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CHEMISTRY AND MATERIALS OlVliiU', HIGHLIGHTS

T. A. Eastwood

Solid State Studies

New results have been obtained by time-of-flight methods for the
stopping powers for heavy ions (Ne,Ar) transmitted at 0° (i.e. parallel to
the incident ion beam direction) through thin foils (C, Au). The stopping
power is found to increase with increasing foil thickness, the increase being
less pronounced as the incident ion velocity is raised. Within the
framework of the Meyer theory such data permit a separation of the stopping
power into components identified with zero and finite deflection. The
results of a preliminary analysis require that a substantial fraction of the
energy lost in collisions producing finite deflection be of inelastic type.
These new data validated earlier conjectures based on less complete
information.

We have shown recently that in a crystal lattice, vacancies can form
identifiable complexes with a solute atom, when dilute alloys of Al-Sn or
AT-In are irradiated at low temperatures (35 K) with 1 MeV He+ ions and
then annealed at 220 K. Now, in further experiments, it has been shown that
these complexes can be dissolved by MeV He+ ion irradiation at 70 K. At
this temperature, a newly-formed vacancy is frozen in the lattice but the
associated interstitial atom is free to migrate and may annihilate with one
of the vacancies in the vacancy-solute atom complex. The larger complexes
dissolve first but with continued He+ irradiation all clusters eventually
disappear. This striking demonstration is the first of its kind and an
important further step is our quantitative understanding of the creation and
destruction of small defect complexes.

Radiation Chemistry

An improved optical absorption spectrum of hypoiodite ion (10") has
been obtained to aid in the interpretation of radiolysis experiments on the
chemistry of iodine solutions. This was achieved by using a special
technique to prepare 10" free of iodide ion, whose absorbance interferes
with that of 10".

Gadolinium solutions covered by a vapour space yield several times
more hydrogen during radiolysis than solutions without a vapour space. This
is because hydrogen formed during radiolysis diffuses to the space, lowering
the concentration of hydrogen in solution and reducing the extent of
hydrogen-consuming reactions in solution. Future experiments and computer
simulations of moderator r?diolysis in reactors in the presence of soluble
poisons such as gadolinium will have to take this effect into account.
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Hydrogen Isotope Separation

a) Laser Photochemistry

Research on isotope separation by absorption of infrared laser
radiation in candidate molecules has shown that 2,2,2 trifluoroethanol is 100
times easier to decompose than is methanol under comparable conditions. This
result agrees with predictions and supports the hypothesis being developed to
explain infrared laser isotope separation processes.

In other experiments on the chemical ef voces of lasers, a transient
laser magnetic resonance signal has been observed when sulphur hexafluoride
containing a trace of nitric oxide is subjected to radiation from a carbon
dioxide laser. The signal arises from consumption of nitric oxide molecules
in the vibrational ground state but it is not yet known whether this is the
result of a chemical reaction or vibrational energy transfer from the SFg.

b) Catalyst Chemical Exchange

Chemical rate data have been obtained for the exchange of tritium
between fluoroform and water and have been compared with data for deuterium
exchange between these compounds. Through the application of the theory of
such reactions, the isotope effects observed have been interpreted in terms
of a detailed course for the rearrangement of atoms during the exchange
process.

As a preliminary to other studies on the fundamental mechanism of
chemical isotope exchange, the effects of temperature and methylamine
concentration on the electrical conductivity of liquid hydrogen sulfide have
been measured.

Analytical Chemistry

The determination of trace quantities of hexavalent uranium in
groundwaters and in urine is important for waste-management and health
physics studies both at CRNL and industry-wide. We have found that the
combination of separation of uranium on a bonded-phase cation exchange column
followed by detection after a post-column reaction with Arsenazo I I I yields a
sensitive and selective method. The detection l imi t is 6 ng with a maximum
sample size of ^100 uL, corresponding to a sample concentration of 60
ng-mL"1.

A portable sulfide ion monitor for f ie ld measurements has been used in
the Perch Lake basin with promising results. I t is based on an ion selective
electrode. Qualitative agreement with earlier measurements using a
different procedure has been established and more extensive tests are in
progress.
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Materials Science

Preliminary experiments on zone-refining and electrotransport
purif ication of zirconium suggest that some improvement in purity should be
possible by the f i r s t method and a large improvement should be possible by
the second. A combination of the two looks l ike the best method of attaining
our aim of producing ultra-high purity material for studies of the properties
of crystal la t t ice defects in zirconium uncomplicated by interference from
adventitious solute atoms.

The cantilever beam technique for simulating irradiation creep and
growth using ion beams continues to show the same qualitative dependence on
structural factors (such as dislocation density) as for neutron irradiated
specimens. The creep constant calculated from these experiments is in goud
agreement with that deduced from neutron i rradiat ion, however, the growth
constant is about a factor of ten lower than for neutron irradiated
material.

Experiments on creep under variable stress conditions have shown that
i t is not possible to calculate such behaviour simply by integrating a
steady-state creep equation over a range of applied stresses. In-reactor
situations (e.g. fuel ballooning) are commonly of the "variable-stress" type
and w i l l not be modelled well by the use of steady-state creep equations.

An experimental study of recovery in Zircaloy-2 from mechanical
deformation has given activation energies for the recovery process much lower
than those for sel f -di f fusion. I t is concluded that cross-slip rather than
dislocation-climb is probably the rate controlling process for recovery.
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1.2 ION PENETRATION

1.2.1 Dependence of Stopping Power on Foil Thickness

- W.N. Lennard, B. Dube, I.V. Mitchell, and D. Phillips in collaboration
with H.R. Andrews, N. Rud and D. Ward (Nuclear Physics Branch)

It is generally supposed that the stopping power of a material,
(dE/dx), comprises an electronic part arising from collisions with zero
deflections (dE/dx)e, and a part which originates in atomic collisions
with deflection, (dE/dx)c, usually identified with the nuclear energy
loss, (dE/dx)n- Provided the multiple scattering process can be taken
into account, it should be possible to separate experimentally (dE/dx)e
and (dE/dx)c by measuring stopping powers either as a function of angle
or of foil thickness. The importance of multiple scattering in treating
these effects is very clear, for example it is multiple scattering that
through the collision term introduces a dependence of (dE/dx) on foil
thickness.

The target thickness dependence of the stopping of low velocity
(v % v0, the Bohr velocity) heavy ions transmitted through solid targets
near 0° has been ,-neasured for Ne and Ar ions in C and Au targets using a
time-of-flight system similar to that described by Ward, et at. (1).
The measured stopping powers are observed to increase with increasing
target thickness. All measurements of the target thicknesses were made
using He ions and applying stopping power values from the compilation by
Ziegler (2).

Figure 1.2.x.1 shows typical results obtained for Ar in C at
v/v0 = 0.85 (17.9 keV/amu). The solid curve is a two-parameter fit to
the theory of Meyer, et al. (3), effectively determining the separate
contributions of (dE/dx)e and (dE/dx)c. Although the absolute stopping
power values have uncertainies ^ 5% due to uncertainties in the He stop-
ping power values, the relative errors as shown are much smaller, ^ 1%
for all target thicknesses (3.65-78.9 pg-cm"2). The thickness depend-
ence diminishes with increasing projectile velocity.

The data analysis is not yet completed; however, preliminary
results for all the systems studied show the same general features. Our
analysis shows that the contribution (which must be calculated) of purely
elastic collisions, (dE/dx)n, to the stopping power (dE/dx)c is too
small by a factor of 2 to 5 to explain the observed thickness dependence
in Au. In this case a dominant inelastic contribution is made to
(dE/dx)n, a conclusion that we have drawn previously but on the basis of
rather meagre experimental evidence (4).

(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker and
N. Rud, Can. J. Phys. 57 (1979) 645.
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(2) J.F. Ziegler, "He Stopping Powers and Ranges in All Elemental
Matter", Pergamon Press, New York (1978).

(3) L. Meyer, M. Klein and R. Wedell, Phys. Stat. Sol. (b) 83 (1977)
451.

(4) H.R. Andrews, W.N. Lennard, I.V. Mitchell, D. Ward, D. Phillips,
R.B. Walker and N. Rud, IEEE Trans. Nucl. Sci. NS-26 (1979) 1326.
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Figure 1.2.1.1 - The target thickness dependence of stooping power
measured at 0° for Ar ->• C at v/v0 = 0.85. The
uncertainties shown are relative only. The target
thicknesses were determined using He stopping powers
(2). The solid curve is a best fit to the data using
the theory of Meyer, et at. (3)

i.2.2 Stopping Powers

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

A recent, survey of stopping values for ''He ions (1) shows th^t
there are wide discrepancies among previously published results, the one
exception being measurements trade with Ni where differences of only 6%
were observed. Strength, inertness, ease of production and characteri-
zation of th in Ni fo i l s may explain why more reliable stopping data were
obtained with Ni.

A comparison of our stopping results with accepted values for Ni 1s
one way of examining how successful we are in minimizing systematic
errors in .r work and whether we have assigned rea:jnable estimates of
random errors. As noted 1n PR-CMa-49 , section 1.2.5; AECL-6589, agree-
ment between our stopping values for ^He ions in Ni and values suggested
by Ziegler (1) was within 2% over the energy region 200 to 2000 keV.



