

2) direct conversion of transmittance data to intensity
values via the Siedel curve coefficient.

3) generation of calibration curves of element concentra-
tion (one or more lines) vs intensity ratios.

4) plotting of calibration curves.

5) storage of calibration coefficients in files assembled
in floppy disc memory.

6) quantitation of selected spectral lines by accessing
appropriate calibration files.

7) generation of an analysis report.

The Commodore 2001 micro-densitometer data system
described above is an effective, inexpensive (~$7500, less
plotter) semi-automatic system for speeding the otherwise
laborious task of manually processing data from spectro-
graphic plates. Fully automatic data systems for quali-
tative and quantitative analysis are much more complex in
hardware and software requirements and appear justified only
when spectrographic analysis of a large number of similar
samples is needed.
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2.2.2 Atomic Absorption Spectrometry

- D. Bellavance, J.P. Mislan

No development work has been reported for this
quarter; routine analyses only were done.

2.2.3 Inductively Coupled Argon Plasma/Optical Emission
Spectrometry (ICAP-OES)

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

The JY 38 plasma spectro analyzer was used for deter-
mination of low level (ppb) amounts of iron and aluminum
in G.S. mobile pilot plant process water samples.

2.2.4 Chromatography

- R.M. Cassidy, S. Elchuk

2.2.4.1 Low Level Metal Ion Determinations

In previous progress reports it was shown that small
cartridges of ion exchange resins could be used for the
quantitative enrichment of very small concentrations of metal
ions. However, this system was not suitable for samples
containing large concentrations of salts. Recovery tests
with the chelating resin Chelex 100 (iminodiacetate functional
groups) have shown that this resin gives good trapping
efficiencies for saline solutions at pH 6-7. However, rapid
removal of the trapped metal ions onto the separation
column required conditions (high acidity or large concentra-
tions of a complexing reagent) that were not compatible with
the present chromatographic system. No further work is
planned in this area.

2.2.4.2 Analysis of Zircaloy

Nanogram amounts of impurities in Zircaloy, such as
Ni(II), Co(II), Zn(II) and Pe(III), have been separated on
a 10 cm column packed with a 13 ym cation exchange resin;
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eluted metal ions were detected with a variable wavelength
detector after a post-column reaction. Since the Zr(IV)
was eluted at the solvent front, large amounts of Zr(IV)
(~ 5 ing) could be injected with little or no effect on the
separation and detection of the trace impurities.

The separation of Zr(IV) and Hf(IV) was not feasible
with this system. It is anticipated that this separation
could be achieved in a HaSOi, medium or with extraction
chromatography. Both of these methods use corrosive liquids
and would require completely inert chromatographic instru-
mentation.

2.2.4.3 Analysis of Uranium

Unlike zirconium, the reaction between uranium and the
reagent used for detection produces a strongly adsorbing com-
plex and this will interfere with the detection of trace
impurities in the uranium. Two methods were examined for the
removal of this interference.

The first method investigated was the selective removal
of the uranium prior to the separation and determination of
the trace impurities. In a tetrahydrofuran-10% HNO3 medium,
uranium is weakly retained on cation exchange resins but the
majority of divalent and trivalent metal ions are strongly
retained. An inert 'off-line' sampling cartridge was used to
remove the uranium and trap the metal ion impurities. These
impurities were then eluted onto a cation exchange column
and separated in a tartrate medium. Results obtained on
standard samples indicated removal of >99% of the uranium
{z 5 mg) and * 100% recovery for Pb(II), Co(II), Fe(III),
and Mn(II). Lower recoveries were obtained for Cu(II),
Ni(II) and Zn(II), but the use of a larger sampling cartridge
could improve these recoveries.

The second method involved direct injection onto the
column and the use of a masking agent. Ammonium carbonate,
which forms a strong, colorless complex with uranium, was
added to the reagent used for detection. Figure 2.2.4.3.1
illustrates the effect of using the carbonate to remove
the large uranium peak. A study of the effect of the
concentration of ammonium carbonate in the post-column
reagent showed that there was no appreciable change in any
of the reactions between the reagent used for detection
and the metal ions studied. The total weight of uranium
injected affected the shape of the Cu(II) peak and this
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introduced an error in the determination of Cu(II) because
peak heights were used to calculate the results. Table
2.2.4.3.1 summarizes some of the analysis studies that have
been done to date.

2.2.5 Quadrupole Mass Spectrometry

- T.H. Longhurst

2.2.5.1 Analysis of K2IrCl6 and K2OsCl6 For Hydrogen

The results of neutron scattering experiments with
these compounds, conducted in the Neutron and Solid State
Physics Branch (B.M. Powell) indicated a dielectric anomaly,
and additional experiments suggested that hydrogen might
have been responsible for this anomaly. Mass spectrometry
was used to determine the quantity and the chemical nature
of any hydrogen in these compounds.

The samples were introduced into the mass spectrometer
via the solids probe inlet and heated stepwise up to 175°C
to release the products of thermal decomposition to the
ionizer. At various temperatures the K2IrCl6 released H 20,
HC1, NH3 and Cl 2. The data from the K2OsCl6 were similar,
differing only in the following respects:

(1) K2OsCl6 did not release NH3

(2) the quantity of HC1 released from K2OsCl6 was
much smaller than from K2IrCl6.

(3) K2OsCl6 gave evidence of containing Na as an
impurity.

2.2.5.2 Incinerator Ash

During the immobilization of active incinerator ash
in portland cement large quantities of gas are released,
thereby producing bubbles in the mixture which reduce the
ultimate strength of the concrete. The gas evolved from
the reaction of HNO3 on incinerator ash was analyzed by
mass spectrometry and it was found that the gas consisted
of Co 2, N2 and 0 2, in order of their decreasing abundances.

2.2.5.3 H2S/DC-472 Reaction Products

The gas-phase products from a H2S reaction with an
aqueous solution of the antifoam DC-4 72, at 200°C and



TABLE 2.2.4.3.1

ANALYSIS OF URANIUM BY LIQUID CHROMATOGRAPHY

SAMPLE A*

tion

Cu
Zn
Pb
Ni
Co
Fe
Mn

Cu
Zn
Pb
Ni
Co
Fe
Mn

ng Added

nil
nil
nil
nil
nil
nil
nil

200
200
200
500
50

1000
100

0.0 mol-L"
COf

ND
ND
290
ND
4.2
500
43

ND
ND
213
540

53.2
1200
102

ng Found
i 0.1 mol'L-i 0.

CO?

28
10
300
14
45
50U
41

SAMPLE B*

133
203
207
515

54.5
1000
108

2 mol-L"1

COf

44
15
310
18
45
300
45

144
205
215
532

54.0
1400
105

0.3 mol-L"1

COT

45
9

300
10
46
400
43

162
198
194
539

52.3
1200
100

I

•Samples A and B were reagent purity uranium. Sample B was
spiked with the metal ions shown. Both injections contained
3.6 mg of uranium.

ND Not Detected.
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2 MPa (300 psi), were analyzed by gas chromatography/mass
spectrometry. The following species were identified:
two C3-hydrocarbons, methanethiol, a C^-hydrocarbon,
ethanethiol, 2-propanethiol, 1-propanethiol, trimethyl-
silanol, methyl isopropyl sulfide, hexamethyldisiloxane,
n-propyl isopropylsulfide, hexamethyltrisiloxane, ethyl
isopropyl disulfide, and two unresolved siloxanes.

2.2.5.4 Oxygen Isotope Analysis in Heavy Water

Concern about neutron economy and the production of
llfC in power reactors has resulted in an interest in 17O
analysis in heavy water. Since our mass spectrometer
(Extranuclear Laboratories Spectr EL model 275-5 quadrupole)
cannot resolve m/z 1 and 2 the analysis could not be done
directly on water. Therefore some analyses were done on
oxygen (O2) produced by electrolysis of a slightly deuterium-
enriched water sample. An interpretation of the results
is given in Section 2.5.7 of this report; the results are in
Table 2.5.7.1.

2.2.6 Determination of H- and D-in-Metals

- H. Herrington and J.P. Mislan

2.2.6.1 Novel Isotope Equilibration/Mass Spectrometer Facility

The following actions were completed.

(1) A new, more detailed request for quotation was prepared
for the hydrogen isotope (mixture) analyzer and
forwarded to prospective equipment suppliers. Analyzer
requirements were specified as regards to performance
of t':e quadrupole mass spectrometer, automatic valving
system, and turbomolecular pumping system.

(2) Testing of schemes for remote transfer of samples to
and from a single equilibration tube were performed.
Suction applied to a 3 mm internal diameter tube was
compared with a grappling device (Triceps, Techni-Tool
Inc.) for sample transfer and found to be simpler and
more positive. An automatic sample transfer device
and sampling sequencing tray are being designed for this
application. This solid sampler will have the general
features of automatic liquid samplers developed for gas
and liquid chromatography application. Samples will be
transferred to and from the equilibration tube under a
blanket of dry nitrogen gas to minimize water contamina-
tion.
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(3) The performance of a turbo molecular pumped Leybold
Heraeus Q-200 quadrupole mass analyzer was examined.
Tests were performed at Ultra High Vacuum Instruments
Ltd., Burlington, Ont. We observed peak height
stability of ±2% for hydrogen isotope mixture and
rapid (<2 min) system pump-down to the 10"6 Pa range
after each test.

2.2.6.2 Alloyed Zirconium Hydrides for Hydrogen Analysis Standards

We have analyzed a group of hydrided Zr-2.5% Nb specimens
as part of an interlaboratory analysis comparison, initiated
by WNRE, directed toward developing H-in-Zr analysis
standards.

When we complete the analysis of hydrided specimens of
Zircaloy-2, Zr-2.5% Nb, and zirconium 'XL' (Excel) alloy
prepared by CRNL Metallurgical Engineering Branch, we will
forward specimens to WNRE for analysis comparison by vacuum
extraction.

2.2.7 Analytical Support for NRX Calandria (Corrosion)
Working Party

- J.P. Mislan, M.T. Hurteau and D. Nishimura (Reactor Loops
Branch)

The unusual observation reported in PR-CMa-50, section
2.2.7, relating to the large (5-fold) difference in concen-
tration of N0 x in adjacent calandria tubes F-2 and G-l can
now be easily explained. This difference was attributed
to differences in air flow rate between F-2 and G-l.

Purge tests were conducted in calandria tube G-l to
determine which gases would be most effective for inhibiting
NOX production. Gases were injected into the long sample
line and resultant calandria tube gas sampled from the short
tube.

The following observations were made.

1) Injection of He and CO2 into the upper zone of G-l
calandria tube gave enhanced N0 x readings from the
Philips PW 9762 N0/N02/N0x analyzer.

2) Injection of N2 and dry air into the upper zone of G-l
calandria tube gave a reduction in N0 v concentration.
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We therefore conclude that N2 or dry air should be
used as blanket gas to inhibit NOX production. The cover
gas in NRU is CO2.

2.2.8 Anion Determinations

- L.W. Green

The technique of ion chromatography using Dionex
pellicular anion exchange resins has been investigated for
the determination of Cl~, F~, NO3~, PCH"

3 and SO^"2 ions.
Figure 2.2.8.1 shows that good separations are obtained
for these anions using a 3.0 mol-L"1 NaHCO3/2.4 mol>L~

XNa2CO3
eluent and other parameters as indicated. A Laboratory Data
Control conductivity detector with a cell volume of 2.5 uL
enables well-defined peaks to be obtained for these anions
in the concentration range 10~5 to 10~3 mol-L"1.

Injections were made with an injection slide valve and
some difficulties were encountered. A new Teflon rotary
injection valve has been ordered.

The reproducibility of the technique was improved by
the use of an internal standard; fluoride ion was chosen
for this purpose. Measurements on a series of standards
showed that the elution peak heights are linearly dependent
on anion concentration, when the internal standard is used.

The accuracy of the method was tested by an inter-
comparison experiment. The POi,"3 ion in low activity waste
water, which had been subject to reverse osmosis treatment,
was determined both colorimetrically (P. Hardy) and chromato-
graphically. The results are tabulated below.

Sample

Permeate

Mixed Permeate

Retentate

Std.

Phosphate Concentration (mmoLL"1]

Colorimetric

0.92

1.36

2.66

3.35

Chromatographic

0.90 ± .13a

1.24 ± .13

2.87 ± .15

3.54 + .16

95% confidence intervals
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Figure 2.2.8.1

'CHROMATOGRAM OF AN IONS. DIONEX COLUMN 30065,

ELUENT 3.0 mM NaHC03/2.4 mM Na2CO3.

~100ji.L INJECTION. [F"] = LCI'] = .080 mM.

[NO3-]=[PO4-
33 = [SO4"

2J = 0.40 mM1

2mL/min

l us

I
4 8

t /m i n •

12
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The results show agreement between the two methods, within
10% error, on all samples.

There is also a need for CO3
 2 determination in waste

waters and this requires an appropriate eluent for the CO3~
2

ion. Preliminary investigations have shown that sodium phenate
may be suitable. Other eluents are being examined.



2.2.9 Analysis Requests

Received
From

System
Materials

Metallurgical
Engineering

Fuel
Engineering

General
Chemistry

Type of Sample

Reverse osmosis filtrates

Reverse osmosis filtrates

Reverse osmosis fouling layer

Salt test solutions
LaPrade corrosion test solution
NPD Boiler cleaning test solutions
Rad. waste solutions
NPD Boiler tube deposits

NPD Boiler tube precipitates
Nitrogen gas

Zr-2.5% Nb specimens

Zr-2.5% Nb test specimens
Incoloy 800 tubing

Zr-2.5% Nb test specimens

Catalyst deposit
Furnace deposit
Pu impurity extract

PUO2/UO2 impurity extract

Electrolysis solutions
Electrolysis collector plate deposit
Electrolysis electrode deposit

No. Of
Samples

40

44

1

5
1

376
13
6

3
1

81

102
1

No. of
Analyses

184

232

10

5
1
761
15
48

153
5

81

126
7

Type of Analysis Done

PCU, Na, K, Ca, Mg, Fe,
Cu, Mn, Cr, Al, Si
Cl, POi,, Na, K, Ca, Mg,
Fe, Cu, Mn, Cr, Al, Si
Na, K, Ca, Mg, Fe, Ni,
Cu, Mn, Cr, Si
Na
Cl
Fe, Cu, Ca, Al, Si
Cs, Se
Ca, Mg, Fe, Cu, Ni, Cr,
Na, Si
Qualitative spectrographic
Quantitative mass
spectrometry
H, D

H, D
C

1

4^
u>

1

108 108

1
1
1

3

3
1
1

7
24
28

87

87
26
12

H, D

Qualitative spectrographic
Qualitative spectrographic
Quantitative
spectrographic
Quantitative
spectrographic
Qualitative spectrographic
Qualitative spectrographic
Quantitative
spectrographic



Received
From

General
Chemistry

Chemical
Engineering

Physical
Chemistry

Fuel
Materials

NPD

Materials
Science

Type of Sample

Electrolysis test solution

Electrode material
LPCE process gas

Electrolytic D2

Electrode deposit

Pickering D2O
Silver Solder
GSMPP process water
GSMPP process water
LPCE process gas

Silver solder

Pt Catalysts
LiAlH., and NaAlH., reagents

Process furnace gas

Al metal specimen
ThO2

ThO2/UO2

Glass manufacturing residues

D2O process water
Leaching test solution

Zr-2.5 Nb test specimens
Zr crystal bar
Excel alloy
Zr sheet
Zr sponge
Zr alloys

No. of
Samples

5

1
5

4

1

12
1

78
38
4

1

7
2

3

1
1

3

2

2
2

59
1
2

13
2
8

No. of
Analyses

130

1
25

17

1

12
5

156
38
23

1

12
6

14

14
52

156

8

2
2

72
6
4
37
8
64

Type of Analysis Done

Quantitative
spectrographic
Pt
Quantitative mass
spectrometry
Quantitative mass
spec trome try
C

Cu
Ag, Cd, Ni, Zn, Cu
Fe, Al

u v 2 5 l 4Quantitative mass
spectrometry
Qualitative X-ray

Pt, Rh '
Li, Na, Al *•

Quantitative mass 1
spectrometry
Qualitative spectrographic
Quantitative spectro-
graphic
Quantitative
spectrographic
Quantitative
spectrographic

Cl, F
Pb

H, D
0
0
0
0
Quantitative
spectrographic



Received
From

Mechanical
Equipment
Development

Biomedical
Research

Nuclear
Physics

Solid State
Science

Mechanical
Services

Advance
Engineering

Type of Sample

Bldg. 4 56 pump seal test solution

Stainless steel

Crud from oxidized Zr-2.5 Nb specimen

Reference samples

Urine chromatographic fractions

Urine test solution

Argon reference gas
Xenon reference gas
Magnet chamber deposit

SF6 process gas

Particulate deposits from Pelletron and
Tandem Accelerators
Aluminum alloy specimens

Zr-2 test specimen deposit

HNO3 stripper solutions

Environmental Ground water from disposal well
Research

Chemical NRU process air line deposits
Operations NRX Bay water (Bldg. 204)

AECL Radio- Xe product gas
chemical Co.

No. of No. of Type of Analysis Done
Samples Analyses

1 54 Quantitative
s pec tro gr aph i c

4 4 P
1 6 C

6 29 Ca, Cu, Mg, Na, Zn, Cr,
Si, Fe, Ni

8 14 4 Quantitative
spectrographic

3 3 U

1 5 Quantitative mass
spectrometry

1 1 Calibration test
1 6 Quantitative X-ray

2 2 Quantitative mass
spectrometry

7 56 Fe, Ni, Cr, Cu, Mn, Zn

2 8 Quantitative
spectrographic

1 36 Quantitative
spectrographic

12 12 Ag

68 476 Ca, Mg, Na, K, Si, Fe, Mn

1
1

2 Na, K
1 Li

8 Quantitative mass
spectrometry



Received
From

Type of Sample

Ontario Hydro Zr-2.5 Nb test specimens

TOTAL

LAST QUARTER'S TOTAL
(PR-CMa-50, AECL-6689)

No. of
Samples

35

No. of
Analyses

70

Type of Analysis Done

H, D

1207

1167

3796

4486
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Distribution of Platinum on H2-Exchange Catalysts

- W.J. Edwards and V. Corriveau

Catalysts employed for the exchange of hydrogen between
H2 (g) and H20 (I), consist of suitably coated crystallites
of platinum deposited on the surface of small (2-3 mm)
spheres of a supporting matrix. One of the variables affect-
ing the efficiency, or quality, of such catalysts is the
uniformity of the platinum loading from one support sphere
to another•

A neutron-activation analysis procedure was used to
measure the distribution of platinum amongst the spheres
from samples of four catalysts. The irradiations were carried
out in the Hydraulic Capsule Facility in NRU. Pure platinum
standards were irradiated with batches of spheres, and analyses
were done using the 158 keV y-radiation from 199Au, obtained
by means of Ge(Li) spectrometry.

The four catalysts studied were identified as:

'T-78' - a standard AECL catalyst of normal performance

'T-85LM different portions of a catalyst prepared under
> AECL supervision. The lightly loaded and heavily

'T-85H' ) loaded spheres were previously separated by hand.

'Styrene' - a non AECL catalyst.

The first three catalysts had an alumina support while
the last was deposited on polystyrene. A summary of the
analytical results is given in Table 2.3.1.1. The standard
deviation of the individual measurements is <3%, and thus
the large standard deviations given for the means in
Table 2.3.1.1 reflect heterogeneous dispersion of the platinum
loadings.
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TABLE 2.3.1.1

Pt-LOADING ON H2-EXCHANGE CATALYSTS

Catalyst •T-781 'T-85L' "T-85H1 'Styrene'

Mean Value 2.07
(mg Pt/g Catalyst)

1.57 3.09 6.76

Number of Samples 15 13 15 17

Standard Dev. 0.24(12%) 0.43(27%) 0.77(25%) 1.04(15%)
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2.3.2 Gamma Spectrometry Laboratory

- W.J. Edwards and V. Corriveau

Total samples received during above period = 317

Na(I) spectra

Ge(Li) spectra

8

405

413

DISTRIBUTION OF BETA ANALYSIS

Decay

Special Analysis

6

DISTRIBUTION OF GAMMA ANALYSIS

LOOp

Y's

Loop

Y 's

X-1

5

NRU

41

X-2

3

NPD

13

X-3

15

SpAN

295

X-6

1

WNRE

12

U-1

2

U-2

11

U-5

7
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

The following is a summary of deuterium analyses for
the period of 1979 September 1 to 1979 December 5.

No. of Analyses

8074
(H2 on line)

45124
(H2 on line)

14

13

Branch

General Chemistry

Physical Chemistry

Chemical Engineering

Chemical Engineering

Program

Electrolysis-
Catalyst Exchange

H2-H2O Exchange

Liquid Phase
Catalytic Exchange
Combustions and IR
Analyses

Liquid Phase
Catalytic Exchange
Liquid Sample IR
Analyses

2.4.2 Heavy Water Analysis

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

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan

2.5.2 Analytical Support for the ZED-2 Rig

- M. Hammerli, W.J. Olmstead

2.5.3 LPCE Analytical Support

- M. Hammerli, E.D. Bellavance, M.T. Hurteau

2.5.4 H/D Separation Effects on Titanium-Nickel Alloy Electrodes

2.5.5 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson
We are attempting to develop an ion-selective

electrode that responds directly to borate anions in
solution (e.g. reactor moderator). Our approach has
been to use a conventional commercial liquid anion-selective
electrode (e.g. N03~, BFi»~) but to replace the existing
organic liquid ion-exchanger in these electrodes with one
that is selective to borate. Various organic liquid ion-
exchangers have been synthesized and are being tested.

In non-complexing aqueous solutions, boric acid
(H3BO3) is a weak acid (pKa 1 = 9.14); thus the study
of electrode response to H26o3~ must be made in alkaline
solutions. Our results indicate that almost all anions,
and in particular 0H~, interfere with the determination
of H2BO3~. While anions such as Cl~, NO3~,etc. are not
present in the reactor moderator and thus_would not inter-
fere in the direct determination of H2BO3 by the electrode,
interference from OH appears to be a problem at < 10 mg/kg B;
we are attempting to overcome this problem.
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Evaluation of the Thermox Wet Dirty Gag (WPG) Combustion
Analyzer

- M. Hammerli, W.J. Olmstead

The Electrolytic 16O/17O and 16O/18O Separation Factors

- M. Hammerli, A.S. Denovan, T.H. Longhurst

When oxygen is evolved at the anode of any electrolysis
cell, a kinetic oxygen isotope effect is expected and has
been observed (I. Kirshenbaum, "Physical Properties and
Analysis of Heavy Water", McGraw-Hill, N.Y., 1951, p.243).
As in the case with the hydrogen isotopes evolved at the
cathode, the heavier oxygen isotopes are depleted in the
gas phase relative to that in the liquid phase.

Recently revived interest in the * 70 content of heavy
water has prompted us to initiate experiments to measure
the electrolytic 16O/17O and the 16O/18O separation factors.
These are defined by equations l(a) and 1(b), respectively:

S (16O/17O) Q
16O/37O = g a s

1 1 7Q\
U)liquid

S (16O/18O)
26O/18O =

(16O/18O),.
\ /̂ "'liquid

To date we have measured the abundance of the three
oxygen isotopes in air and in electrolytic oxygen derived
from the General Electric SPE (Solid Polymer Electrolyte)
electrolysis modules of our Laboratory CECE-HWP Super-
Upgrader at a D/H+D atom ratio of about 0.15%. The measure-
ments were made on the Extranuclear Laboratories model 275-5
quadrupole mass spectrometer (reference, section 2.2.5.4,
this report) and the results are shown in Table 2.5.7.1.

Since both the 17O and iaO concentrations in the
electrolytic oxygen are smaller than in air (see Table
2.5.7.1), and since we know that si&o/17O anc* Sl6O/18O
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must be greater than unity, we may conclude that these
electrolytic separation factors must be at least as large
as those calculated by assuming the 16O/17O and 16O/18O
ratios in the liquid are at natural abundance and equal
to those measured in air. Using these assumptions, pseudo
separation factors, based on the average of two different
sets of mass spectrometer analyses, are

(16O/17O)

and

(16O/18O)

It must be emphasized these values are not true separation
factors and they are very preliminary. Nevertheless, they
indicate that electrolysis of a heavy-water sample and
analysis of 16O/17O ratios of the evolved oxygen may be the
easiest method to obtain the relative 17O contents of
different heavy-water samples.

Experiments with enriched * 7O and * 80 water and gas
samples are necessary to obtain accurate values of the
respective electrolytic oxygen isotope separation factors.
Methods other than electrolysis for total liberation of
oxygen from water will also be surveyed.



TABLE 2.5.7.1

MASS SPECTROMETRIC DETERMINATIONS OF OXYGEN ISOTOPES
IN AIR AND ELECTROLYTIC OXYGEN

Sample

Air
II

Electrolytic O2
11

Oxygen Isotope (atom % ) x

! 6 0

99.7582±0.0024
99.7590±0.0048

99.7692±0.0024
99.7789+0.0020

17O

(3.69±0.11) 10-2

(3.77+0.22) 10-2

(3.41±0.16) 10"2

(3.62±0.09) 10"2

! 8 0

0.2048+0.0018
0.2038±0.0033

0.1967±0.0017
0.1849±0.0019

Average Ratios
16O/17O

2.67xlO3

2.84x103

16Q/18Q

488

523

'The errors in these concentrations are the standard deviations of the
individual mass scans obtained in each case and are only indicative of
the reproducibility, not the accuracy.
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2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

- S.V. Armstrong

It is intended to schedule the mass spectrometer
overhaul mentioned in PR-CMa-50, section 2.6.1, for either
the end of December or early January, depending upon
the availability of the manufacturer's representative.
Recent resolution checks gave values averaging 3150,
which is similar to the number obtained last year> but
is several hundred less than the best values achieved in
the preceding eleven years.

Platinum and palladium samples were analyzed by spark
source mass spectrometry for their metallic trace impurities.
These metals have been tested for use as catalysts in the
recombining of hydrogen and oxygen gases in the liquid-
phase, catalytic- exchange (LPCE) pilot plant.

Due to the relatively small sample size the limit of
detection was approximately 1x10"2 weight percent. It can
be assumed that the results are accurate to within a factor
of three. The following metallic impurities were detected;
low atomic weight non-metals although present were ignored.

TABLE 2.6.1.1

IMPURITIES IN PLATINUM AND PALLADIUM (wt%)

Element

Iron

Cobalt

Iridium

Platinum

9.8xlO"2

1.3xlO"2

6.1xlO"2

Palladium

1.5xlO"2

Not Detected

Not Detected
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2.6.2 Thermionic Emission Mass Spectrometry

- J.A. Schruder, C.H. Knight

No irradiated samples were analyzed during this quarter
because the renovations to the Bldg. 250 hot cells in which
the samples are processed are not complete.