- 6 -

0.35

£T 0 3 0

6
U

? 0.25

0.20

£ 0.15
a.
a.
o 0.10

0.05-

I I I I I I I I I I
200 400 600 800 1000 1200 MOO 1600 1800 2000

ENERGY (keV)

Figure 1.2.2.3 - Stopping values for deuterons in Ni
+ measured values

polynomial least squares fit to our measured
values.

— scaled from proton stopping data (2)

Recently we completed measurements for the stopping of deuterons in Ni
and the results are shown in Figure 1.2.2.1. Although there are no pub-
lished measurements in this energy region for comparison with our data,
comparison was possible by scaling accepted proton stopping data in Ni
(2). The stopping values for deuterons are assumed to be the same as
protons at the same velocity (see PR-CMa-53, section 1.2.5; AECL-7094).
The scaled proton values are shown as the dashed line in Figure 1.2.2.1
and the values are all within 3.5% of our measurements.

Apparently we do have control over experimental conditions for mea-
suring the light ions D, 3He and 4He. With the same experimental tech-
niques, W'i see no additional problems in measuring stopping values for
the heavier ions, 7Li, 12r, 14N, 16Q and 19F to 5%.

(1) J.F. Ziegler, "He Stopping Powers and Ranges in All Elemental
Matter", Pergamon Press, New York 1978.

(2) K.H. Anderser snd J.F. Ziegler, "Hydrogen Stopping Powers and
Ranges in All ^ments", Pergamon Press, New York, 1977.
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1.2.3 Time-of-Flight Detector Tests

- D.A.S. Walker

Initial investigations using an annular channel electron multiplier
assembly and thin carbon foils in a simple time-of-flight (TOF) system,
indicated that the low gain of this detector would be a limitation for
timing studies using light ions. Two such detectors have been connected
in tandem and are presently undergoing tests as a possible detector in
our next generation TOF system. Preliminary tests with the tandem
assembly are encouraging; output pulse amplitudes of several.hundreds of
millivolts have been observed for passage of 1 MeV 40Ar and 4He ions
through timing foils.

1.2.4 The Lifetime of the 1.04 MeV, 0 Level in 18F

- G.C-. Ball, T.K. Alexander, W.G. Davies, J.S. Forster (Nuclear Physics
Branch), J. Keinonen and H.B. Mak (Queen's University) and
I.V. Mitchell

See Progress Report PR-P-127, section 2.6; AECL-7102.

1.2.5 Lifetime Measurements of Levels in 1&F Below 4 MeV Excitation

- T.K. Alexander, G.C. Ball, W.G. Davies, J.S. Forster (Nuclear Physics
Branch), J. Keinonen and H.B. Mak (Queen's University) and
I.V. Mitchell

See Progress Report PR-P-127, section 2.7; AECL-7102.

1.2.6 Blocking Lifetime Measurements for Fission Fragments from 97 MeV

"0 Bombardment of Tungsten

- J.U. Andersen, E. Laegsgaard (Aarhus University), J.S. Forster,
(Nuclear Physics Branch) and I.V. Mitchell

See Progress Report PR-P-127, section 2.13; AECL-7102.
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1.2.7 Crystal Blocking Lifetime Measurements for Fission Fragments from
19 F Bombardment of Ta

- J.U. Andersen (Aarhus University), J.S. Forster (Nuclear Physics
Branch), K. Reichelt (IFF, KFA Julich) and I.V. Mitchell

See Progress Report PR-P-127, section 2.7; AECL-71O2.

1.3 SURFACE PHENOMENA

1.3.1 Surface Studies of Monocrystailine Pt

- J.A. Davies, T.E. Jackman, D.P. Jackson, C.W. Sitter in collaboration
with P.R. Norton (Physical Chemistry Branch) and W.N. Unertl
{University of Maine)

Investigations of the Pt(llO) surface now have been initiated,
since the experimental investigations of the Pt(lOO) (PR-CMa-52, section
1.3.2; AECL-6966) and Pt(lll) (PR-CMa-53, section 1.3.1; AECL-7094) sur-
faces have been completed.

The Pt(llO) surface, like the Pt(lOO) surface, undergoes a recon-
struction when free of adsorbed gases. We plan to characterize the
structural phase transition of the Pt(llO) surface using low energy
electron diffraction (LEED), thermal desorption spectroscopy (TDS),
Rutherford backscattering (RBS) and nuclear microanalysis (NMA) as in
the previous study of the Pt(lOO) surface (PR-CMa-52, section 1.3.2;
AECL-6966). To date, we have completed studies of the coverage vs. ex-
posure relationship of CO on Pt(llO) at 350 K, isosteric measurements at
a series of CO pressures, and a LEED plus TOS study of the CO-induced
transition from the clean, reconstructed Pt(lx2) surface to the bulk
Pt(lxl) surface. In addition, the temperature-dependent ordering of the
amorphous CO overlayer on Pt(lxl) to a (2x1) structure has been investi-
gated. The results are in reasonable agreement with the earlier LEED
and TOS results of Comrie and Lambert (1).

(1) C M . Comrie and R.M. Lambert, J.C.S. Faraday I, ]2_ (1976) 1659.

1.3.2 An Investigation of the Anomalous 180° Rutherford Backscattering Yield

- T.E. Jackman, J.A. Davies, J.A. Moore and W. Eckstein

We have investigated the depth dependence of the enhancement in ion
backscattering yield into a 0.04° cone around 180° to the incident beam
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(PR-CMa-53, secton 1.3.2; AECL-7094). Two different types of amorphous
targets have been used: (i) a series of W03 films of differing thick-
ness grown anodically on single crystal substrates, and (ii) a series of
Si wafers implanted with Bi ions at different energies in the range 10-
500 keV. In both systems, the peak enhancement did not occur at the
surface as had been claimed by Kirsch and Poizat (1), but at depths of
a. 14.0 nm and ^ 13.5 nm respectively. Our peak enhancement factors and
the depths at which they occur are summarized in Table 1.3.2.1, together
with previous data in various thick targets.

Our peak enhancement values are all considerably larger than the com-
parable Pronko, et aU (ORNL) values (2); furthermore, they do not decrease
significantly in low-mass substrates such as Si. One reason for our
larger values is that the magnetic deflection technique allows us to

Table 1.3.2.1

180° Yield Enhancement Factors (1.0 MeV He+)

Target

Au polycrystalline

TagOs amorphous

WO3 amorphous

Ge amorphous

Si amorphous
(Bi-implanted)

W polycrystalline

Pt polycrystalline

Ge amorphous

Si amorphous

Peak Enhancement
Factors

2.50

2.34

2.30

2.10

2.12

2.0

1.7

1.3

1.0

x a>max

7.0

20.0

14.0

17.0

13.5

0

8.0

15.0

CRNL
Data

Ref. 1

Ref. 2

a) Scattering depth at which maximum enhancement occurs



- 10 -

measure within an extremely small angular cone (̂  0.04°) centered at
180° whereas the ORNL measurements were offset *• 0.1° from 180°. Also,
in the Si case, our use of the much heavier (implanted) Bi atoms to
produce the 180° scattering minimizes the kinematic energy loss and
hence improves the correlation (reversibility) between the inward and
outward trajectories.

(1) R.G. Kirsch and J.C. Poizat, Phys. Lett. _7(5A (1980) 437.
(2) P.P. Pronko, B.R. Appleton, O.W. Holland and S.R. Wilson, Nucl.

Instr. Meth. 170 (1980) 227.

1.4 RADIATION DAMAGE

1.4.1 Features of Collision Cascades in Silicon as Determined by Transmission
Electron Microscopy

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

The annealing behaviour of the individual damaged regions produced
within collision cascades in Si was investigated at temperatures ranging
from 350 to 770 K using monatomic and diatomic Bi implants with the
average deposited energy density 5V ranging from 0.09 to 2.69 eV/atom.
During annealing, the number density and the size of the damage regions
were observed to decrease but there was no indication of any change in
the basic nature of any of the damaged regions (i.e. they remained
essentially 'amorphous' and did not convert into other types of lattice
defects such as dislocation loops, etc.). Measurements of the change in
the number densities of the damaged regions have now been completed and
the results are shown in Figures 1.4.1.1 and 1.4.1.2. Size distribution
measurements are presently underlay. In all of the above cases, the
annealing of the individual damaged regions occurred at considerably
lower temperatures than the temperature (̂  840 K) at whic^ an amorphous
layer of Si reorders by epitaxial regrowth onto an underlying crystal-
line region.

From Figure 1.4.1.1 it can be seen that, consistent with our pre-
vious results (1,2), the damage produced by a diatomic ion was always
more resistive to annealiny than that produced by the monatomic ion of
the same velocity. To some extent this may be due to the larger initial
average diameter D of the damaged regions produced by a diatomic implant
compared to that for the corresponding monatomic implant (see PR-CMa-53,
section 1.4.2; AECL-7094) although a detailed comparison of the anneal-
ing results from the present and the previous investigation (1) with the
average D values shows that this factor alone cannot explain the observ-
ed annealing behaviour. Also, it is obvious from the data presented in
Figures 1.4.1.1 and 1.4.1.2 that the temperature regimes in which the
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Figure 1.4.1.1 - Effect of annealing on the number density of the damag-
ed regions in Si implanted with monatomic (10, 15,
30 keV) and diatomic (20, 30, 60 keV) Bi ions. The ev

'. values for the various implants are as follows: 10, 15
and 30 keV Bi; §v = 1.84, 1.19 and 0.54 eV/atom, re-
spectively and for 20, 30 and 60 keV Big; §v<

 = 2-69»
. 1.74 and 0.79 eV/atom, respectively. Ten minute
anneals in all cases.
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Figure 1.4.1.2 - Effect of 10 minute anneals at the indicated
temperatures on the number density of the damaged
regions in Si implanted with monatomic 80 and 118 keV
Bi ions (ev = 0.16 and 0.09 eV/atom, respectively).



annealing occurs are not dependent simply on § v. The annealing results
do suggest that there is a significant difference in the defect state of
the damaged regions produced by diatomic implants compared to the cor-
responding monatomic implants with the former producing the most highly
'amorphous' regions.

From our previous annealing results (1,2), we concluded that the
mass of the bombarding ion has a pronounced effect upon the subsequent
annealing behaviour, with the heavier ion implants annealing at the
higher temperature. The present results are also consistent with this
view as the monatomic Bi implants all anneal roughly in the same temper-
ature regime and the same holds true for the diatomic implants. This
is particularly apparent when there are mainly single damaged regions
produced in the collision cascade (as for all the cases shown in Figure
1.4.1.1), in which case there is a gradual decrease in the number
density and the size of the damaged regions during annealing. When
sub-cascades develop (as for the 80 and 118 keV Bi implants - Figure
1.4.1.2), the annealing is somewhat more complicated and there is a
tendency for the smaller damaged regions within a multiply damaged reg-
ion to anneal out first (i.e. in the region 385 K to 475 K for both the
80 and 118 keV Bi implants) followed by a gradual decrease in the number
density and size of the larger damaged regions at higher temperatures
(i.e. beyond 475 K for both the 80 and 118 keV Bi implants).

(1) L.M. Howe, M.H. Rainville, H.K. Haugen and D.A. Thompson, Nucl.
Instr. Meth. 170 (1980) 419.

(2) D.A. Thompson, A. Golanski. H.K. Haugen, L.M. Howe and J.A. Davies,
Rad. Eff. Lett. 50 (1980) 125.

1.4.2 Channeling Analysis of Vacancy Trapping in Al-0.04 at% Sn and
Al-Q.OZ at% in Crystal?

- M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneviile

Irradiation of Al-0.04 at% Sn and Al-0.02 at% In crystals with
1 MeV He+ ions at 35 K, followed by annealing at 220 K, causes the Sn
and In atoms to be displaced into interstitial positions by the trapping
of vacancies. A channeling analysis of these positions indicated that
the solute atoms were surrounded by 3, 4 or 6 vacancies, as depicted in
Figure 1.4.2.1. (See PR-CMa-52, section 1.4.4; AECL-6966 and PR-CMa-53,
section 1.4.4; AECL-7094.)

The concentrations of these vacancy-so'ute complexes, labelled
C,, CA and Cr respectively, have been measured by channeling, using the

experimental values of the apparent displaced fractions f^n"* °f Sn

atoms for an Al-0.04 at% Sn crystal. As shown in Figure 1.4.2.2, the

values of fjsn""* for < 1 0 0 >« <110> and <1 1 1 > channels were increased by
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Figure 1.4.2.1 - Vacancy-solute complexes in AT.
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Figure 1.4.2.2 - The apparent displaced f ract ion JJn> of Sn atoms into

<100>, <110> and <111> channels as a function of i r rad -
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irradiations at 35 K followed by 220 K anneals because vacancies migrate
near 200 K and are trapped by the Sn atoms. However, subsequent He
irradiation at 70 K, (self-interstitials become mobile at ^ 45 K) caused

a reduction in fjc^n> because self-interstitials annihilated the trapped
vacancies. Strong evidence for the existence of the trivacancy-Sn
complex was given by the initial increase in f^^ during these 70 K
irradiations, when larger vacancy clusters were reduced in size.

The analysis of these data in terms of vacancy complexes C3, C4
and Cg, as described in PR-CMa-53, section 1.4.4; AECL-7094, leads to
the results of Figure 1.4.2.3. For small fluences, the trivacancy con-
centration increased sharply, and then decreased as the larger vacancy
clusters built up. Conversely, during the 70 K irradiations, the tri-
vacancy-Sn complexes increased in number initially, as C. and Cc

decreased rapidly. Further 70 K irradiation to \ 10 He cm" caused
all vacancy clusters to disappear.

These data represent the first quantitative experimental measure-
ments of the evolution of small vacancy clusters. The results can be
compared with theoretical calculations of defect clustering under var-
ious irradiation conditions. In addition, the effects of different de-
fect sinks (e.g., small solute atoms or dislocations) on the rates of
vacancy clustering, and consequently on void growth, can be measured.

1.4.3 A Channeling Investigation of the Ordered Alloy CU3AU

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

An investigation was initiated to examine the feasibility of fol-
lowing the irradiation-induced transition from the ordered to disordered
state using channeling techniques. In addition, the channeling techni-
que should be able to provide useful information on defect-solute atom
interactions in ordered systems (i.e. where a low concentration of
solute atoms are present in addition to the main constituents of the
ordered alloy).

The system chosen for initial studies was the alloy CU3AU, which in
the fully ordered state has an Llg type superlattice (see Figure
1.4.3.1). A single crystal, nominally of the CU3AU composition, was
grown by the Bridgman technique and subsequently annealed to produce an
ordered structure. A slice was taken from the crystal using a combina-
tion of spark cutting, mechanical polishing and electropolishing techni-
ques. This slice was then examined using Rutherford backscattering of
1 MeV He. The composition of the crystal, as determined from the random
backscattering spectrum, was actually 72 at.% Cu and 28 at.% Au. The
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normalized yield values at 35 K were as follows: *c
 = 0.056,

xAu°0> = ° ' 0 2 2 ) xCu10> = 0 > 0 2 9 a n d xAu10> = ° ' 0 2 8 indicative of a high
degree of crystal perfection.

From Figure 1.4.3.1, which is based on the known structure of
Cu3Au, i t can be seen that in the fu l ly ordered state the compositional
make-up of the strings and planes of atoms defining various axial and
planar channels is dependent upon the specific axial or planar channel
being considered. These features are summarized below for the <100>
and <110> axial and {111) planar channels.
1) <100> axial channel - three of the strings bordering the channel
contain a l l Cu atoms and one of the strings consists of a l l Au atoms.
2) <110> axial channel - two of the strings bordering the channel con-
sist of a mixture of Au and Cu atoms and two consist of a l l Cu atoms.
3) {111} planar channel - consists of a mixture of Au and Cu atoms.

Since the c r i t i ca l angle characterizing the channeling of an inc i -
dent ion is dependent upon the effective nuclear charge of the atoms in
a string or plane, i t is evident that in an ordered alloy the c r i t i ca l
angles wi l l be sensitive to the atomic arrangement. An example of this
can be seen in figure 1.4.3.2 for in angular scan through the <100>
axial enamel of the CU3AU crystal. The angular width of the Au atom
prof i le is greater than that of the Cu atom prof i le . This difference
was found to be greater for the <100> channel than for the <110> chan-
nel , consistent with the compositional make-up of the strings of atoms
bordering thsse channels (as described above). The structure in the
shoulders of the Cu atom angular scan (see Figure 1.4.3.2) is believed
to be real and is being investigated further. For the {111} planar

channel, the angular widths, i f i ^ 2 and iiy2 are expected to be identical.

Experimentally, t ^ n is ^ 10% smaller than iiyr, for this channel. This

difference may be due, in part at least, to the experimental uncertainty
in determining the Au and Cu yields (by extrapolation to the surface)
which for the {111} planar channel was 10-15%.

Theoretical values for the angular widths & .„ for axial channels

were calculated using Barrett's (1) expression:

1/2

where k and m are adjustable f i t t i n g parameters (usually taken as 0.8
and 1.2, respectively), f is a function of the root-mean-square thermal
displacement in one direction (v^) as well as the screening radius a,
^I is Undhard's characteristic angle given by
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Table 1.4.3.1

Values of ^ i and iln/2 f o r Axial Channeling in Ordered CU3AU

Axial
Channel

<100>
<110>

• l

1.27 2.00 0.64
1.70 1.96 0.87

i>- ._ (theoretical)

,,Cu ,Au ,Cu , ,Au
• l / 2 *l/2 *l /2 /*l/2

1.10 (1.38) 1.68 (2.10) 0.65
1.50 (1.88) 1.71 (2.13) 0.88

<|J. ,„ (experimental)

,Cu :Au Cu , Au
*l/2 *l/2 *l/2 /*l/2

1.34 2.03 0.66
1.70 1.87 0.91

where Zj and Z^ are the atomic numbers of the channeled ions and crystal
atoms respectively, e is the electronic charge, d is the spacing between
atoms in the row and E is the incident energy of the ion beam. The cal-
culations were made assuming a perfectly ordered Cu,Au la t t i ce , using
thermal vibrational amplitudes for a Cu lat t ice and'using an effective
value for Zg which was weighted according to the composition of Au and
Cu atoms along the particular strings of atoms being considered. In
Table 1.4.3.1 the theoretical values of i|î  and iljjyg are shown along with
the experimental t-j/2 values. I t can be seen that the experimentally

observed rat io of ^1/2^112 ^s i n ^ooc' a9 r e e m e n t w i t n t n a * predicted by
theory for both the <100> and <110> axial channels. The absolute experi-

mental and j/ values are also close to the calculated ^ values,

but d i f fer somewhat from the calculated III-J >2 values. In table 1.4.3.1,
the theoretical ty\/2 values are given for values of k = 0.8 and k = 1.0 ,
the la t ter values being In parenthesis. A more detailed comparison of
the experimental results with theory requires in - formation about the
actual degree of order in the Cu-28 at.% Au crystal and an assessment of
this wi l l be made using X-ray and electron microscopy techniques.