A small number of enriched uranium samples were analyzed
for Nuclear Materials Control, Chemical Operations, and
General Chemistry. The newly commissioned glove box for
loading of mass spectrometer filaments was used for the first
time in the analysis of two plutonium samples.

2.6.3 Fuel Analysis

- C.H. Knight, D.E. Clegg, J.A. Schruder

2.6.3.1 Hot Cell Renovations

Modifications of the hot cells is nearing completion.

At present it appears that cell 3 will be ready for
the processing of samples for burnup analysis by mid-January.

2.6.3.2 Uranium/Aluminum Samples

A total of twelve samples of enriched uranium-aluminum
fuel pencils have been analyzed for their isotopic composi-
tion and uranium content. The results obtained on these
fuel pencils will be used by the Workshops, Estimating and
Planning Branch for a comparison with the results obtained
with a prototype gamma scanning technique used to ensure even
uranium distribution in the fuel pencils.

A total of 26 samples from natural uranium-aluminum
billets and 4 fuel pencils have also been analyzed for their
uranium content by controlled potential coulometry. These
analyses were done as part of an on-going program in the
Fuel Materials Branch to develop a method of producing
homogeneous fuel pencils*

2.6.3.3 Controlled Potential Coulometry

A new Princeton Applied Research controlled potential
coulometer is in use for routine quantitative uranium
analysis. Approximately 50 samples have been analyzed and
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the instrument has been found to be very reliable. Precision
was about 0.25% for triplicate determinations of 4-6 mg of
uranium. Procedures were similar to those used with the
coulometer in the analytical support line of the plutonium
fabrication facility.

2.6.4 Analytical Support - Plutonium Fuel Fabrication Line

- F.C. Miller, L.G. Shurrock, B.W. Hildebrandt

2.6.4.1 Routine Analysis

During the quarter, the following analyses were
carried out in support of fuel fabrication for Experiment
BDL-419:

Plutonium content
Plutonium isotopic
Uranium content
Carbon
Fluoride
Nitrogen
Oxygen/metal ratio
Hydrogen
Moisture
Metallic impurities

6
2
4
3
3
3

26
15
4
6

In this quarter the fifteen bundle program for Experiment
BDL-419 was completed.

2.6.4.2 Plutonium Recovery

As outlined in PR-CMa-50, approximately 1.6 kg of
fissile plutonium in various fuel forms are to be recovered
and transformed into ceramic oxide for use in the fuel
fabrication program.

An ion exchange process has been proposed in which
all of the fuel would be placed in solution in 7 mol.L"1

HNO3-0.05 mol.L"
1 HF. The plutonium would be separated

from U, Al and other contaminants on Dowex 1x4 anion
resin (50-100 mesh), concentrated by evaporation, precipi-
tated as the oxalate, filtered, and then calcined to the
oxide. Identification of the necessary components for the
process is continuing and a study of what equipment can be
purchased or must be fabricated in-house is nearing completion.
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2.6.4.3 Coulometric Analysis of Uranium

The accepted method for the precise determination of
uranium has been controlled potential coulometry in sulphuric
acid. As the uranium is usually in the nitrate form, a
preliminary fuming in sulphuric acid has been employed.
However, this procedure is time-consuming and in glove box
operation creates corrosion problems even with the use of
a miniature fume hood and scrubbing system inside the glove
box. Several references in the literature suggests that
small amounts of nitric acid do not interfere if any of the
nitrites present are destroyed by the addition of a small
amount of either urea or sulfamic acid. To check this,
standard amounts of uranyl nitrate were added along with
5 drops saturated sulfamic acid to the electrolysis cell
and analyzed for uranium. A consistent positive bias of
approximately 1% was found. Development work is continuing
to assess the cause of the bias and to find a possible
solution to the problem.

2.6.4.4 Analytical Support (Pu,Th)O2 Pellet Production

The development of a satisfactory analytical method
for the precise determination of thorium, both alone and in
the presence of plutonium, is continuing. As mentioned in
PR-CMa-50, a copper-sensitive, ion-selective electrode was
obtained and is currently being evaluated using the EDTA
titration procedure. A trace quantity of Cu 2 + is added and
the end point for the complete titration of the thorium is
taken at the first observable decrease in free [Cu2+]. As a
further means of improving the detection of the end point,
an investigation is being made of the potential of an automatic
titrator with the capability to plot the first derivative
of the volume/potential curve.



- 59 -

2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Effects of Adsorbed Complexing Ligands on Trace Metal
Uptake by Hydrous Oxides
- J. Gulens
Environ. Sci. Technol., L3, 1289 (1979)
(Correspondence concerning a paper with the above title
by J.A. Davis and J.O. Leckie, Environ. Sci. Technol.,
12, 1309 (1978)).

CANDU With Hydrogen
- M. Hammerli
College Chemistry, 5, 8-10 (1979).

2.8 LECTURES, CONFERENCES, MEETINGS, COURSES

2.8.1 Lectures and Conferences

Evidence for Metallic Silver at Ag2S Electrode Surfaces
- J. Gulens
Presented at 1979 Fall Meeting of Electrochemical Society
Inc., Los Angeles, CA, 1979 October 14-19.

Electrochemical and Surface Studies of Silver Sulfide
Electrodes
- J. Gulens
Presented at University of California, Dept. of Chemistry,
Santa Barbara, CA, 1979 October 8 and Cal Tech., Dept. of
Chemistry, Electroanalytical Group, Pasadena, CA., 1979
October 10.

Candu with Hydrogen Isotopes
- M. Hammerli
Presented at Queen's University, Dept. of Chemistry,
Kingston, Ont., 1979 October 24.

Candu with Hydrogen Isotopes
- M. Hammerli
Presented at Invited Seminar at University of Toronto,
Toronto, Ont., 19 79 November 13.
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2.8.2 Meetings

Kick-Off Meeting at Atlantic Industrial Research Institute
for R&D Contract on Electrccatalysts for Oxygen Evolution
Reaction in Halifax, 1979 October 12. Attended by
M. Hammerli.

Kick-Off Meeting on R&D Contract With Prof. M. Sayer on
Ceramic H+ Conductors in Kingston, 1979 October 24.
Attended by M. Hammerli.

1st Review Meeting, Noranda Research Centre on IEA R&D
Contract for Long-Term Testing of Electrocatalysts and
Separators at Point Claire, 1979 October 29. Attended
by M. Hanvmerli.

Electrochemical Society - Ontario-Quebec Section Autumn
Symposium, 1979 November 2, Ottawa, Ont. Attended by
M. Hammerli.

Meeting with Dow Corning Representatives to discuss
chemistry and behaviour of heavy water plant antifoams
in Toronto, 1979 December 12. Attended by R.M. Cassidy.

2nd Miami International Conference on Alternative Energy
Sources, 1979 December 10-13 and attend IEA's Annex IV & V
Representatives Meeting, 1979 December 13-14, Miami.
Attended by M. Hammerli.

2.8.3 Courses

Writing and Editing for Effective Communication,
1979 October 18, 19. Attended by I.H. Crocker.

Seminar on Technical Writing for the General Reader,
1979 November 7. Attended by I.H. Crocker, J.P. Mislan,
M. Hammerli.

Inductively Coupled Plasma Workshop, Toronto, Ontario,
1979 November 12-14. Attended by J.P. Mislan.

Pall School in Practical Quadrupole Mass Spectrometry,
Pittsburgh, 1979 November 12-18. Attended by T.H. Longhurst.

Atomic Absorption Seminar and Demonstration, Ottawa, Ont.,
1979 November 28. Attended by D. Bellavance.

Functional Report Writing Course - II, 1979 December 6,7
and 10. Attended by S. Elchuk and T. Longhurst.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Chemistry

- A.W. Boyd and O.A. Miller - with J.W. Fletcher

Isotope Effects in the Radiolysis of H2O-D2O Solutions

Determinations of the temperature dependence of the
isotope effect in the formation of spur hydrogen and of
hydrogen from reactions [1] and [2] outside the spur

[1]

[2]

have been carried out. As discussed in PR-CMa-50, AECL-6689,
the effect of temperature could help to elucidate the
differences between the observed and the calculated spur
a* values. The results are listed in Table 3.2.1.1.

In the low dose rate irradiations of KBr solutions,
all the hydrogen can be attributed to spur processes. As
discussed previously, at pH = 0 and high dose rates
(> 1025 eV-g-^s"1) the isotope effect in the product
hydrogen results from that formed in the spurs and
reaction [2] . Thus ct2 decreases markedly between 0°
and 80°C. At pH 14 the observed isotope effect results
from that in the spurs and reaction [1] so that oti also
decreases with increasing temperature. The measured values
of aSpUr on the other hand show a small increase with
temperature.

The differences between the observed and the calculated
spur a values, implied that reactions [1] and [2] are not
important in the spur. The temperature dependence
measurements are consistent with this implication. A
possible explanation is that a large part of the spur
hydrogen comes from reactions of the dry electrons.

*a is defined as (H/D) r a d i o l y t i c h y d r o g e n/(H/D) r e a c t a n t s
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Table 3.2.1.1

Temperature Dependence of the Isotope Effect in the Formation
of Hydrogen from the I r rad ia t ion of 90% H2O, 10% D2O Solutions

Dose Rate

^ 2xlO16

II

II

II

II

-

ii

ii

"

^ lxlO27

i> 2xlO25

PH

0

2

4

6

7

8

10

12

14

0

14

Solutes Mded*
mol-L"1

KBr ̂  0.01

„

II II

II II

„

II II

II II

H II

II II

H2SO4 0.5

NaOH 1.0

a
0°C

not measured

2.04

1.98

1.46

1.85

2.01

1.99

1.95

2.03

3.32

3.02

-v 80 °C

2.07

2.11

not measured

2.06

2.04

2.15

2.06

2.12

2.16

2.88

2.an

*KBr was added to suppress back reactions. The pH of these solutions was
adjusted with H2SOi» and KOH.
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3.2.2 Radiolysis of Liquid Systems

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

(a) Kinetics of Alkali Metal Reactions in Ethers and
Amines

The experimental portion of the pulse radiolysis work
based on optical detection has now been completed. The
pulsed conductivity detection system is in the design and
testing stage.

(b) Radiolysis of Aqueous Solutions of Gadolinium Salts

- with S.D. Luck

A new gas handling line has been built to facilitate
collection and handling of small quantities of radiolytic
nitrogen and oxygen. This is being used in conjunction
with a mass spectrometer for analysis of the gas samples.
Irradiations of both Gd(NO 3) 3 and Gd2(SOi4)3 solutions are
continuing using the GAMMACELL 220.

(c) Iodine Chemistry in Aqueous Solution

A literature survey has been made of the radiation
chemistry of iodine. The latest review was by Sellers
(1) in 1977. Although the radiation chemistry of I",
I 2 and I0 3~ solutions has been well studied, little effort
has been made to ensure consistency of the data.

The Bray-Liebhasky Reaction for the H2O2 catalyzed
interconversion of 10 3~ v=^ 12 has been treated more
rigorously (2) than any other iodine system. Edelson
and Noyes (2) have made detailed calculations. From the
experimental data they have determined the rate constants
for the important reactions. We are currently simulating
the Bray-Liebhasky reaction using the MAKSIMA CHEMIST
computer program (3) developed at Chalk River.

Our fitting of the experimental data, using their
rate constants, has not been as good as expected. The
OPTIMIZE option of MAKSIMA CHEMIST has been used to
obtain a better fit. This has resulted in considerable
differences in some of the rate constants from the values
of Edelson and Noyes (2). An effort is being made to
determine the source of the differences.
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Some additional reactions have been added to the
Edelson-Noyes reaction scheme in order to simulate the
following radiation chemistry:

(1) Iodide is converted to I 2 with G(I2)
^ 0.5 G(OH + H) - G (reducing species) (1,4).
This has been simulated without any problems.

(2) I 2 is converted to I~ with G(I") ;v 0.5 G(H + e)
(1,5). Simple stoichiometry and computer
calculations indicate the yield to be about
double the experimental value.

(3) IO3~ is converted to I~ with G(I~) ^ 0.17 G
(e + H - OH + 2H2O2) in neutral or basic
solution (1,6). The calculated yield is similar.

(1) R.M. Sellers, Report #RD/B/lV4009, June 1977,
Central Electricity Generating Board, Research
Division, Berkeley Nuclear Laboratories.

(2) D. Edelson and R.M. Noyes, J. Phys. Chem. 83,
212 (1979).

(3) M. Carver, D.V. Hanley and K. Chaplin, Atomic Energy
of Canada Limited, Report # AECL-6413, 1979 February.

(4) M. Anbar, D. Meyerstein and P. Neta, J. Phys. Chem.
6_8, 2967 (1964).

(5) A. Habersbergerova and A. Bartonicek, Radiochem.
Radioanal. Lett. Z2, 307 (1975).

(6) S.N. Bhattacharyya and D.K. Bardhan, Z. phys.
Chemie 72, 38 (1970).