(1) J.H. Barrett, Phys. Rev. B3 (1971) 1527.
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1.4.4 Defect Trapping by B Atoms in Laser-Annealed Si

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

Si crystals were implanted with 25 keV Un+B' ions to a fluence of
-21.5xl015cm"2 and ruby-laser annealed at 1.6 J-cm"". (See PR-CMa-53,

section 1.4.5; AECL-7094.) The laser annealing distributed the B atoms
almost uniformly over a depth of ^200 nm, giving an average B concen-
trat ion of 0.1 at%. The la t t ice sites of the B atoms were determined by

simultaneously measuring backscattering yields of 0.7 MeV H from Si
11 8

atoms and alpha particle yields from the B(p,a) Be nuclear reaction.
The B atoms were i n i t i a l l y ^98% substitutional. The displacement

of B from la t t ice sites by 0.7 MeV H irradiation in a random crystal lo-
graphy direction and by subsequent isochronal annealing was measured in
two separate experiments. In Figure 1.4.4.1, the apparent displaced
fraction of B atoms is shown for <100> and <110> channels: (a) after an

1 fi ?
i r radiat ion of 7x10 cm at 35 K and after sequential annealing up to

380 K ( • , • ) ; and (b) after an irradiation of 4xlO16 cm"2 at 300 K and
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Figure 1.4.4.1 - Apparent displaced fraction of B atoms versus annealing
temperature (600 s pulse anneals) in laser-annealed
Si(B) crystals after 0.5 MeV He+ irradiation at 35 K
(«-<100>, •-<110>) and at 300 K (Q-<100», 0-<110>).
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after subsequent annealing up to 825 K (n,0). In experiment (a) the B
atoms were displaced in a well-defined annealing stage centered at
250 K. This behaviour is very similar to that observed for a Si crystal
into which B had been diffused by normal heat treatment at 1370 K (1).
The displacement was attributed to migration of B or B-Si in te rs t i t ia ls .
Very similar displacements are found in experiment (b), with recovery
occurring over a broad temperature range from 425-825 K. This could be
due in part to divacancy migration.

(1) M.L. Swanson, L.M. Howe, A.F. Quenneville and F.W. Saris, Rad. Eff.
Lett. 50 (1980) 139.

1.4.5 Lattice Location of Au Atoms in Be

- M.L. Swanson, L.M. Howe, T.E. Jackman and A.F. Quennevilie

14 -2
A Be crystal which had been implanted with 1.5x10 Au atoms cm

was obtained from E.N. Kaufmann (Bell Labs., Murray H i l l , N.J.). The
position of the Au atoms was determined by measuring backscattering
yields of 0.6 MeV He at 35 K. From channeling measurements along
<112O> and <10l0> axes and a (0001) plane, as well as a <112"0> angular
scan, i t was found that the Au atoms were ^ 99% substitutional. There
is a large difference in size of solute and solvent atoms, Au having an
atomic radius of 0.159 ran as compared with 0.125 nm for Be, and, under
i r radiat ion, the system was expected to display defect-solute interac-
t ion displacements. Surprisingly, irradiation with 0.6 MeV He+ at

35 K to a fluence of 5x10 cm and subsequent annealing to 340 K did
not change the la t t ice position of the Au atoms.

Preparation of Hf Single Crystals

- A.F. Quenneville, M.L. Swanson and 0. HSusser (Nuclear Physics
Branch)

Hafnium single crystal slices were prepared with the c axis at
angles of 0, 45 and 90 degrees from the surface normal for use in mea-
surements of nuclear quadrupole moments.
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1.4.7 An Investigation of the Porosity of ^He Implanted Al Foils

- T.K. Alexander, J.S. Forster (Nuclear Physics Branch) and
H.H. Plattner

See Progress Report PR-P-127; section 2.8; AECL-7102.

1.5 COMPUTATIONS

1.5.1 Calculation of the Temperature Dependence of Surface Yields

- D.P. Jackson

The experimental measurements for the Pt(lOO) surface (PR-CMa-52,
section 1.3.2; AECL-6966) have been interpreted by means of computer
simulations. The calculated angular scans around the <110> direction of
the crystal showed that enhanced thermal vibrations of the near surface
atoms were required in the model to achieve agreement with the magnitude
of the experimental yields. Furthermore the shape of the angular scan
was seen to depend on the combination of surface and bulk vibrational
amplitudes selected. A satisfactory fit of experiment to theory in both
shape and magnitude has been obtained and this work on the Pt(lOO)
surface is now completed.

Experimental yields for the Pt(lll) surface as a function of temp-
erature were reported previously (see PR-CMa-53, section 1.3.1; AECL-
7094). These data were taken for two crystal directions at three inci-
dent energies over a wide temperature range; the extensive calculations
required to self-consistently fit a near-surface vibrational model to
these measurements are continuina.

1.5.2 Charged Particle Analysis

- J.P.S. Pringle

The use of very narrow (p,a) and (p,y) nuclear reaction resonances
to measure concentration profiles in solids is being investigated; such
techniques will be needed to extend atomic mixing measurements to solids
generally. An improved analytic procedure is required and this is being
sought in a generalization of the standard Landau-Vavilov method (1) for
calculating the distribution of particle (proton) energy losses, which
involves the following:

(i) a computer subroutine to calculate the Landau and Vavilov
distributions. These are relatively crude theoretical distributions,
supported approximately by experiment; moreover, their calculation is
complex. Accordingly they are being simulated by
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(ii) a computer routine which generates energy loss distributions
from the first four moments. This permits the needed flexibility, and
will be combined with

(iii) a computer convolution routine which allows calculation of
the energy loss distributions at any depth in the solid.

All three routines have been written and tested; they will be
combined in a program to produce the needed procedure.

(1) H. Bichsel and R.P. Saxon, Phys. Rev. All (1975) 1286.

1.6 ACCELERATOR OPERATION

1.6.1 High Voltage Mass Separator

- G.A. Sims

The HVMS has been performing well during the last quarter. The
only problem contributing to a shutdown was the replacement of the tef-
lon cooling lines to the source. Again these were damaged by high
voltage discharges along the acceleration tube.

During this period, the loss of SFg insulating gas had become very
significant. With the aid of a halogen leak detector, many of the leaks
have been located and repaired. Several small leaks are still detect-
able but will be repaired during the major shutdown commencing October
1. This shutdown is scheduled for the replacement of the original ac-
celeration tube which has over 6000 hours of operation. (The manufac-
turer's guarantee is only 1200 hours.) Modifications to the beam line
and beam handling system will also be carried out during this outage.

The "beam on" time during the past three months was 175 hours.

1.6.2 2.5 MV Van de Graaff

- G.R. Bellavance

The accelerator performed well during the third quarter of 1980.
One day down-time was used for routine maintenance and three days were
used to remove embedded ions from the magnet chamber and beam line com-
ponents.
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The beam time (hours) was allocated as follows:

July
August
September
Total

V
37
8
32
77

V
8
62
36
106

V
132
81
89

302

Total

177
151
157
485

1.6.3 70 kV Mass Separator

- O.M. Uestcott

To provide low temperature implants a new CTI-CRYOGENICS refrigera-
tor was installed in the target chamber of the mass separator. Heaters
were added to the first and second stages of the cooling unit to give
the option of operating at target temperatures above 20 K and to bring
the unit to room temperature more rapidly after an implant. The measur-
ed cooling capacity of the unit is 13.5 watts at 20 K. The addition of
the heaters now makes it possible to perform up to three low temperature
implants in a day.

1.6.4 Targets for Precision Mass Measurements on the QD3 Spectrometer

- V.T. Koslowsky, J.C. hardy, J.L. Gallant, W.L. Perry (Nuclear Physics
Branch) and H. Plattner

See Progress Report PR-P-127; section 2.21: AECL-7102.

1.7 PUBLICATIONS, LECTURES AND REPORTS

1.7.1 Publications

Evidence for a Thermal Spike Mechanism in the Erosion of Frozen Xenon
by R. Ollerhead, J. Btfttiger, J.A. Davies, J. L'Ecuyer, H. Haugen and
N. Matsunami
Rad. Eff. 4C (1980) 3203; AECL-6892



- 24 -

Erosion of Frozen-Gas Films by MeV Ions
by J. BfJttiger, J.A. Davies, J. L'Ecuyer, N. Matsunami and
R. 011erhead
Rad. Eff. 49 (1980) 119: AECL-6893

The Importance of Screening Corrections in Accurate RBS Measurements
at MeV Energies
by J. L'Ecuyer, J.A. Davies and N. Matsunami
Rad. Eff. 47 (1980) 229; AECL-6752

A Diffusion Calculation of Axial Dechanneling in Si and Ge
by N. Matsunami and L.M- Howe
Rad. Eff. 51 (1980) 111; AECL-6895

The Influence of Surface Trapping on Low Energy Light Ion Reflection
by D.P. Jackson
Rad. Eff. 49 (1980) 233; AECL-6904

Theory of Sputtering
by D.P. Jackson
Proc. Symp. on Sputtering (1980) p.2; eds. P. Varga, G. Retz,
F.P. Viehbock, Perchtoldsdorf/Wien, Austria, 1980 April 28-30;
AECL-7030

A Measurement of the Local Density of 3He Implanted Metal Foils by
the Doppler Shift Attenuation Method
by T.K. Alexander, G.C. Ball, W.G. Davies and I.V. Mitchell
J. Nucl. Mat. 95 (1980)
Mean Charge of Ions (5 £ Zj £ 26) Emerging from Carbon Foils:
Evidence for the Effect of Inner-Shell Vacancies
by W.N. Lennard and D. Phil l ips
Phys. Rev. Lett. ^5 (1980) 176.

Scattering of Low-Energy Ions from Clean Surfaces: Comparison of
A lka l i - and Rare Gas-Ion Scattering
by E. Taglauer, W. Englert, W. Heiland and D.P. Jackson
Phys. Rev. Lett. 45 (1980) 740.

MeV Neutron Production from Thermal Neutron Capture in Li and B
Compounds
by M.A. Lone, D.C. Santry and W.M. Inglis
Nucl. Instr. Meth. IT± (1980) 521
Proton Capture by 176Yb in the Giant Dipole Resonance Region
by B. Paisson, J. Krumlinde, I. Berqovist, L. Nilsson, A. Lindholm,
D.C. Santry and E.D. Earle
Nucl. Phys. A234 (1980) 221
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Trapping of Irradiation-Induced Defects by Tin Atoms in an Al-0.03 at%
Sn crystal
by M.L. Swanson, L.M. Howe, A.F. Quenneville
Phys. Rev. B22, 2213 (1980)

1.7.2 Lectures

Features of Collision Cascades in Silicon as Determined by Transmission
Electron Microscopy
by L.M. Howe and M.H. Rainville
Presented at the Int. Conf. on Ion Beam Modification of Materials,
Albany, New York, 1980 July 14-18

Charge State Dependence of Characteristic K X-ray Emission from 88 MeV
Cu Ion Single Collisions with Kr
by I.V. Mitchell , W.N. Lennard, G.C. Ball and P.H. Mokler
Proc. Int . Conf. On X-ray Processes and Inner-shell Ionization,
Scotland, 1980 August 25-29

Cd Depletion in Ion Implanted Thin Film CdSe
by P.J. Scanlon, F. Shepherd, W. Westwood, I.V. Mitchell and
H. Plattner
Proc. In t . Conf. on Ion Beam Modification of Materials, Albany, New
York, 1980 July 14-18

A Study of the Enhanced Rutherford Backscattering Yield at Exactly
180°
by T.E. Jackman, J.A. Davies, W. Eckstein and J.A. Moore
Presented at the Gordon Research Conf. on Particle-Solid Interactions
1980 July 21-25, New Hampshire

A Measurement of the Local Density of ̂ He-Implanted Metal Foils by
the Doppler Shift Attenuation Method
by T.K. Alexander, G.C. Ball, W.G. Davies and I.V. Mitchell
Presented at the Int. Conf. on Nuclear Physics, Berkeley, California,
1980 August 24-30.

Ionization of Low Velocity Ions Emerging from Carbon Foils
by W.N. Lennard and D. Phillips
Presented at the 7th Int. Conf. on Atomic Physics, Boston, 1980
August 4-8.

The Study of Defect Interactions by Channeling
by M.L. Swanson
Presented at the Gordon Research Conference on Particle-Solid
Interactions, 1980 July 23 (Invited Talk)
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

2.2.1.1 High Voltage Spark Excitation of Solution Residues

- G. Jarbo, P. Faught

Pyrolytic graphite coated electrodes are being evaluated as an
alternative to the anisotropic pyrolytic graphite plate electrodes
currently used because of the high cost and tedious preparation associ-
ated with the use of the latter in an active glove box. Preliminary
tests with the pyrolytic graphite coated electrodes have shown that they
are contaminated with traces (sub microgram) of Ti, Ca and Mg and that
sensitivity is inferior (̂ 5 times) to that obtained with the plate
electrodes. Thus the pyrolytic graphite coated electrodes are not suit-
able for analyses requiring high sensitivity and high purity (with
respect to Ti, Ca and Mg). However they are expected to be suitable for
many other applications.

Development of a method for the determination of impurities in
thorium oxide is proceeding in collaboration with the fuels analysis
group of the General Chemistry Branch. As in the case of impurity
determination in uranium oxide and uranium-plutonium oxide fuels, the
matrix must be reduced to trace levels to minimize spectral interfer-
ences. Therefore the procedure for the removal of the thorium by sol-
vent extraction is being improved (see section 2.6.4.1).

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

2.2.2.1 ICAP-QES Automation Project

- M.T. Hurteau, K.D. Wright, H. Herrington, J.P. Mislan

A simple data acquisition program has been written to enable rapid
data acquisition from the Jobin Yvon 38P ICAP-OES spectrometer with a
Commodore PET 2001 microcomputer. The program is written in BASIC and
is based on peak and valley (for background correction) integration
steps.

A program designed to enable high precision data acquisition has
also been written in BASIC. Higher precision for data acquisition is
expected because of the following provisions: 1) data acquisition
under scan conditions using a high resolution, integrating analog-to-
digi tal converter, 2) correlation with an internal standard l ine for
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qualitative and quantitative comparison, 3) a rigorous background
correction algorithm and 4) provision for multi-scan data acquisition.
The program is, however, relatively slow to execute and will be
rewritten in FORTRAN to enhance processing speed.

To enable sequential milti-element analysis a DEC (Digital Equip-
ment Corporation) MINC 11/03 computer has been ordered.

2.2.2.2 Analysis of Hafnium in Zirconium Alloys

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

As mentioned in earlier progress reports, hafnium has been analyzed
by ICAP-OES using 1 moLL" 1 H2SO4 as the matrix. Difficulties
were encountered with background effects and torch tip clogging. There-
fore the use of hydrofluoric acid as a dissolution medium and analytical
matrix is being investigated.

We have received an HF compatible nebUizer and fabricated a
demountable, ceramic torch tip. Testing of these components is in prog-
ress.

2.2.3 Atomic Absorption Spectrometry

2.2.3.1 Determination of Impurities in Cadmium, Tellurium and Cadmium Teliuride
by Graphite Furnace AA

- J.R. Woods, J.P. Mislan

Analytical chemistry support of the Neutron Physics Branch CdTe-
detector development program has been extended to include:

(1) a comparison of impurity analysis results for CdTe using two dif-
ferent graphite furnace instrumentation systems; a Varian AA-5
spectrophotometer (Hydrogen lamp background corrector) equipped
with an A-63 graphite furnace, and a Hitachi Model 170-7 Zeeman
Effect AA spectrophotometer. Acceptable (±15%) intralaboratory
comparison results were obtained for Cr, Cu and Fe, but large dif-
ferences were found for Ag and Mn. Very low results were obtained
with the Varian spectrometer for Ag and Mn and this is likely due
to the less efficient background correction and graphite furnace
atomization associated with that instrument.

(2) a comparison of the concentrations of Cr, Cu, Fe, Ag and Mn in Cd
and Te starting material with their respective values in the CdTe
product. The results are shown in Table 2.2.3.1.1 and were obtain-
ed with the Hitachi spectrophotometer.
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TABLE 2.2.3.1.1

Impurity Analysis Results for CdTe and Starting Materials (Cd.Te)

Impurity
Element

Ag

Cr

Cu

Fe

Mn

CdTe (Lot 24P5)
(ug/g)

0.22

0.38

2.8
9*

4.7

0.39

Cd
(ug/g)

0.03

0.36

6
6*

2.3

0.47

Te
(ug/g)

0.03

0.05

12
12*

1.9

0.05

•ICAP-OES results

These results confirm the general applicabil i ty of graphite furnace
AA for quality control monitoring of CdTe production. Results for copper
in Cd and Te by ICAP-OES show good agreement with graphite furnace AA
(GFAA). Further work is in progress to uncover the reason for the low Cu
in CdTe value obtained with GFAA.

2.2.3.2 Determination of Cesium by Flame Atomic Absorption

- D. 3ellavance, J.P. Mislan

In response to requests from System Materials Branch for high
sensit iv i ty determination of cesium in support of radioactive
waste-encapsulation studies, we have investigated analysis conditions
using the newly acquired Varian Model 875 atomic absorption
spectrophotometer.

A sensit iv i ty of 0.010 ug.mL"1 for a 1% absorption was
obtained using the following operational parameters:

Flame AA Analysis Conditions for Cesium

Analytical Resonance Line - 852.1 nm

Photomultiplier Tube - Hammimatsu R406

Ionization Suppressor - 2.0 mg-rnL"1 NaCl

Sample Nebulization Rate - 4.0 nt.min-1
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Work is in progress to define the practical detection l im i t for
cesium.

2.2.4 Determination of H- and D-in-Metals

2.2.4..1 Automatic H- and D-in-Metal Analyzer

- H. Herrington, L. Junop, J.P. Mis!an

The status of the subsystems which w i l l comprise the H- and
D-in-metal analyzer is indicated below:

(1) Quadrupole mass spectrometer - component acquisition is 90%
complete

(2) Single-Tube Equil ibration System - being assembled (see section
2.2.5.1)

(3) Sample Changer - construction and assembly has been completed; manual
switch assembly and a computer interface are being assembled.