3.2.3 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans and F.K. McClusky

(a) Multiphoton Excitation Using a Pulsed HF Laser

The investigation, first discussed in PR-CMa-50,
AECL-6689, and reference (1), of multiphoton absorption
for the series ROH, where R = H-, CH 3~, CD3-, C 2H 5-,
CF 3CH 2-, has now been completed. This series of hydroxyl
compounds was chosen to elucidate the role that molecular
size and complexity (which affect the density of states)
as well as pressure and laser radiant energy fluence.
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E (J-cm~2 ) ,play in multiphoton absorption (MPA) and
dissociation (MPA) processes. The absorption cross
sections, for three new members of the series are given
in Table 3.2.3.1. Pressure and fluence dependences for
H 20, and CD3OH are displayed in Figs. 3.2.3.1, and 3.2.3.2,
respectively. The pressure and fluence dependence of the
cross sections for C2H5OH are qualitatively similar to
CF3CH2OH.

The absorption cross sections for water (Table 3.2.3.1
and Fig. 3.2.3.1) are very much smaller than those for
the other molecules in the series, and the average number
of photons absorbed per molecule, <n>, is only 0.5 at
1.05 kPa and E = 75 J/cm2. This indicates that the
observed cross sections are mainly due to single- rather
than multiphoton absorptions. Thus anharmonicity bottle-
necking restricts MPA by HF photons so severely that no
MPA is observed with fluences up to 100 J/cm2. This result
is consistent with calculations of the density of states in
H2O.

The four remaining molecules of the series divide
into two groups: the "small" molecules CH3OH and CD3OH
and the "large" molecules C2H5OH and CF3CH2OH. For the
small molecules b < 0 indicates (see PR-CMa-47, AECL-6455)
that excited molecules are less easily further excited
than are ground-state molecules. Thus MPA is restricted
by anharmonicity bottle-necking. For the "large" molecules,
b > 0 indicates that anharmonicity bottle-necking is
less restrictive for MPA than for the "small" molecules.
Thus a density of states, for absorption of the second
photon between 20 and 1000 levels-cm"1 (i.e. between
that for CD3OH and for C2H5OH) is sufficient to overcome
serious restrictions due to anharmonicity bottle-necking
for HF laser photon MPA by substituted alcohols.

The MPA absorption cross sections, a(cm 2), for the
"large" molecules for different fluences, E(J/cm2),and
pressures, P (Pa),are correlated by the empirical equation
[1].

[1] a(E,P) = K'E" P C

For C2H5OH, K1 = 1.3 x 10" 2 2, b1 = 0.15 and a = 0.58.
For CF3CH2OH, K' = 3.3 x 10" 2 2, b1 = 0.11 and a = 0.59.
The results for the "small" molecules cannot be described
by such a simple equation.



- 68 -

KINETIC COLLISIONS (294K)PER LASER PULSE
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Figure 3.2.3.1 - The cross section for absorption of the HF Pi(6)
line by water at various pressures at laser fluence
of 50 J/cm2.
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Figure 3.2.3.2 - The cross section for absorption of the HF Pi(6)
line by CD30H at various pressures and values of
the laser fluence.
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The results given in Table 3.2.3.1 were used to
calculate the fluence required for a particular value
of <n> at each reagent pressure (P). For the "large"
molecules, equation [2], which follows from equation [1],
provides a good fit of the results.

[2] E(<n>,P) = -[
Again no simple relationship was obtained for the "small"
molecules. Values of E(<n>,P) are shown in Fig. 3.2.3.3
for C2H5OH. Such a plot for CD3OH is similar to CH3OH
which was previously shown. For "small" molecules,
E(<n>,P), for a fixed value of <n>, increases faster
with decreasing pressure than is the case for the larger
molecules. For example, at a pressure of 15 Pa (where
MPA is occurring under essentially collisionless conditions)
<n> = 5 requires a fluence ^ 2000 J/cm2 for CH3OH or CD3OH
compared to only 250 J/cm2 for C2H5OH or CF3CH2OH. This
compares to E ^ 10-20 J/cm2 to achieve <n> = 5 for
any of the alcohols at a pressure of 1 kPa (̂  20 collisions).
Since the highest isotopic selectivity is achieved for
the lowest pressure (least number of collisions), it
appears that "large" alcohol molecules are preferred to
"small" alcohols for Laser Isotope Separation.

(1) S.L. Chin, D.K. Evans, R.D. McAlpine, F.K. McClusky
and E.B. Selkirk,Opt. Commun. _3JL' 2 3 5 (1979) .

(b) Multiphoton Decomposition of 2,2,2 Trifluoroethanol

Multiphoton absorption studies indicate that CF3CH2OH
should undergo collisionless multiphoton decomposition more
easily than CH3OH (2). The preliminary results of a
MPD study of CF3CH2OH are given in Figure 3.2.3.4. Two
(non-condensable) products (CO and H2) have been studied
and there are indications that a small amount of CHi,
(̂  1% of the CO) may be produced. Extrapolation of YH
(Yx = number of product molecules, x, per pulse •=• PCH3CH2OH)
to zero pressure gives a value less than 2 x 1013.
Extrapolation of YQQ gives ^ 1.2 x 101k which is clear
evidence of a collisionless MPD process giving CO as a
product. Both collisionless yields are very large by
comparison with CH3OH which gives a comparable yield of
hydrogen (the most abundant product for MPD of CH3OH)
only at a methanol pressure of ^ 4 kPa. These results
support the conclusions of the MPA studies that increasing
the size and complexity of the group attached to the OH will
make collisionless MPA and thereby MPD more facile.
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Table 3 .2 .3 .1

Fi t t ed Values of the Multiphoton Absorption
Constants K and b for H2O, CH3OH and C2H5OH for

HF lase r photons

Pressure K* b K/hcv Range of Fluence
pa Used for Fit

_ J/cm2

H2O, HF Pj(6) Line

73
130
330
645
1050
1270

(9.9±1.3)xlO-21t

(1.8±0.3)xl0"23

(5.3±0.5)xl0"23

(l.l±0.1)xl0-22

(2.1±0.2)xl0"22

(4.0±0.3)xl0"22

0
0
0

0
0
0

•05±0.
•09±0.
.0710.

04
03
03

1.3x10-"
2.5X10-1*
7.2X10"1*
1.5xlO~3

2.9x10"3

5.5x10"3

40-70
15-80
5-70
2-75

0.5-75
0.3-75

CD3OH,HF Pi (6) Line

-0.3710.09
-0.2110.05
-0.1810.02
-0.18+0.02
-0.1610.02
-0.1110.01
-0.0510.02
-0.03±0.01
-0.0210.01

0

2.9xlO"2

6.8xlO~2

l.OxlO"1

1.2X10"1

1.5X10"1

2.2x10"l

3.0x10"l

3.8x10"'
4.5x10"*
4.8x10"!

2-60
0.2-70

0.04-70
0.05-70
0.02-60
0.01-80

0.006-75
0.01-65
0.002-70
0.002-15

14 (2.1+0.6)xl0-21

41 (5.0i0.5)xl0-21

70 (7.4lO.3)xlO-21

105 (8.9lO.4)xlO"21

135 (l.llO.l)xlO-20

275 (1.6+0.1)xl0-20

525 (2.2lO.l)xlO-20

790 (2.8lO.l)xlO-20

1050 (3.3iO.l)xlO-20

1300 (3.5lO.3)xlO-2C

C2Hs(B,HF Pi(7) Line

15 (6.5H.6)xlO-22 0.1310.07 9.0xl0"3 4-85
42 (1.2+0.1)xl0-21 0.14+0.03 1.7xlO~2 1-85
69 (1.6lO.l)xlO-21 0.13+0.03 2.2xlO"2 0.5-95

105 (1.6lO.l)xlO"21 0.1810.03 2.2xlO"2 0.3-90
160 (2.1iO.l)xlO~21 0.1710.03 2.9xlO"2 0.2-90
275 (2.9lO.2)xlO"21 0.1410.03 4.0xl0"2 0.07-90
535 (4.4iO.3)xKT21 0.15+0.03 6.1xlO"2 0.07-95
800 (6.3±0.4)xl0"21 0.1210.03 8.7xlO"2 0.03-90
1060 (7.3+0.4)xl0~21 0.1610.02 l.OxlO"1 0.03-75
1310 (9.3iO.5)xlO"21 0.13+0.02 1.3X10"1 0.02-100

•Constants for equations a = KET where a is the absorption cross section
(cm2) and E is the laser fluence (J-cm~2).
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KINETIC COLLISIONS (294 K) PER LASER PULSE
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Figure 3.2.3.3 - The fluence required to obtain various values of
<n> as a function of ethanol pressure. The dashed
lines show the minimum and maximum laser fluence
for each pressure. Points beyond these limits
were obtained by extrapolation of the results
given in Table 3.2.3.1.
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Figure 3.2.3.4 - The pressure dependence for Yco (left-hand axis)
and YJJ (right-hand axis) for multiphoton decomposition
of CF3CH2OH using the HF Pi(7) laser line.
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(2) R.D. McAlpine, D.K. Evans and F.K. McClusky, Chem.
Phys. 39., 263 (1979).

(c) Short Pulse CO2 Laser System

- D.K. Evans, R.D. McAlpine and E.B. Selkirk

The Lumonics Research Ltd. prototype CO2 laser system
has been installed in the laboratory. A block diagram
of the laser-oscillator is shown in Figure 3.2.3.5.
Laboratory modifications are nearly completed.

Sound and electrical insulation were designed and
installed around the equipment. One-sixteenth inch
aluminum sheet backed by one-half inch thick foam
decreased acoustic noise to less than 100 dB peak when
the laser is pulsed. Electrical noise levels are low
enough that most equipment can be used in the laboratory
without further shielding.

Some laser gases have been delivered and lasing has
been achieved with the oscillator for lines in the P and
R branches of the 9 and 10 ym bands. So far 32 different
lines have lased, and about double that number may be
seen (possibly a more reflective front optic will be
needed). A pulse of 2-3 ns FWHM has been obtained from
the 10P20 line. Pulse energy has not been measured at
CRNL, but prior to shipping a pulse of that time length
produced more than 400 mJ with an energy contrast ratio
of 6 for triple pass amplification. The final technical
report has been received.

3.2.4 Laser Magnetic Resonance

- D.R. Smith, J.S. Geiger, and J.D. Bonnett

Transient LMR absorption signals have been observed
from OH X2n and NH X3E radicals produced by pulsed 10P20
CO2 laser irradiation of SF6 containing small amounts of
H2O or NH3, respectively. The OH signal was found to
maximize at a sample pressure of ^ 0.1 kPa. At this
pressure the signal could be readily observed on an
individual pulse basis. The NH signal was observable
at sample pressures greater than <v 0.4 kPa. At this and
higher pressures an oscillatory transient noise signal
('v. 3 kHz) , correlated with absorption of the CO2 radiation
in the sample gas, appears on the detector output. While
the noise presumably originates from acoustic waves
generated by pulsed heating of the sample the mechanism



- 73 -

BLOCK DIAGRAM OF SYSTEM

OUTPUT

TRIPLE PASS AMPLIFIER

CAVITY
LENGTH
CONTROL

TRIGGER
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Figure 3.2.3.5 - Block diagram of CO2 variable pulse laser system.
The single longitudinal mode (SLM) oscillator
consists of a normal transverse excitation at
atmospheric pressure (TEA) section and the low
pressure discharge section which forces lasing
to occur on only one longitudinal mode. The
orientation of the electric vector (controlled
by windows at Brewster's angle) is shown by E.
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coupling this density disturbance to the FIR laser output
is not understood at this time.

To gain insight into the free radical production
mechanism, chemiJuminescence measurements have been made
on the SF6 + NH3, SF6 + NH3 + He and SF6 + Cm systems
as functions of laser power, relative gas flows and
system pressure. These data are currently being analyzed.

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water

- J.P. Butler, J. den Hartog, F.W. Molson, J.H. Rolston,
L.M. Dainty and K.M. Sheehan

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

- P.R. Norton, D.K. Creber, J.W. Goodale and E.B. Selkirk

Development of the new Kelvin work function probe
occupied most of the last quarter. The electromagnetic
drive assembly functions well and has now been constructed
of UHV compatible materials. The basis of the new method
of vibrating the reference electrode is that, by use of a
mu-metal platelet attached to the electrode, the vibration
frequency is 2f with a drive frequency of f Hz. This
effectively decouples the signal, which is at 2f, from the
driving frequency. This fact permits monitoring of the
A<j>-signal on the reference electrode rather than on the
sample as was done previously. New electronics have been
developed that increase both the gain and the signal to
noise ratio (S/N) to the point at which response speeds
of ^ 10 ms have been achieved for an RMS noise level
below 1 mV. This is approximately a factor of 10 better
than was achieved with the earlier methods. The sample
may now be heated with a temperature programmer or cooled
with liquid nitrogen with no significant degradation of
S/N. Very little care needs to be taken in shielding the
sample. As a measure of performance of the new Kelvin
probe, it is, in principle possible to monitor adsorption
or desorption rates of the order of 100 monolayers-s"1
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with a resolution of ^ 0.001 monolayers. This should
permit measurements of transient surface phenomena with
a time resolution ^ 10 times better than previously.
Full exploitation of this potential will require
development of very fast dosing techniques; e.g. pulsed
molecular beams.

The development work is continuing towards
elimination of a spurious signal at frequency 2f and of
the same phase as the Acj)-signal. This signal results in
the null-value in feedback operation being slightly
position sensitive.

3.3.3 Surface Structure Analysis by Rutherford Backscattering
and Channeling

- P.R. Norton in collaboration with J.A. Davies and
C. Sittei (Solid State Science Branch) and W.N. Unertl
and D.F. Posner (Univ. of Maine)

The new sample probe that permits both resistive
heating and better cooling of samples on the twin-axis
goniometer has been tested. The device operated
successfully at pressures < 10~8 Pa. The lowest and
highest attainable temperatures were 150 and 1070 K,
respectively. Lower ultimate temperatures should be
achievable by improving heat transfer across a sapphire
plate insulator.

It should now be possible to measure backscattering
yields from surfaces as a function of temperature over
the range 150 £ T £ 500 K, thus enabling us to make a
critical test of recent calculations (1) of correlated
vibrations.

For further details see Section 1.3.1.

(1) D.P. Jackson and J.H. Barrett, Phys. Lett. A,
71A, 359 (1979).
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3.4 ISOTOPE CHEMISTRY

3.4.1 Deuterium Exchange and Hydrolytic Stability of Fluoroform
(CF3H) in Water

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

(a) Catalysis by Hydroxide Ion in Water and Aqueous
Dimethyl Sulfoxide (DMSO) Mixtures

Kinetic runs under a wide range of experimental
conditions have been completed for deuterium exchange
of CF3H in D20 catalyzed by NaOD. Rate constants,
^obl' Presented below refer to chanye in CF3H/CF3D
composition in the vapour space above the solution in the
stirred reactor. A stirring rate of 400-600 rpm gave
good gas dispersion into the liquid and calculated rate
constants were independent of stirring rate. Tests at
40, 80, and 120 kPa at 70°C showed that. kobs

 w a s not
dependent on CF3H pressure in this range.

The exchange reaction is first order in CF3H
concentration; pseudo first order plots of In % CF3H
versus time were perfectly linear to at least one half life.
As Figure 3.4.1.1 shows, the reaction is also first order
in deuteroxide ion concentration up to 2 mol-L"1. The
rate constant is strongly temperature dependent, with the
slope of the line in Figure 3.4.1.2 giving an Arrhenius
activation energy of 108 kJ-mol"1 over the temperature
range 50 to 80°C.

The addition of a dipolar aprotic solvent to an
alkaline aqueous system can greatly enhance the reactivity
of the system for deuterium exchange with other hydrocarbon
acids (1). A solution containing 0.17 mol'L"1 NaOD in
22 mole (53 volume) percent DMSO-d6 (CD3SOCD3)in D2O
was tested at 50°C. Allowing for the difference in base
concentration, the resultant increase in k^F. was ^ 100
times. With higher DMSO concentrations, rate enhancement
factors of at least 106 would be expected (2,3) (see below).

The solubility of CF3H in various aqueous solutions
has been measured, by means of a gas chromatography method
(4), to enable calculation of "in-solution" rate constants.
All results below are for 101 kPa CF3H over the solutions.
In deionized water the solubility decreased smoothly
from 1.28 to 0.59 x 10~2 mol-L"1 between 25 and 75°C,
and was almost independent of temperature by 75°C. The
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slope = 1.00

-o.«o

L o g . , [NaOD] ( m o l - L " 1 )

•o.ao

Figure 3.4.1.1 - Demonstration of first order dependence of
exchange between CF3H and D2O on [OD]. (Solution
volume 60 mL, vapour space 196 mL, 77.5 kPa of
CF3H at 69.9°C.)

obs

0.0029 0.0030

RECIPROCAL TEMP.,*'1

Figure 3.4.1.2 - Temperature dependence of deuterium exchange between
CF3H and D2O catalyzed by 0.95 mol-L"

1 NaOD.
(Solution volume 60 mL, vapour space 196 mL,
66.7 kPa CF3H at 22°C.)
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CF3H was increasingly salted out of solution by the
addition of NaOH (0.50, 0.99 and 1.89 mol«L~ *) over the
temperature range 15 to 85°C (by 15, 32 and 56 percent,
respectively, at 75°C). Measurements have not been
completed, but CF3H solubility increases markedly in
DMSO/water mixtures as the DMSO content is raised. For
example, at 50°C and 0.17 mol'L"1 NaOH, the solubility
rises from 0.74 to 3.5 x 10"2 mol-L"1 on going from
water to 40 mole(72 volume) percent DMSO.

The hydrolysis of CF3H in aqueous NaOH solutions
was studied by monitoring the fluoride ion concentration
in solution with a calibrated, specific-ion electrode.
By analogy with the chloroform system (5), it was assumed
the following overall equation applies, with the rate-
controlling step being proton removal from CF3H by the
base:

[1] 2CF3H + 7NaOH •> CO + NaHCO2 + 6NaF + 4H2O

Formation of F ions was found to be very slow; allowing
for 3F~ formed per CF3H molecule lost, typical values
from initial rate plots of hydrolysis are, for 0.99 mol'L"1

NaOH, ^ 1 x 10"10 mol'IT^s"1 at 70°C and ^ 4 x 10"9

mol•L~*•s~* at 102°C. At 70°C, therefore, the hydrolysis
is apparently slower than isotope exchange by a factor of
about 10".

The true activation energy, E a, for CF3H exchange in
NaOD/D2O solutions over the temperature range 49 to 77°C
is 134 kJ-mol"1 (32 kcal-mol"1), based on in-solution
rate constants (cf 108 kJ-mol"1 derived above from the
vapour-phase data).

Some stock CF3D was prepared by reacting CF3I with
solid NaOD in anhydrous C2H5OD (6) (50% yield, final product
76.6 percent D). This material is being used in a series
of exchange runs with DMSO/H2O solvent mixtures containing
0.011 mol'L"1 NaOH. To date, runs have been completed at
49 and 68°C for 10.1, 19.5, 31.0, 40.4, and 51.0 mole
percent DMSO solutions. The comparable in-solution
pseudo first order rate constants at 49°C for water
(extrapolated from higher NaOH concentration data) and
the above five solutions are, respectively: 2.9 x 10~7

(CF3H in D 2O), 7.1 x 10"
7, 6.3 x 10"6, 7.5 x 10"5,

4.7 x 10"'', and 2.9 x 10"3 s"1. This mixed-solvent
system is the most effective exchange medium investigated
to date.
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(b) Catalysis by Transition Metals and Their Salts

- with J.H. Rolston and L.M. Dainty

A platinum/carbon heterogeneous catalyst was found
to be ineffective when used as a slurry in the CF3H/D2O
system; there was no detectable uptake of D in the CF3H
after 4 h at 70°C, cf. 20% reaction for 1 mol'L"1 NaOD.

Wetproofed platinum, palladium, rhodium, iridium
and osmium catalysts,known to be active for exchange
between hydrogen and water, were examined for isotopic
exchange between CF3H and D2O vapour at temperatures
up to 300°C. No significant exchange was observed in
spite of reaction times of several days. The platinum
catalyst remained active for the H2-H2O exchange after
exposure to CF3H.

A homogeneous catalyst consisting of a Pt(II) salt
in aqueous acetic acid has also been examined. A very
slow exchange at 80°C (0.01% of equilibrium per hour)
was observed, which is in qualitative agreement with the
data of Repka and Shteinman (7). After 500 hours of
reaction the catalyst solution contained deposits of
metallic platinum, indicating that considerable decomposition
occurs under these conditions.

(1) D.J. Cram, "Fundamentals of Carbanion Chemistry",
Academic Press, New York, 1965.

(2) R. Stewart and J.R. Jones, J. Am. Chem. Soc. 89,
5069 (1967).

(3) D. Dolman and R. Stewart, Can. J. Chem. 45_, 911
(1967).

(4) E.A. Symons, Can. J. Chem. 4_9_, 3940 (1971).

(5) J. Hine, J. Am. Chem. Soc. 7£, 2438 (1950).

(6) J. Banus, H.J. Emeleus and R.N. Haszeldine,
J. Chem. Soc. 60 (1951).

(7) L.F. Repka and A.A. Shteinman, Kinetics and
Catalysis 15_, 722 (1974) .
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3.4.2 Isotopic Exchange Reactions in Protic Solvents by NMR
Spectroscopy

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

Intramolecular Deuteron Exchange in Cyclohexylamine

A detailed analysis of the kinetic data (PR-CMa-45,
AECL-632 7) for deuteron transfer from the amino group,
-ND2, into the ring of cyclohexylamine, catalyzed by
cesium eyelohexylamide (CsCHA), equation [1], has been
completed.

[1] C6Hn-ND2 K
CsCEA\ C6Hi0D-NHD

With the assumption that all ring positions are capable
of exchange, the rate equation, analogous to that for
the potassium methylamide/methylamine case (1), is

t2] ln 5 ; = ~Rf (™J t = "
where X , x , and X are the atom fractions of D in the
amino group at the start, equilibrium, and time t,
respectively. The coefficient, Rf, is the gross forward
rate of transfer; kobs is the observed pseudo first order
rate constant; and A is the initial concentration of
cyclohexylamine-Nd2• This expression is based on the
exchange rate being defined per atom site; it allows
for the back reaction, and it corrects the forward and
reverse rates statistically for changes in the isotopic
composition of the exchange sites with time, but it
does not account for the kinetic isotopic effect
associated with this change in isotopic composition.
This latter effect can produce marked deviations from
first order behaviour. Streitwieser (2) has shown that
it can be removed by a change in the time axis of the
rate equation.

This correction improves the linearity of the first
order kinetic plots and the remaining deviation is
attributed to loss of active cesium cyclohexylamide
catalyst through the decomposition mechanism given in
PR-CMa-45, AECL-6327. Consequently only the initial
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linear portion of the kinetic data has been used to
obtain the pseudo first order rate constants for
each concentration of catalyst (Figure 3.4.2.1). This
graph shows a dependence of the gross forward rate on
concentration of catalyst similar to that observed for
potassium methylamide catalyzed exchange in CH3NH2 (1).
Assuming the active catalytic species is the cesium
cyclohexylamide monomer, in equilibrium with catalytically
inactive dimers, ..., n-mers, described with a single
equilibrium constant Ki, it is possible to relate the
monomer concentration to the stoichiometric concentration
and to calculate a second order rate constant for the
system.

[3] Rf = k2 [monomer][cyclohexylamine-Nd2]0

The solid line in Figure 3.4.2.1 is the calculated best
fit with values of Ki = 2 and k2 = 1.75 x 10"" L-mol" 1^"
The values of k2 calculated for each concentration varied
no more than ± 10% over the entire concentration range.

Comparison of the second order rate constants in the
two systems (Table 3.4.2.1) where the original data for
potassium methylamide at 50°C are recalculated for 80°C
using the activation energy determined for that system
(1) shows that the cesium cyclohexylamide system is
^ 2 orders of magnitude slower in catalyzing alkyl/amino
proton exchange.

Table 3.4.2.1

Comparison of Amide-Catalyzed
Exchange Rates at 80°C

System k2(80°C) (L-mol~
 1 • s~ x)

Potassium methylamide/methylamine 1.4 xlO~2

Cesium cyclohexylamide/cyclohexylamine 1. 75x10" "*

(1) J.D. Halliday and P.E. Bindner, Can. J. Chem. 54,
3775 (1976).

(2) A. Streitwieser, Jr. and D.W. Boerth, J. Am.. Chem.
Soc. 100, 755 (1978).
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Figure 3.4.2.1 - Graph of the pseudo first order rate constants,
Rf/[CHA-Nd2]o, vs the stoichiometric concentration
of cesium eyelohexylamide (CsCHA) at 80°C.
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3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Hydrogen Isotope Separation by Catalyzed Exchange Between
Hydrogen and Liquid Water
- J.P. Butler
Proceedings of Symposium on "Separation Science and
Technology for Energy Applications", Gatlinburg, Tennessee,
1979 October 30-November 2
Separation Science and Technology (in press) (1979).

On The Stability and Reactivity of (5x20) and (lxl)
Pt(100) Surfaces
- P.R. Norton, D.K. Creber and J.A. Davies
J. Vacuum Science and Technology (in press) (1980).

The Nature of the 5f Electrons in Uranium Nitride: A
Photoelectron Spectroscopy Study of UN, U, UO2 , ThN and
Th
- P.R. Norton, R.L. Tapping, D.K. Creber and W.J.L. Buyers
Phys. Rev. B. (in press) (1979).

3.5.2 Lectures

On the Stability and Reactivity of (5x20) and (lxl) Pt(100)
Surfaces
- P.R. Norton, D.K. Creber and J.A. Davies
Proceedings of 26th National Symposium of the American
Vacuum Society, New York, New York, U.S.A.
1979 October 2-5.

Modern Methods in Surface Science: Catalytic and
Structural Properties of Platinum Surfaces
- P.R. Norton
Montana State University, Physics Department, Bozeman,
Montana
1979 October 25.

Comparison of the Measured and Theoretical Deuterium
Protium Separation Factors of Hydrogen with Water and
Methylamine
- J.H. Rolston, J.P. Butler and J. den Hartog
Symposium on "Separation Science and Technology for
Energy Applications", Gatlinburg, Tennessee
1979 October 30-November 2.
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Tritium Recovery Processes
- D.R. Smith
IAEA Consultants1 Meeting on "Recent Advances in Isotope
Separations", Vienna, Austria
1979 September 10-14.

Incentive for Enrichment of 90Zr
- D.R. Smith
IAEA Consultants' Meeting on "Recent Advances in Isotope
Separations", Vienna, Austria
1979 September 10-14.

Hydrogen Isotope Separation by Catalyzed Exchange Between
Hydrogen and Liquid Water
- J.P. Butler
Symposium on "Separation Science and Technology for
Energy Applications", Gatlinburg, Tennessee
19 79 October 30-November 2.
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4.2 SURFACE CHEMISTRY

4.2.1 Hydrogen-Induced Cracking of Zirconium Alloys
- B. Cox and V.C. Ling

Two Tlr-2.5 wt% Nb double cantilever beam (DCB) specimens
have been sectioned after cracking in hydrogen gas at room
temperature. Both showed thick hydride layers (up to 200 pm
thick) along the crack. The first specimen was sectioned after
breaking open, and showed extensive spallation of the hydride,
particularly in areas where the crack velocity had been high.
The second specimen, sectioned without breaking open, confirmed
that such areas had originally carried a solid hydride layer,
however, this layer tended to be thinner where the crack
velocity had been high than where it had been low.