2.2.5 Chromatography

2.2.5.1 Low-Level Metal Ion Determinations

- R.M. Cassidy, S. Elchuk

As part of a continuing investigation of the potential of high-per-
formance l iqu id chromatography (HPLC) for the separation and determina-
t ion of metal ions the HPLC determination of U(VI) has been studied on
catir-- and anion exchangers. Such techniques should be applicable to
the determination of U(VI) in samples such as groundwaters which contain
low quantit ies of "ther solutes and, with certain rest r ic t ions, to more
complicated matrices such as urine. The concentrations of uranium in
groundwater are of interest in waste-management studies and the deter-
mination of uranium in urine is an important analysis at CRNL and in the
uranium industry in general.

The HPLC techniques used for th is study are similar to those
reported in previous progress reports. The sample was either injected
directly onto the column or enriched on a small ion-exchange cartridge
and then backflushed onto the column. The eluted U(VI) was reacted
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'•in-stream' with a complexing ligand and the uranium complex was moni-
tored with a variable-wavelength UV-visible detector.

Both cation and anion exchangers have been investigated for the
separation of U(VI); the cation exchangers were Aminex A-5 (13 ym) and
Nucleosil (5 ym) and the anion exchangers were Aminex A-27 (13 ym) and
Brownlee AN (10 urn). For the cation exchangers several mobile phases
(tar t rate, c i t ra te , and ct-hydroxyisobutyrate solutions) were examined
and the best separations were obtained on Nucleosil, a bonded phase
resin, with a-hydroxyisobutyrate solution. Aminex A-5, a styrenedivinyl-
benzene resin, gave lower efficiencies and ta i l ing peaks. At present,
both anion resins are being studied.

The reagents studied for the detection of U(VI) were Arsenazo I I I ,
PAR, and BrPADAP. Arsenazo I I I gave the best sensit ivity and selec-
t i v i t y ; the sensit ivi ty for PAR was considerably poorer and the BrPADAP
was not soluble in water and was susceptible td interference from phos-
phate which is present in urine.

The combination of separation on a bonded-phase cation exchanger
and detection after a post-column reaction with Arsenazo I I I yielded a
sensitive and selective method for the determination of U(VI). Prelim-
inary results suggested that potential interferences were either removed
by separation on the column or did not react with Arsenazo I I I . With
'on-coluimv injection the detection l im i t (2x baseline noise) was 6 ng
and since the maximum sample size is ^100 uL for direct injection, this
corresponds to a concentration of 60 ng.mL"' in the sample. Cal i-
bration curves were linear over the range 6 ng-2 ug for aqueous and a r t i -
f i c i a l urine media.

Further increases in sensit ivity with UV-visible detection require
trace enrichment. Preliminary results for solutions with low concentra-
tions of solutes showed good recoveries for 10 mL samples and based on
previous results obtained with other metal ions, i t should be possible
to increase this sample size. Consequently, detection l imits of 0.? to
1.0 ng.mL"' may be achieved frr such samples. However, chloride
and phosphate, which are present in relat ively large concentrations in
urine and which complex the U(VI), cause premature elution of the U(VI)
from the enrichment cartridge for sample sizes above 1 mL. For 1 mL of
a r t i f i c i a l urine linear calibration curves were obtained in the range
studied (25 to 400 ng.mL"') and the detection l imi t was
10 ng.mL"'.

At present, amperometry at a Hg electrode is being investigated as
an alternative means of detection; this technique could give a 10 to 100
fold increase in sensit iv i ty.
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2.2.5.2 Anion Determinations

L.W. Green, J.S. Hulland, L.F. Sparkes

The potential of the Vydac ion exchange column described in PR-CMa-53
for the chromatographic-conductometric determination of anions is continu-
ing to be investigated. Previous work had shown good separation for Cl",
NO-f and SO4"2 but relatively poor sensitivity (<\,3.5 S.mol"!) and detec-
tion limit h3xlO" 5 mol.L"1).

The poor sensitivity is believed to be due to the high molar conduc-
tivity of the eluent (4.0 x 10"3 mol.L"! potassium hydrogen phthalate).
For each equivalent of solute ion eluted from the resin an equivalent of
eluent ion is adsorbed onto the resin. Thus concomitant with an increase
in conductivity of the mobile phase due to the elution of solute ions
there is a decrease in conductivity due to the loss of eluent ions. As a
result, the conductivity peak height, and hence the sensitivity of the
method, is directly proportional to the difference between the equivalent
conductivities of the solute and eluent. In the case of solutes which are
strong electrolytes (e.g. KC1, KNO3, K2SO4), and thus have high equivalent
conductivities, sensitivity is expected to decrease with increasing eluent
equivalent conductivity. Relatively high sensitivity (e.g. 'v-0.12
kS.mol"l NO3") has been observed with the Dionex chromatography system
(PR-CMa-50) owing to the conversion of the sodium carbonate eluent to the
weakly conducting carbonic acid by the suppressor column.

The relatively high detection limit observed with the Vydac system
is due not only to the low sensitivity but also to the difficulty in
measuring a small solute peak in the presence of a large background con-
ductivity. The latter problem can be reduced by using a lower concentra-
tion of eluent; however, experiments with the phthalate eluent showed that
the chromatographic peaks were ill defined at eluent concentrations much
lower than 4.0x10-3 moi.L"'. Apparently the eluent concentration was too
low for efficient elution of the solutes.

The difficulty in measuring small solute peaks in the presence of a
large background conductivity has been partly reduced by using differen-
tial conductivity detection. Furthermore, baseline noise and drift have
been decreased by immersing the conductivity cell, the column and the
eluent reservoir in a constant temperature bath. As a result the detec-
tion limit has improved to ^6x10-6 mol.L.-' for anions such as Cl", NO3"
and S0 4"

2.

An example of a chromatogram obtained with the improved system is
shown in Figure 2.2.5.2.1. The diagram shows that well defined peaks
are obtained for HgPOd", Cl", Br", NO3" and I" using a 0.010 mol.L. ~1
phthalic acid eluent (pH = 2.4). Sulfate is not detected because it
requires a very long time to elute and hence a very broad peak results.
However, a well defined peak for SO4"' may be obtained in ^13 min by
increasing the eluent pH to 3.8.
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Column efficiency measurements are being made on the Vydac and on
the Dionex systems. Present data show that for chloride the Vydac
column has approximately 1600 theoretical separation plates per 25 cm
compared to 200 for the Dionex system at the same linear flow rate.

The influence of external component parameters such as injection
volume, injection technique, and tubing diameter on peak assymmetry and
peak width were measured for the Vydac system. Results indicate that
using the present set of parameters the external components do not make
significant contributions to peak asymmetry and peak width.

1 mL • min-I

0.01

24

Na+U U H20
Figure 2.2.5.1 Ion Exchange Chromatogram of Anions.

0.010 mol.L"1 Phthalit Acid Eluent, pH = 2.4

[H2P04"] = [CT] = [BO = [NO3-] = [ I " ] = 0.3 mM

75 pL Injection.



2.2.6 Analysis Requests

Received From

System Materials

Chemical
Engineering

Materials
Science

General
Chemistry

lype of Sample

Reverse Osmosis samples
H4 loop f i l ters
Lake Ontario and Gentilly water
0-ring leachates
Bruce descaling solutions
Leach test solutions
Solution from boiler chemistry loop,

Bidfj. 250
Cleaning agent
Mixture of rare earth oxides
Zr alloy
Zr and Nb samples

Process water from G.S.M.P.P.
Process water from G.S.M.P.P.
Dark grey powder from CECE recombiner
Glass rods and ceramic spheres (catalyst

substrates)
D2 gas

No. of
Samples

31
5
2

16
26
22
24

1
1

36
128

42
84
1
2

7

Zirconium metal 4
Zirconium metal 8
Zr and Nb alloy 10
Gas from autoclave 3

Zr alloys 2
Autoclaved sample treated with sodium arsenite 1
Zr alloy 4

48* D20
Aqueous phase after thorium separation
Gas from electrolysis of enriched water

2
in

2

Ho. of
Determinations

Done

310
5
2

16
156

69
72

23
7

38
128

42
168

5
2

49

16
8

10
21

2
1
8

Elements Determined or
Type of Analysis

Na,K,Ca,Mg,Fe,Cu,Mn,Cr,A1,Si
Fe
Total dissolved solids
C1
Fe,N1,Cu,Co,Mn,Zn
Na.K.Ca.Si.Cs
Ca.Mg.Na