The thickness of the hydride layer and the lack of any
steady variation in thickness along the length of the crack,
suggest that the hydride must form during a brief period of
time when the crack tip is passing that point. Subsequently,
further growth of the hydride layer is inhibited; perhaps
by formation of an oxide layer. The thickness of the hydride
layer and the short time available for its formation imply
either a very high diffusion coefficient for hydrogen in

g, o r the Presence of porosity in the layer.

Near the crack tip, however, no continuous layer of
hydride was observed, merely occasional hydride platelets
adjacent to the crack, with only a few aligned platelets beyond
the crack tip. Although it is believed (from the fractography)
that a continuous hydride platelet sequence must have been
present, it would appear that the thick hydride layers formed
after passage of the crack. This is not consistent with the
observations (above) along the early part of the crack, and
requires further investigation.

4.2.2 Effect of Thermal Cycling on the Movement of the (a-Zr + 6-ZrH-j g_)_
Phase Boundary in Zr-2.5% Nb
- B. Cox and V.C. Ling

Further to PR-CMa-48, Section 4.2.2, analysis of the
specimen given 2688 cycles between 523 and 573 K (250 and 300°C)
showed no significant movement of the (a+6 ) phase boundary.
This tempers cure cycle is roughly equivalent to that
experienced at the outlet end of a CANDU fuel channel during a
reactor trip, and the number of such trips during a reactor
lifetime is not expected to exceed the number in this experiment.
Thus, we can conclude that thermal cycling will not influence



the time at which the moving (a+6) phase boundary, resulting
from enhanced hydrogen uptake in the rolled joint region of the
pressure tube, i3aches the area of peak residual stress in the
rolled joint. No further work on this topic is planned.

4.2.3 Current Voltage (I-V) Characteristics of Oxide Films Formed on
Zircaloy-2 in 300°C LiOH Solutions
- B. Cox and V.C. Ling

Most PWR and PHWR reactors operate with the pH controlled
to ^ 10 with LiOH. Although it has been known for many years
(1) that severe corrosion of zirconium alloys ensues in LiOH
solutions more concentrated than ^ pH 12, it is widely assumed
that the corrosion of zirconium alloys at pH's below this is no
different from that in pH 7 water. Enhanced corrosion may also
occur in a crevice or crack if local heat transfer provides a
concentrating mechanism for the LiOH, and even in the absence
of heat transfer if the crack is tight enough for corrosion of
its walls to increase the LiOH concentration (2). The mechanism
of this enhancement of corrosion by LiOH has not been studied
since the early period of zirconium technology (3) when a
simple explanation was given in terms of incorporated Li+

increasing the point defect concentration of the ZrO2 film.
More recent work (4) suggests that this effect is unlikely to
be correct, and can, at most, only be a part of the overall
mechanism.

Preliminary results of a study of specimens of Zircaloy-2
preoxidized in water and LiOH solutions were quoted in Pr-CMa-42
(Section 4.2.1; AECL-5971) . Surprisingly little effect of LiOH exposures
of 7 days was seen in the weight gains at 573 K. It was
subsequently found that the upper pH value had been nearer to
13 than 14 as a result of confusion over whether pH at room
temperature or 573 K was being quoted. The pH range (at room
temperature) has now been extended to include pH 10, 11.2, 13.3,
14 and 14.5 (approx.) LiOH solutions. The exposure time at pH
13.3 was extended to 70 days and it was shown that the specimens
went through an earlier rate transition than expected for pH 7
water at 573 K. At the two highest pH's, times of exposure were
only 1 day, in an attempt to obtain weight gains similar to
those obtained at lower pH's in 7 days. The results are plotted
in Figure 4.2.3.1, and show good agreement with previous data
for the point of onset of enhanc-od oxidation at 573 K. During
their exposure in fused salt, the specimens preoxidized in LiOH
showed higher oxidation rates than those preoxidized in water
(see PR-CMa-42, Table 4.2.1.1). Comparison with normal oxida-
tion curves in fused salt suggests that a weight gain of about
3 mg/dm^ would be expected in the next 18 days' exposure for
a specimen pre-oxidized to about 10 mg/dm^ in fused salt-
Thus, the weight gains of the specimens transferred from pH7
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water anpear less than expected, although the precise situation
in this ranne of weight gains could be confused by the presence
of a plateau in the kinetic curve.

Analysis of the I-V curves showed that the apparently
anomalous behaviour of the PH 13.3 (not 14 as previously
stated) specimens, reported in PR-CMa-42, resulted from the
much larger variation (with time in the salt) in the zero field
currents (a rough measure of the ionic conductivity of the
oxide) for these specimens than for the others. Thus, the zero
field current was higher immediately after immersion in fused
salt, and lower after long immersions than for the other
specimens. If curves near the middle of the fused salt exposure
are compared (e.g. after 7 days, Figure 4.2.3.2) then the
specimens exposed in LiOH solutions show similar characteristics
but differ from those preoxidized in water. The wider spread in
the behaviour of the pH 13.3 specimens suggests that the effect
of LiOH on the ionic conductivity of the oxide was larger for
these specimens than for those exposed at lower pH's.

it appears that oxidation in LiOH has a major
effect both on the electronic properties of the oxide formed,
(even when no differences between the weight gains in water and
LiOH are apparent) and on the ionic conductivities of these
oxides (since the ionic component of the I-V curves is greater
for specimens preoxidized in LiOH than for those preoxidized in
water^. The oxidation currents calculated from these curves are
of the magnitude, and in the ratio, of the different oxidation
rates shown by the two sets of specimens in the fused salt. The
manner in which Li+, incorporated in the oxide, achieves
these effects is not yet established. It may be acting as a
grain growth inhibitor in the oxide, maintaining a much smaller
crystallite size than would otherwise be achieved. This may
influence the ionic conductivity directly, or may accelerate
the development of porosity in the oxide.

One corollary of these observations may be that under
irradiation, where fast neutron bombardment can also affect the
ionic conduction pVocess, Zircaloy-2 may prove to be more
sensitive to enhanced corrosion in LiOH than would be expected
from the laboratory results. No evidence for such an effect
was found for cold-worked Zr-2.5% Nb crevice specimens exposed
both in-reactor and in the laboratory (2). However, the
response of Zr-2.5% Nb to both irradiation and LiOH is known to
differ from that of Zircaloy-2.

(1^ H. Coriou, L. Grail, J. Meunier, M. Pelras and
H. Willermoz, J. Nucl. Mat., 1962, 1_, 320.

(2) A.R. Causey, V.F. Urbanic and C.E. Coleman, ibid., 1977,
21' 25>

(3^ E. Hillner and J.N. Chirigos, U.S. Report, WAPD-TM-307
(1962).
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(4) B. Cox, Adv. in Corr. Sci. & Tech., Vol.5, p.173 (1976)
Plenum, N.Y.

4.2.4 Sensitivity, Towards Oxygen in the Environment, of the Oxida-
tion of Heat-Treated Zr-2.5 wt% Hb Alloy at 573 K
- W. Ramasubramanian

Samples of 7r-2.5 wt% Nb alloy, quenched from the
nhase to 273 or 233 K, were oxidized in molten ternary nitrate-
nitrite eutectic and oxygen-free steam at 573 K. The samples
were cut from a sheet of batch AW. Weight gain and polarization
measurements were made at various times during the oxidation.
After an initial oxidation period, some of the samples oxidizing
in one medium were transferred to the other for further oxida-
tion. Weight gain and polarization measurements were continued
on such transferred samples also.

The results obtained are summarized as follows:

For samples oxidized in the molten salt, a transition
occurs in the kinetics at a weight gain of 1 to 2 rng/dm^.
The rate of oxidation increases and greyish black oxide
patches (which may be porous) appear on the interference
colored oxide film when the transition occurs in the
kinetics. The hysteresis in the polarization curves,
obtained during the pretransition period of interference
colored oxide film growth, was normal and similar to that
observed during the polarization of oxidized Zircaloy-2
samples. After the transition, the hysteresis increased
gradually with increasing oxidation and was quite
pronounced, amounting to nearly half of the current
measured at peak positions. Analysis of the polarization
data, obtained in the pretransition period, agreed well
with the weight gain data.

(b) In the case of samples oxidized in oxygen-free steam, up
to a weight gain of 20 mg/dm^, an abrupt transition
in the kinetics was not observed. However, the oxidation
rates were comparable fco or slightly faster than the
pretrans.ition rates in the molten salt. At any weight
qain the polarization curves did not show any abnormal
hysteresis effects. The agreement between the polariza-
tion and the kinetic data was only marginal.

(c) When a sample oxidized in steam to a weight gain of about
4 jncr/dm̂  was transferred to the molten salt for
further oxidation, the polarization curves recorded
immediately and up to 10 more hours of oxidation in the
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molten salt did not show any abnormal hysteresis. The
hysteresis increased gradually and, after an additional
30 h of oxidation in the salt, it was as large as that
obtained on salt oxidized samples during the post-transition
oxide qrowth. The rate of oxidation in the salt was
hiqher than that in steam and the kinetics of weight
gained in the salt were similar to the post-transition
oxidation of a control sample oxidized only in the molten
salt.

When a sample oxidized in the molten salt to a weight
gain of about 8 mg/dm^, well in the post-transition
period of oxide growth, was transferred to steam a
decrease in the oxidation rate was observed. But the
polarization curves, obtained during the oxidation in
steam, still showed large hysteresis effects; the same as
those obtained prior to the transfer.

(e) A control sample was oxidized in steam to a total weight
gain of 15 mg/dm^; the oxide was greyish black in
color and had some areas of white oxide growth. When the
sample was polarized for the first time in the molten
salt much hysteresis was present in the curves.

Therefore, the conclusions are as follows: (i) Oxidation
in the molten salt (a medium where oxygen is available) leads
to the growth of a thick greyish oxide at a much earlier stage
than oxidation in oxygen-free steam. (ii) This thick oxide
growth is associated with the transition in the kinetics to
fast oxidation rates and the appearance of much hysteresis in
the polarization curves. (iii) The sensitivity of the oxida-
tion rate to free oxygen in the environment can thus be related
to the growth of a porous oxide. The presence of oxygen might
lead to the settincr up of a positive space charge, produced by
the valence transition of Nb4+ to Nb^+, in the bulk of the oxide.
The fields associated with the space charge result in rapid
oxidation rates and the stresses generated in the oxide lead to
cracking and the growth of a porous oxide. The large increase
in the anodic current and abnormal hysteresis in the polariza-
tion curves might be associated with the growth of oxide
crystallites much smaller in size than in the pretransition oxide.

4.2.5 Breakaway Oxidation at 623 K
- P.A. Ploc and J.A. Roy

Further to section 4.2.4 of PR-CMa-50, several samples of
about 1 mm^ area, oxidized at 623 K and spanning an oxide
film thickness from 0.5 to 1.5 ym were examined in the Scanning
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Electron Microscope. Bumps on the oxide surface resulting from
localized accelerated corrosion were counted. As expected, the
number of uncracked bumps decreased with increasing oxidation
exnnsure. The uncracked bump density increased with the
appearance of a second generation of bumps but then, this again
decreased with increasing oxide film thickness.

4.2.6 Anodic Oxidation of Zr Single Crystals
- R.A. Ploc

As indicated in PR-CMa-50, section 4.2.5, single crystals
of a predetermined orientation (in this instance, the basal
plane) are being anodized to investigate the validity of a
proposed indexing scheme for transmission electron diffraction
patterns taken from oxides grown on the Zr (0001).

A determined and intense effort in this direction has met
with repeated failures due to a host of technical difficulties
and unexpected results. Presently, oxide films suitable for
diffraction analysis are being prepared with partial success.
A combination of mechanical-and electro-thinning (4 parts ethyl
alcohol to 1 part 70% perchloric acid, < 20 volts, < 250 K and
very low jet pressure) was necessary to obtain "windows" of
oxide in an oxidized disk. A final difficulty was found to be
the plunger for mounting the sample in the microscope stage
holder which repeatedly broke the oxide film due to the
compression of the column of gas between the plunger tip and
the specimen. Specimens have been successfully glued into the
holder.

Initial results have shown surprisingly that the anodic
oxide on single crystals can be either predominantly cubic
7rO2 or, in other cases, predominantly aZrC>2 (monoclinic) .
The reasons for this phenomenon are unknown but may be associa-
ted with precipitates in the single crystal or impurities left
by the chemical polishing solution. Preliminary results indicate
a cubic phase with a lattice parameter not previously reported.

4.3 ELECTRCW MICROSCOPY

4.3.1 <c>-Component Dislocations in Zirconium Alloys
- O.T. Wo~6̂  G.J. C. Carpenter and S.R. MacEwen

It has been suggested that <c>-component dislocations in
deformation twins are generated as an intrinsic part of the
twinning mechanism. This can be due to the incorporation of
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slip dislocations with twins (1,2), or the atom movements
necessary for twin formation (3,4).

Since few computation details were given in Yoo's papers
(1,2), a matrix-algebraic calculation of his dislocation
reactions has been carried out. It is based on the transforma
tion of the various types of slip Burgers vectors from parent
to twin_crystals as shown in Figure 4.3.1.1 for (1012), (1121)
and (1122) twinning.