Qualitative spectrographic
Ce,Nd,La,Sm,Pr,Y,Gd
H2
H2

UV spectroscopic (254 mn)
Fe.Al
Pt.Pd.Fe.Ni.Al
Pt

Quantitative mass
spectrometric

°2
H2

H2
Quantitative mass

spectrometric
Fe
As
Sn

F, Qualitative Spectrometric
Th
Quantitative mass

spectrometric

C*>
00



Received From Type of Sample
No.- of

No. of Determinations
Samples Done

Elements Determined or
Type of Analysis

Fuel Engineering Zr-2 fuel sheathing
Nickel Zircaloy-2

Neutron & Solid
State Physics

Fuel Materials

Cadmium and Tellurium metal

ThO2 Powder
Stainless steel balls (grinding matrix)
U-Si-Al powder
Fission gas

NRX

NPD

WESP

Physical
Chemistry

Metallurgical
Engineering

Mechanical
Services

Commercial
Products

Engineering
Research

General
Services

*loss on ignition

Aluminum Tube

Heavy Mater

Welding rod
Fuel rod hangers

Laser spark gas residue

Zr-alloy (EXCEL)
Zr and Nb metal
Zr alloys

Steam line strainer deposit

Xenon gas

Gas taken from water loop

Steam boiler valve seat m i d

6 17 C,02,Fe,Cr,N1,Sn
2 2 H2

2 10' C

6 12 Fe.B
1 2 6
2 6 Fe,Al,S1
2 14 Quantitative mass

spectrometrJc

1 4 Fe.Cu.NI.Zn

4 88 Quantitative spectrographic

1 4 Fe.Mn.Cu.Ni
4 26 Fe,Cu,Mg,Mn,Al,LOI*,Quantita-

t ive spectrographic

1 23 Qualitative spectrographic

6 - 1 2 H?
16 24 H2,D2

3 9 Sn.Mo.Nb

1 23 Qualitative spectrographic

1 9 Quantitative mass
spectrometric

1 6 Quantitative mass
spectrometric

1 23 Qualitative spectrographic



Received From Type of Sample
No. of

No. of Determinations
Samples Done

Elements Determined or
Type of Analysis

Biomedical
Research

Envi ronmental
Research

Residue from chromatographic separations

Ground water

Nuclear Physics Reagent nitric acid

Chemical Mo process acid (HNO3)
Operations Moderator water from NRU and NRX

X-3 crud solutions
NRX inlet and outlet water
X-3 loop water and crud

TOTAL

LAST QUARTER'S TOTAL
(PR-CMa-53,
AECL-7094)

105

249
2
4
4
3

905

848

23

501

249
2
8
4

69

2372

2463

Qualitative spectrographic

Na,K,Ca,Hg,Fe,Mn,Si,A1

LI

Mo
Al
; ,Mn
Pb
Quantitative and Qualitative
spectrographic



2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Pa-233 in NRU Heavy Water

- W.J. Edwards, L.P.V. Corriveau

The fa i lu re of NRU aluminum cladding surrounding a U-235 doped
thoria fast neutron rod is being monitored by the determination of
Pa-233 in the heavy water moderator-coolant. Pa-233 has been chosen as
a tracer isotope because i t is produced following neutron capture by
Th-232 but not by i r radiat ion of uranium fuel and because i t may be
determined with high sensi t iv i ty by gamma spectrometry.

The 311 keV emission l ine is used for the y-spectrometric detection
of Pa-233. The principal interference is from the Np-239 l ine at 319
keV. This interference is reduced by allowing the samples to decay for
about two weeks during which time the faster decaying Np-239 becomes
depleted re lat ive to the Pa-233.

The results of Pa-233 determinations are plotted in Figure 2.3.1.1
and show a large increase in concentration at the end of the period.
This increase indicates fa i lure of the cladding of the U-235/thoria fuel
rod.

2.3.2 Determination of Hafnium in Zirconium Alloys

- W.J. Edwards, L.P.V. Corriveau

Previous results for Hf in zirconium alloy samples obtained by
activation analysis (see PR-CMa-53) showed large uncertainties which
were suspected to be due to systematic errors. Two sources of
systematic error have been ident i f ied in further studies. These are:
an error result ing from an inadequate self-adsorption correction in the
data processing and a second error caused by part ial fa i lure of the
coincidence loss c i rcu i t ry in the spectrometer. These faults are
currently being corrected and should result in much more precise
determinations for Hf.
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Figure 2.3.1 .1 Pa 1n NRU Heavy Water
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2.3.3 Gamma Spectrometry Laboratory

- L.P.V. Corriveau, R.R. Grant

A total of 87 samples were enalyzed during the period. The distri-
bution of gamma spectra was as follows:

Loop X-2 X-3 X-4 X-6 U-l U-2 U-5 NRU NRX NPD Special
Analyses

No. of
Spectra 23 4 2 1 2 3 2 23 1 23 164

Beta decay measurements were done on 77 samples.

2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

On-line quantitative analyses for deuterium in Hg gas streams
for the Electrolysis-Catalyst Exchange and the Hydrogen-Water Exchange
programs were continued. In addition 134 (commercial) water samples
were analyzed for deuterium content by mass spectrometry and infra-red
spectrophotometry techniques.

2.4.2 Heavy Water Analysis - Cooperation with Production Plants

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

2.5 ELECTROCHEMISTRY

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A»S. Denovan
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2.5.2 Performance of the Solid Polymer Electrolyte (SPE) Cells

- M. Hammerli, A.S. Denovan

2.5.3 Evaluation of the Wet Dirty Gas (WPG) Combustion Analyzer

- M. Hammerli, W.J. 01 instead

2.5.4 Determination of Electrolytic H/D Separation Factors on Proprietary
Electrode?
- M. Hammerli, W.J. 01 instead

2.5.5 Electrolytic Oxygen Isotope Effects

- M. Hammerli, W.J. 01 instead

Interest in 0-17 levels in heavy water has prompted us to look into
the feasibility of measuring small electrolytic oxygen isotope effects,
particularly between 0-16 and 0-17. However, before any of these
measurements can be undertaken, it is necessary to produce accurate oxygen
isotope gas standards from natural water, heavy water, and mixed water
standards. Without these standards it is very difficult to sort out the
complex mass spectra.

Furthermore, the method chosen to convert water into oxygen must
be free of any oxygen isotope effects itself. According to our study of
the literature the preferred method is based on the chemical reaction:

i?n°r
BrF5 + H20 — • L » BrF3 + 2HF + 1/2 0 2 (1)

Although pentafluorobromide is listed in several chemical suppliers'
catalogues, we have been unable to locate a commercial source during the
past nine months.

A second potential method is being investigated and is based on the
following chemical reaction:

2CoF3 + H20 'i5U L »2CoF;? + 2HF + 1/2 0 £ (2)

With this method complete conversion of the HgO to 0 2 may be more
difficult because the reaction is thought (V.I. Ustinov, V.F. Sukhoverkov,
and L.6. Podzolko, Russ. J. Phys. Chem. j>2 (3) 1978) to proceed via the
following two steps:

CoF3 + H20 • CoF2 (OH) + HF (3)
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CoF2 (OH) + CoF3 -*• 2CoF2 + HF + 1/2 0?

We have succeeded in obtaining cobalt trifluoride and a stainless
steel apparatus has been designed and assembled for carrying out reaction
2. The apparatus is shown schematically in Figure 2.5.5.1. The system
has been leak checked and the C0F3 column will now be packed.

The first objective is to test this apparatus and make any necessary
design changes before we attempt to measure possible oxygen isotope memory
effects. Natural water will be used first for these tests.

CoF3
BYPASS

GAS
COLLECTION

—~ SYSTEM

HF TRAP

C0F3 COLUMN

FURNACE

SI LI CONE RUBBER
SEPTUM

LIQUID NITROGEN TRAP

Figure 2.5.5.1 Schematic of stainless steel apparatus to prepare oxygen
isotope gas standard from water by reaction with cobalt
tr1 fluoride.
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2.5.6 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

A conventional liquid ion-exchanger electrode based on quaternary
ammonium salts that responds to the presence of borate ions in solution
has been developed (PR-CMa-53). When the electrode is modified by immob-
ilizing the liquid ion-exchanger in a solid poiyvinyl chloride membrane, we
have observed that the resultant electrode gives much poorer response to
borate ions. The cause of this poor response is not clear and attempts to
overcome it by varying the conditions of the membrane preparation have not
been successful. We have just received some polyvinylchloride powder that
is used in the commercial fabrication of such membranes, and will use it
in an attempt to overcome this problem.

2.5.7 Suifide Determinations in Ground Water

- J. Gulens, S.A. Matheson

As reported in PR-CMa-53 p.42. in situ measurements of dissolved sul-
fide concentrations in ground water are important for characterizing the
reducing nature of the water. A portable monitor for field use based on a
sulfide and glass electrode combination has now been used in Perch Lake
Basin with encouraging -esults. Values from the monitor are in qualita-
tive agreement with values measured previously using a colorimetric proce-
dure. The new approach is simpler and more convenient for field use.

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

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

The spark source mass spectrometer was inoperative for most of
this quarter while repairs were made to the 2 kV power unit. The instru-
ment is functioning normally now and analyses have resumed.

2.6.2 Thermionic Emission Mass Spectrometry

- J.A. Schruder, T.H. Longhurst, L.W. Green

This past quarter has been devoted largely to familiarization operations
by personnel recently transferred to the section. The operation and per-
formance of the mass spectrometer was thoroughly checked using NBS uranium
isotope standards containing 0.5% to 75% U-235. It was shown that the
mean mass discrimination is 0.0044 per mass unit, essentially unchanged
since the instrument was commissioned in 1975.
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In addition seventeen samples were analyzed for their isotopic compo-
s i t ion. These included three U-235 enriched uranium samples from Nuclear
Materials Control Branch and thirteen irradiated UO2 fuel samples from
Fuel Engineering Branch. Also, one PuOg powder sample from General
Chemistry Branch was analyzed on the mass spectrometer reserved for highly
a-active samples.

2.6.3 Fuel Analysis

2.6.3.1 Bidg. 250 Hot Cells

- C.H. Knight, D.E. Clegg

A total of 20 irradiated U02 fuel pellets were dissolved and
purified for mass spectrometric analysis. These pellets were from the
Fuel Engineering and Fuel Materials Branch experimental programs and the
mass spectrometric results wi l l be used to calculate the fuel burnup by
the U-235 depletion method.