For (1012) twinning, three boundary conditions are used
to calculate the (3x3) transformation matrix, viz.:

(a) [1011]M -> [1011]T ( m direction)
(b) 1/3 ri2T0]M ->• 1/3 [1210]T ... (a2 axis)
(c) f0001]M •* Cuvtw]T (c axis)

where Tuvtw^rp is evaluated geometrically.

Examples of the results are shown below:

_ 2
1/6 1/2

1/2 ]-j [1011]T

1/3

1/3

where Y = c/a.

The second twin vector of each reaction represents a
twinning dislocation. These reactions are similar to Yoo's
derivation, although his transformation matrix is different.
This is due to the use of different sets of coordinate axes._
Using our transformation matrix, Westlake's reaction for (1012)
twinning (3) can be verified:

rioio] [oooi] +
1 3+Y

[ion]

Application of the same methods to (1121) and (1122) twinning
again yields results similar to Yoo's, and V/estlaice's reaction
as apnlied to (1122) twinninq (3) is also verified:

1/3 r2113]M •»• T0110]T +
-2

2
1/3 [1123]
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( 101 2) TWINNING

TENSION

(1121) TWINNING

TENSION

(1122) TWINNING

COMPRESSION

Figure 4.3.1.1 (1012) (1121) and (1122) twinning models,
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It is important to note the equivalence of the Yoo (1,2) and
Westlake (3) models, a fact that has not been previously
recognized in the published literature.

( 1 ) M.H. Yoo and C . T . V7ei, P h i l . Mag. _14, 573 ( 1 9 6 6 ) .
(2) M.H. Yoo, Trans. AIME 2£5, 2051 (1969).
(3) D.G. Westlake, Acta Met. 9_, 327 (1961), also in "Deforma-

tion Twinning", ed • R.E. Reed-Hill et al., Gordon and
Breach, p.29 (1964).

(4) H.S. Posenhaum, in "Deformation Twinning", ed. R.E. Reed-
Hill et al., Gordon and Breach, p.43 (1964).

4.3.2 Characterization of ZrHx Thin Film Targets, Supported on Ag or
Au Substrates, for Nuclear Physics Experiments
- G.J.C. Carpenter, J.F. Watters, and R.D. Davidson (System
Materials Branch)

Anomalous lifetime data have been obtained from certain
ZrHx tarqets, supported on Ag or Au substrates, during
studies of the 1H(18O,1H)18O reaction (1) in the Nuclear
Physics Branch. The targets were produced by depositing a thin
(100 yq/cm^ = 160 nn) film of zirconium onto the gold or
silver substrate. Hydrogen was implanted in the zirconium by
•bombardment with protons at 15 keV to a dose of 6 x lO^l/m^.
Problems have been experienced in some cases, apparently caused
by blister formation. Some of the specimens have therefore been
examined using scanning and transmission electron microscopy in
order to characterize the problem more precisely.

A typical scanning micrograph of an implanted area where
blistering has occurred is shown in Figure 4.3.2.1a. At higher
magnifications it is clear that many of the blisters have
cracked in a brittle manner (Figure 4.3.2.1b). Energy dispersive
X-ray analysis of the material beneath the blisters, using very
low electron energies, sugqested that the zirconium film had
senarated completely from its substrate. This is consistent with
thickness measurements of the fractured blister caps, which
were close to the expected value for the Zr film thickness.

transmission microscopy of stripped films showed the
unimplanted recrion to be microcrystal line with a crystallite
diameter of 10-20 nm. The implanted region had a similar
appearance but electron diffraction patterns contained diffuse
rings that were tentatively identified as Y-ZrH.

The principal cause of the blistering is believed to be
the compressive stresses generated by the increase in volume
resulting from hydride formation, ^ 12% for the complete



- 97 -

(a)

(b)

Figure 4.3.2.1 Scanning electron micrographs of a blistered ZrHx/Au
target; (a) X200 (b) X9000.
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conversion of Zr to Y-ZrH. The brittle nature of the fractured
blisters is typical of materials that would be expected to
consist almost entirely of hydride. A possible solution to the
problem is to reduce the stresses in the film, e.g. by deposit-
ing the zirconium film in an atmosphere of hydrogen so as to
form the hydride directly. Alternatively, it may be possible
to improve the adhesion of the film to the substrate by
diffusion bonding.

(1) T.K. Alexander, J.S. Forster, G.C. Rail, W.G. Davies and
I.V. Mitchell, PR-P-119 (2.9) and PR-P-120 (2.13) (AECL-6366
and AECL-6452, respectively).

4.3.3 Ion Simulation of Zr-2.5% Nb In-Reactor Creep
- J.R. Parsdns, C.W. Hoelke and R.W. Gilbert (Metallurgical
Rnaineering Branch)

All of the ion-irradiated specimens exhibited color
changes. Why? - was the subject of several experiments
performed during the last quarter.

Because ah incident 100 keV neon ion loses energy by both
displacement collisions and ionization of the target atoms
rcerhaps ionization losses were responsible for the observed
color changes. Anodized, sponge Zr specimens were therefore
X-irradiated in air with 35 kV, 18 mA tungsten X-rays. After
16 h exposure color changes were evident. From an analysis of
the backscattering of 2 MeV ^He+ ions (M.L. Swanson, Solid
State Science Branch) a 37 nm increase in oxide thickness was
determined on 180 nm (estimated from the interference colour)
of X-irradiated oxide. Similarly on 50 nm of oxide exposed, in
vacuum, to 1 x 10^^ ions-cm~2 an increase of 6 nm of oxide was
detected. In both cases an increase in the oxidation rate at
room temperature has occurred during irradiation. The following
explanation is suggested.

The oxide on Zr is an n-type semiconductor in which
oxygen anion vacancies, generated at the metal/oxide interface,
migrate to the oxide/environment surface during oxidation. Here
they are annihilated by chemisorbed oxygen ions which diffuse
inwards (1) bringing two negative charges to the metal/oxide
interface. This ionic flow establishes a field across the oxide
which opposes further ionic movement but which assists
electrons in passing through the oxide to fill electron levels
in the adsorbed oxygen. An electrostatic potential develops
across the oxide which serves to balance the unequal diffusion
rates of ions and electrons (2). A steady potential of about
one volt is established during the oxidation of Zr in which the
metal is negative (3). If the balance between the ionic and
electronic transport processes is perturbed, for example by



- 99 -

irradiation, there will be a change in the oxidation potential.
An increased oxidation rate can result if the rate-controlling
process is the one most affected by the irradiation.

Shirvington and Cox (4) have shown that electron trans-
port is the rate-limiting process in the oxidation of crystal-
bar zirconium. Also Wilkins (5) has determined that the oxide
has a forbidden band width of about 6 eV. Thus, 6 eV or larger
ionization losses, as are associated with the slowing down of
100 keV neon ions or the absorption of 35 kV X-rays, should
increase the electron transport through the generation of
electron-hole pairs. A consequent increase in oxidation rate
is therefore expected during irradiation at room temperature.

That this model is qualitatively correct is borne out by
the experimental results cited above and by the following
additional observations.

The irradiated areas of both the ion and X-irradiated
specimens were found to have a small but readily detectable
increase in carbon content. A closed system was used in both
cases (i.e. there was no gas flow) so that, with CO2
tjresent, a build-up of CO is expected which may lead to the
formation of zirconium carbide at high temperatures (6), or to
the deposition of carbon.

The room temperature portion of this experiment is now
complete and is being prepared for publication.

(11 0. Kubaschewski and B.E. Hopkins, Oxidation of Metals
and Alloys, London, Butterworths (1962) p.158.

(2) N. Cabrera and N.F. Mott, Rept. Progr. Phys. 12_, 163
(1949).

(3) R.D. Misch and G.W. Iseler, USAEC-ANL-6434 (1961).
(4) P.J. Shirvington and B. Cox, J. Nucl. Mat. 35, 211

(1970). "
(5) N.J.M. Wilkins, Corrosion Science, 4_, 17 (1964).
(6) D.L« Douglass, The Metallurgy of Zirconium, (IAEA-Vienna

1971) p.399.

4.4 METAL PHYSICS

4.4.1 Mechanical Testing
- F. Santone, T. Trottier and S.R. MacEwen

with the exception of the mini-furnace which failed
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Purina the past auarter, all components of the computerized
Instron mechanical test equipment are once again operational.
Experiments are being run at room temperature to measure and
correlate work-hardening, strain-rate sensitivity, and
transient creep in Zircaloy-2. Analysis of similar data,
obtained from crystal-bar zirconium, has shown that both the
interstitial solutes (O and N) and the dislocations contribute
to the thermally activated component of the flow stress.
Figure 4.4.1.1 plots the inverse of the apparent activation
area ( = b2/kT 9a/Bine) as a function of the flow stress. The
riata have been obtained using three experimental techniques:
increase in strain rate, decrease in strain rate, and stress
relaxation. According to Kocks (Aachen Conference 1979, to be
published) the linearity of such a plot confirms that the two
components of the flow stress are linearly additive. The
relative slopes, Mj and MD in Figure 4.4.1.1, indicate that the
rate sensitivity of the interstitial solute is approximately
2.5 times that of the dislocations.

4.4.2 Irradiation Creep and Growth
- M. Miller and S.R. MacEwen

(a) NRX Test Program

Experiment RX-60C was removed from NRX on November 1,
1°»79, and was transported to the Universal Cells. The Al
specimen was removed, and a new, fully annealed specimen was
inserted in the same qrowth rig. The integrity of the rig has
been confirmed and the needle has been repositioned in the
nozzle of the pneumatic gauge. The rig was reinserted in NRX
facility #6 on December 17. The irradiated Al specimen will be
sectioned and examined for evidence of void formation, even
though none is anticipated, as soon as the radioactivity of the
specimen drops to an acceptable level.

The data for the entire experiment are given in Figure
4.4.2.1. The raw, uncorrected data contained both noise and
longer term trends which were caused by fluctuations in
specimen temperature, reactor power, and back pressure of the
gauge, as well as the desired signal which results from
dimensional changes in the rig. (The specimen is Al, and at
575 K, should not show any irradiation growth or swelling.) The
data of Figure 4.4.2.1 have been corrected for these effects
using the proportionality constants determined previously
(PR-CMa-50, Section 4.4.2(a)). It is seen that the gap of the
nozzle changed by about 10 ym during the first 3 x 10^ s of
the test, and then remained constant. This transient change in
length most probably oriainates from a change in the rig rather
than the specimen.
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However, if one were to assume, as is normally done, that the
rig is stable, the 10 yn change would be interpreted as a frac-
tional shrinkage of the specimen of 2.6 x 10~4. The second part
of the experiment, to be done with an unirradiated specimen in
an irradiated rig, should clearly show the relative contribu-
tions from the specimen and rig to the initial change in the
nozzle gap.

(b) Theoretical Calculations
- S.R. MacEwen

Effect of Solute on Creep and Growth

The equations which define the irradiation-induced solute
nrofiles at grain boundaries and dislocations have been
incorporated into the ZEUS code. Numerical results have been
obtained for solute segregation to grain boundaries in an alloy
containing 9 at.% solute and having a 10 at.% solubility limit.
Figure 4.4.4.2 plots the amount of solute segregated, S, as a
function of time. After about 10 s the concentration of inter-
stitials becomes essentially constant and S increases linearly
with time. Such a result is expected for conditions of tight
solute-interstitial binding and low depletion of the bulk
concentration. Some of the segregated solute remains in the
volume defined by the width of the grain boundary, while the
rest diffuses back into the bulk under the driving force of its
own concentration gradient. Figure 4.4.2.3 plots concentration
profiles extending from the grain boundary into the bulk, for
various times. Ac short times, the concentration in the
boundary volume increases (curves 1 and 2) until at 0.035 dpa
(curve 3) the solubility limit is reached. Thereafter, the
concentration at the surface of the boundary remains constant
(at the 10 at% solubility limit) and the profile broadens with
time. The very steep and narrow profiles result from the low
temperature (773 K), high vacancy migration energy (1.38 eV),
and high displacement rate (1.125 x 10~3 <jpa/s) used for the
calculations. The curves are, however, in general agreement with
calculations made by N.Q. Lam (Argonne National Laboratory) for
segregation to the surface of a semi-infinite solid (H. Wiedersich,
Argonne National Laboratory, private communication).

4.4.3 Irradiation Growth of Zirconium Single Crystals
- G.J.C. Carpenter, J.F. Watters and R.A. Murgatroyd (United
Kingdom Atomic Energy Authority)

Sufficient growth data are available from the first set
of single crystals, irradiated and measured at AERE, Harwell,
to analyze the results in some detail for publication.
Soecimens irradiated at both 353 K and 553 K increased in
length for orientations near an a-axis and showed a contraction
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for orientations near the c-axis. One specimen with an inter-
mediate orientation, irradiated at 553 K, showed negligible
arowth. In all other cases, the growth saturated at low strains,
of the order of +10-4. Resolution of the strains along the
crystal]oqraphic axes revealed a volume increase, also of the
order of 10~4.

The a-axis expansion is probably caused by the annihila-
tion of an excess of interstitials at edge dislocations, driven
by the bias interaction. The source of the c-axis contraction
is less clear. It is probable that there is a contribution
from the lattice relaxation around vacancies, retained in the
lattice due to their low mobility or to solute trapping.
However, it is unlikely that they can account for the entire
c-axis contraction, since calculations have shown that the
vacancy relaxation volume required would be unreasonably large.
It therefcve appears that the vacancies are clustered in such a
manner thav. there is a negative component of strain along the
c-axis. Such clusters must be smaller than the resolution
limit for dislocation loops in the electron microscope Ov 2.5 nm),
since only loops with a-type Burgers vectors are normally
observed. These clusters probably arise from the displacement
cascades.

Until recently, it was only possible to compare the
sinqle crystal growth data with results from polycrystalline
material in the form of Zircaloy-2. However, it is now possible
to examine the influence of grain boundaries more realistically,
since data from polycrystalline iodide zirconium are now being
produced by the UKAEA. Some preliminary results (1) have
confirmed that a large difference exists between the growth of
sinqle crystals and polycrystals at 353 K. Thus, the growth
strains produced by irradiation of polycrystalline zirconium
specimens are very much larger than those for iodide single
crystals and rapid saturation is not observed. Since there is
no reason to expect a large difference in the dislocation
structure between single crystals and polycrystals, the grain
boundaries are responsible for the enhanced growth of the
polycrystals. The existing evidence suggests that even at 353 K,
the growth of annealed polycrystalline zirconium is caused
primarily by the annihilation of excess interstitials at edge
dislocations and the loss of the corresponding excess vacancies
at the grain boundaries. The mechanism by which the vacancies
reach the grain boundaries at this low temperature is not yet
clear.

(1) R.A. Muraatroyd and A. Rogerson, to be published in
Proc. Int. Conf. on Radiation-Induced Creep and Growth,
Journal of Nuclear Materials (1980).
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4.4.4 Vacancy Defects in a-Zr
- G.M. Hood and J.A. Armstrong

Calculations, based on current considerations of vacancy
properties of metals and defect data for a-Zr, lec.d to the
following relations regarding the vacancy formation energy
and the vacancy migration energy (hm) of a-Zr

(i) h f + h m > 2.7 eV
(ii) hf- > 1.6 eV, and

(iii) h™ > 1.1 eV.

Relations (i) and (ii) are believed to be quite reliable,
while relation (iii) is probable, but less certain than the
first two.

4.4.5 Positron Annihilation in Metals
- G.M. Hood and J.A. Armstrong

An intermediate temperature range facility for doing both
equilibrium and non-equilibrium studies of positron annihilation
in metals has been set up and is currently being calibrated.

4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Publications

An Electrochemical Model for Oxide Growth on Zircaloy-2
- N. Ramasubramanian
Submitted to: The Electrochemical Society Journal

An K]ectron Microscope Study of Breakaway Oxidation of
Zirconium at 623 K
- R.A. Ploc
Submitted to: J. Nucl. Mat.

Oxidation and Polarization Measurements on Zirconium and
7irca.loy-2 in Molten Nitrite and Nitrates at 573 K
- M. Ramasubramanian
Submitted to Journal of the Electrochemical Society.
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4.5.2 Lectures

The Determination of Oxidation Rates from In-Situ Electrical
Measurements
- B. Cox
Presenter! at the National Association of Corrosion Engineers,
Canadian Regional Conference, Ottawa, 1979 October 2-4.
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

One of the prime tools being used for work under
this Contract is a crossed molecular beam apparatus
capable of yielding reactive cross sections as a
function of collision energy for reactions of H and D
atoms. This is, to our knowledge, the first such
apparatus. It employs a supersonic jet of H or D (formed
by pyrolysis of H2 or D2 at 2,700 K) with 'reverse
seeding1 by addition of He, Ne or Ar to slow down the
atomic H or D. The velocity, and hence the energy, of
the H or D is measured by the slotted-disc mass spectrometer
time-of-flight procedure. The flux of H or D (which is
severely diminished by reverse-seeding) is also monitored
by mass spectrometry, as the experiment proceeds.

H DResults for Sr(t) and Sr(T) (reactive cross section
as a function of centre-of-mass collision energy for H
or D as attacking atom) have already been reported for
the reactions H + Br2 and D + Br2. D reacted with a
markedly greater cross section than H over the entire
range of collision energies, for reasons that could be
understood in terms of the kinematics, i.e. the
difficulty of separating two heavy atoms (BrBr) while
the attacking atom (H or D) stayed at close range).

In PR-CMa-49, AECL-6589,we gave preliminary results
on the 'excitation functions' Sr(T) for two members of
a different, and more extensive, family of isotopically
related reactions:

H + HBr -»• H2 + Br (1-H)

D + HBr HD + Br (1-D)

At that date we said we would "defer comment until these
results have been checked and extended in studies with
the re-built Molectron UV-1000". This refers to the
"pump laser" that is responsible for exciting two dye
lasers which, by way of four-ways mixing in Mg vapour,
gives the tunable VUV used to obtain LIF (laser-induced
fluorescence) from the atomic Br product, and thereby
the measured Sr. These additional experiments have been
largely completed. They provide much better data for
(1-H) and (1-D) (which supercedes the data reported in
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PR-CMa-49, AECL-6589, and in addition give corresponding
information for,

H H

D H

1- DBr

K DBr

•+ H D H

-> D 2 H

I- Br

H Br

(2-H)

(2-D)

which comprise the remaining two members of this series
of four isotopically related reactions. It will be
noted that in classifying these reactions we have given
the same number to pairs of reactions having the same
molecule under attack (reactions 1 have HBr as the
molecular reagent, reactions 2 have DBr) and have used
the suffix, H or D, to distinguish the attacking atom.

For brevity we report only the ratios of rates of
reaction for isotopic pairs in Table 5.1. So that comparison
can readily be made with the prevailing theory of isotope
effects, namely absolute rate theory (ART), we have
converted the measure cross sections, Sr, to rate
constants, k, by means of the relation kexp = Sr«vrel»
where vrei is the relative velocity. Ratios of kexp»
and also of kcalc (from ART) are given in Table 5.1
along with the ratio CALC/EXPT which gives a measure of
the success of ART.

Rows (i) and (ii) of Table 5.1 record the effect of
changing the mass of the attacking atom, for a given
molecular isotope under attack (HBr for row (i), DBr for
row (ii)). In examining the experimental data it
should be born in mind that the experimental error is
greatest for large reverse-seeding, i.e. at the low
collision energy. It should also be noted that at the
time of writing certain corrections (which we believe
will be minor, but we cannot be certain of this) have
yet to be made to the experimental data. Considering
these residual uncertainties it is reassuring that the
low collision energy k^Xp/kD ratios agree satisfactorily
with the corresponding ratios of thermal rate constants
determined under 'bulb' conditions by Endo and Glass
(J. Phys. Chem. £0, 1519 (1976)).

Before commenting on the results given in the table,
the method used for the absolute rate theory values (which
could be subject to debate) needs to be explained. For
reactions of the H + HBr family, since the atom being
transferred was H, the full Bond Energy Bond Order
(BEBO) formulation could be applied, i.e. BEBO was used
to calculate the internuclear separations in the activated
state, and also to calculate the force constants of the
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activated state. (This procedure is widely used, and
is cited along with numerous earlier references, of
which our favorite is H.S. Johnston's "Gas Phase
Reaction Rate Theory" 1966, in "Isotope Effects in
Chemical Reactions", C.J. Collins and N.S. Bowman Eds.,
Am. Chem. Soc. Mongraphs, New York, 1970.) The BEBO
method predicted, as anticipated, an "early-barrier";
i o

r^ = 1.52 A (extended from the equilibrium separation

of r° = 0.74 A) and rJL, = 1.43 A (as compared with
rlii o tiiiX

x° = 1.41 A). The predicted bond orders at the

activated state were nj o = 0.07 and hence n^_ = 0.93.
nil rlijr

As a check on the sensitivity of the results to barrier
location we altered nj arbitrarily by ± 0.2, with

± HI
compensating changes in ngB ; the effect on the k_, , /'-
ratios was insignificant.

Absolute rate theory embodies a translational partition
function for the reactants, QT. This is an integral of
the density of translational states over the distribution
function (the Maxwell-Boltzmann distribution, MB)
applicable to the heat-bath temperature. Since for this
degree of freedom we have a supersonic jet with a
Gaussian energy-distribution, G, centred at a measured
translational energy, T, we substituted this observed
Gaussian for the Maxwell-Boltzmann function; i.e. we
used Q in place of Q_ . For T = 4.18 kJ-mol"1 the effect

T T •!• r\ -1" MR C*
o n kCalcy/kCalc O f r eP l a c i n9 °-T

 bY °-T
 w a s small. The

vibrational and rotational degrees of freedom in the
hydrogen halide molecule were thermal under our crossed
beam conditions, with Tvib

 = Trot = 300 K, since the
beam effused from a room temperature multi-capillary
array (25 ym pores, approximately 3 kPa fore pressure).

In the case of row (v) in Table 5.1, i.e. H + Br2
compared with D + Br2, it was no longer possible to use
the BEBO method to determine the activated state configuration,
since the atom being transferred was not an H atom. Instead
we had recourse to two different LEPS (London, Eyring,
Polanyi, Sato) potential-energy hypersurfaces (one
to be found in a study by Blais and Truhlar, J. Chem.
Phys. 6^, 4186 (1974), and one to be found in work by
Pattengill and Polanyi, Chem. Phys. 2» 1 (1974); the
former is designated B-T, the latter P-P). These gave

B-T r|Br = 1.96 A and r|rBr = 2.54 A, and for P-P r*Br = 2.3 A

and r| = 2.4 A (the latter is not an optimised surface),

the equilibrium separations are r° = 1.41 A and
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o
r° = 2.2 8 A; once again an exothermic reaction isBrBr
yielding an early barrier crest, according to expectation.
Having arrived at a configuration for the activated
state one can apply the BEBO empiricism to obtain the
required force constants (later we shall try the effect
of obtaining these directly from the surface). The
value for k"/kD altered insignificantly as between the
alternate (B-T or P-P) activated state configurations.

Turning to Table 5.1 our (tentative) conclusions are,

(1) The observed isotope effects are small
(£ 10%) for all isotopic substitutions in the
family of reactions H + HBr at high collision
energy.

(2) The predicted (ART) isotope effects for the
H + HBr family at high collision energy comprise
a 10-30% decrease in rate when the attacking atom
is changed from D to H, and a 200-300% increase
in rate when the atom under attack is changed
from D to H.

(3) The observed isotope effects for the H + HBr
family are significant at low collision energy;
substitution of H for D as the attacking atom
gives rise to ̂  100% increase in rate, and
substitution of H for D as the atom under
attack gives rise to a 10-30% increase in rate.

(4) The predicted isotope effects for the H + HBr
family at high collision energy do not differ
significantly from those at low collision energy.

(5) The observed isotope effect for H + Br2/D + Br 2
is insignificant at high collision energy
(experimental error is large) and is such as
to significantly favour D atom reaction at low
collision energy.

(6) The predicted isotope effect of H + Br2/D + Br 2

is within the experimental error at high collision
energy, but is qualitatively incorrect at low
collision energy.

If (1) - (4) above are confirmed by experiments
presently underway, and a further investigation of our
ART treatment substantiates present findings, we must
conclude that the Absolute Rate Theory model of changes
in reaction rate due to changing reactant masses is
seriously flawed. The largest isotope effect that ART
predicts for the H + HBr family is for the substitution



- Ill -

of H for D in the molecule under attack. The experiments
show no evidence of this, even as T approaches collision
energies corresponding to the mean collision-energy at
300 K, where ART can most safely be applied.

Still more interesting than the (possible) failure
of one theoretical approach would be the success of another:
we plan to study the H + HBr family by the classical
trajectory method to see whether a plausible potential-
energy surface is capable of explaining all of our
findings. In order to set a truly challenging task for
the classical trajectory approach (or, to put it differently,
in order to eliminate as many ambiguities as possible
from the choice of potential hypersurface) it would be
highly desirable to determine cross-section ratios
s£/s£ for all members of the family H + HBr not only for
a range of collision energies T (as has been done here) but
also for a range of vibrational and rotational energies
in the bond under attack. To do this we shall need to
construct a pulsed HBr laser and also to upgrade the
sensitivity of our Br detection procedure. Both these
requirements can be met with the latest laser technology.
We shall seek funding for an extension of our studies in
this direction, so that the work begun under the sponsorship
of Atomic Energy of Canada Limited can continue.



I! Table 5.1 - Experimental rate constant ratios (kexp
=srvrel' for designated pairs of isotopic

reactions compared with calculated rate constant ratios (kp - from ART) at low and

at high collision energy E r e l. (The underlined atom of the reaction pair is the one

being altered from H to D.) The final column at each collision energy compares the

calculated ratio with the measured ratio: CALC./EXPT.

Reaction Pair Erel~ 4* 1 8 k J - i n ol"

kH/kD; EXPT. kH/kD;CALC. CALC

U) 1-H/l-D (H+HBr)/(D+HBr) 2.22

(ii) 2-H/2-D (H+DBr)/(D+DBr) 1.89

(iii) 1-H/2-H (H+HEr)/(H+DBr) 1.27

(iv) 1-D/2-D (D+HBr)/(D+DBr) 1.09

(v) 3-H/3-D (H+Br2)/(D+Br2) 0.83 1.22 1.47 1.22 1.10 0.90

0.73

0.92

2.40

3.04

EXPT

0.33

0.49

1.89

2.79

E =29
rel

/kD;EXPT.

1.05

0.95

1.11

1.00

.3

k

kJ-mol"1

H/kD;CALC.

0.65

0.83

2.40

3.04

CALC
EXPT

0.62

0.87

2.16

3.04
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