The glove box and hot cell ventilation systems have undergone f inal
remodification at the request of the RSIS Branch. In addition sampling
ports have been installed in the ventilation ducts. The latter wi l l
permit the R&IS Branch to sample the air and to test the HEPA and char-
coal f i l t e r s ' in s i t u ' .

2.6.3.2 Burnup Determination of Mixed Oxide Fuels

- C.H. Knight, D.E. Clegg

In recent discussion with the fuel engineering group we have learned
that burnup requests for the next f ive years wi l l be primarily for
(Th,U)02 fuels. Therefore appropriate analytical techniques for the
determination of burnup in these fuels are being developed. The preferred
burnup indicator is Nd-148, as i t is for (Pu,U)02 fuels, thus techniques
for the separation of Nd from irradiated fuel are being examined.

At present the anion separation procedure proposed by S. Bokwa
(PR-CMa-40, AECL-5808) is being examined. The goal is to establish separ-
ation on a resin with a large enough particle size to permit gravity feed
which, particularly for hot cell use, is preferred over gas pressuriza-
t ion. The potential of high performance l iquid chromatography, especially
for f inal separations in glove boxes, is also being studied.

A study of the chromatography of Nd and U on 50-100, 100-200, and
200-400 mesh AGMP-1 resins in a concentrated HCl/acetone mobile phase
has shown that the 100-200 mesh resin is capable of separation of Nd
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from U using gravity feed. The chromatographic behaviour of Th in
various HC1-acetone-water mobile phases is currently being tested.

After the development of satisfactory separation procedures for Nd,
the next priority is the quantitative determination of Tn. Isotope dilu-
tion mass spectrometry is time-consuming and costly; wet chemical methods
such as are employed for analysis of unirradiated Th are being considered.

2.6.4 Analytical Support for (Pu.Th)Op Pellet Production

2.6.4.1 Metallic Impurities in Attrited ThO? Powders

- F.C. Miller, B. Hildebrandt,

To improve the sintering performance of thorium oxide powder, the
ThO2 is wet attrited for different periods of time. To check on the
introduction of metallic impurities, especially iron, from the attritor,
several samples of ThO2 with different histories of treatment were
analyzed for iron by inductively-coupled-plasma, optical emission spectro-
scopy. These samples showed some iron contamination but not in quantities
above the specifications for thorium fuel pellets.

During the analysis of the thorium powders for metallic impurities
by the method used for uranium-plutonium pellets, extraction of the
thorium was observed to be incomplete. In this method the major compon-
ents (I) and Pu previously) are extracted with tributylphosphate (TBP) in
carbon tetrachloride and the unextracted metallic impurities are analyzed
spectrographically. The presence of some unextracted thorium led to
increased interference from the thorium lines and also to moisture pickup
on the electrodes because of the deliquescent nature of thorium nitrate.
The extraction of the thorium was improved by increasing the TBP concen-
tration to 40%, using two TBP extractions and a final anion exchange
purification in a nitric acid medium.

The quantitative recovery of the various metal impurities with this
procedure is being checked with a NBS thorium standard.

2.6.4.2 Coulometric Analysis of Plutonium in Presence of Thorium

- F.C. Miller, L.G. Shurrock

In continuation of work previously reported in PR-CMa-53, a NBS
standard plutonium solution was spiked with thorium and analysed by
controlled potential coulometry. It was found that even with Th:Pu
ratios of 200 to 1, thorium did not interfere in the analysis.
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2.6.4.3 -Thorium Determination in Support of (Th.Pu)Op Fuel

- F.C. Mi l ler , B. Hildebrandt, L. Sparkes

The evaluation of an autot i t rat ion unit for the determination of
thorium using an EDTA t i t r a t i on with a CiKNC )̂? back t i t ra t i on of
the excess EOTA and a Cu(II) selective electrode for end point detec-
t ion continued. Adjustment of the pH between 2.5 and 5 appeared to have
very l i t t l e effect on the precision of the analyses although at higher
pH a sharper end-point was observed. Increased s t i r r i ng also improved
the sharpness of the end point. Although U(VI) does not interfere,
U(IV) interferes quantitatively and must be removed.

Currently the system is being adapted for glove box operation so
that the effect of plutom'um on the analyses can be evaluated.

2.6.4.4 Routine Analyses

- F.C. Mi l ler , L.G. Shurrock, B. Hildebrandt

A sample of a new batch of plutonium dioxide to be used as feed for
the fabrication of (Pu.ThjOg fuel has been received for analysis to
see i f i t meets specifications for reactor grade fue l . The following
analyses have been performed: quantitative plutornium, isotopic
Plutonium, moisture, oxygen to metal ra t io , and mtitallic impurities.

2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Heavy Water as a Valuable By-Product of Electrolyt ic Hydrogen
- M. Hammerli
In t . J . Hydrogen Energy, Vol. 5, pp. 409-422, 1980 Sept.
AECL-6152

AECL Research Programs in Chemistry
- I.H. Crocker, T.A. Eastwood, D.R. Smith, R.B. Stewart, M. Tomlinson,
O.F. Torgenson
AECL-7071, 1980 September
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2.8 LECTURES AND MEETINGS

2.8.1 Lectures

The IEA's Hydrogen Program and Canada's Role
- M. Hammer!i

Presented at McMaster University to the members of the "McMaster/Queen's

Discussions on Superionics" group, 1980 September 3.
Underlying Research - Chemistry at CRNL
- I.H. Crocker and D.R. Smith
R&D Program Committee Meeting, CRNL, 1980 August 12

2.8.2 Meetings

M. Hammerli - attended Parliamentary meeting on hydrogen, Ottawa,
1980 July 16.

W.M. Thurston - travelled to Toronto to test IR Spectrophotometer for
D20 analysis in cooperation with Perkin-Elmer Corporation and Ontario
Hydro, 1980 July 22-23.

M. Hammerli - attended si te v is i t of NSERC Committee to consider Prof.
D.S. Scott's grant application, Toronto, 1980 July 27-28.

W.M. Thurston - travelled to Ottawa to perform f inal appraisal of a
Perkin-Elmer Model 681 Infrared Spectrophotometer for D2O analysis,
1980 August 20.

M. Hammerli - Kick-off meetings of contracts at McMaster University,
Hamilton, 1980 August 30 - September 4.

M. Hammerli - Kick-off meeting with Prof. F.W. Harris regarding the
"Preparation and Development of Aromatic Ionomer Membranes", Xenia,
Ohio, 1980 September 8-9.

M. Hammerli - attended Electrolyser PAIT Project Review Meeting and held
discussions with Dr. R.L. LeRoy re AECL H2 study, Dorval, 1980
September 17-19.

U.M. Thurston - travelled to PHHWP and BHWP to review D/H analytical
techniques and training requirements and held discussions on CRNL-HWP
D2O analysis support program, 1980 September 29 - October 5.
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PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

BRANCH HEAD O.R. Smith

SECRETARY Mrs. B.A. McCarthy

Professional Staff

RADIATION

D.R. Smith
D.K. Evans
J.W. Fletcher
R.G. Macdonald
R.D. McAlpine
W.A. Seddon2
A.J. Elliot^
J.S. Geiger*

J.P. Butler
P.R. Norton6
J.H. Rolston

J.H. Rolston
J.D. Halliday
E.A. Symons

Technical Staff

CHEMISTRY AND LASER PHOTOCHEMISTRY

H.M. Adams
D. Anderson*
J.D. Bonnett
O.A. Miller
E.B. Selkirk
F.C. Sopchyshyn
L.W. Thomson
S.D. Luck5

HYDROGEN-WATER EXCHANGE

L.M. Dainty
J. den Hartog
K.L. Gale (nee Sheehan)
J.W. Goodale
F.W. Molson

ISOTOPE CHEMISTRY

P.E. Bindner
M.J. Clermont
L.A. Coderre7

^National Program Summer Student, terminated 1980 August 29.
^Transferred to Commercial Operations 1980 August 5.
^Reported 1980 August 1.
^Attached from Nuclear Physics Branch.
University of Waterloo Cooperative Program Student, terminated
1980 August 29.
60n leave of absence at University of Munich, 1980 September to
1981 August.
'Reported 1980 July 28.
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3-2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Radioiysis of Liquid Systems

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

(a) Gamma Radiolysis of Aqueous Solutions of Gadolinium Nitrate and
Sulphate

- with S.D. Luck

The initial "molecular"* hydrogen (Hg) yield is reduced by the
presence of 3 mmol'L"* nitrate (NO3") (Figure 3.2.1.1) and
reduced still further at higher concentrations. This reduction is due
to the reaction of NO3" with the solvated electron (e^") in
the spur, thus reducing the contribution of es~ reactions leading
to the formation of molecular H2 (1.2). However.at doses greater
than doses in the 10 Z 4 eV'L"' the H2 yield as a function
of NO3- is increased. Thus the steady state H2 concentration is
increased in the presence of higher concentrations of NO3" (3).
The steady state concentration is determined by the removal of Hg by
reaction [1].

[1 ] OH + H 2 -»• H20 + H

In a two phase (liquid and vapour) system the H2 diffusing into
the vapour decreases the H2 concentration in the liquid and reduces
the importance of reaction [1]. This in turn leads to a higher steady
state H2 concentration (Figure 3.2.1.1 and Table 3.2.1.1.). It
should be noted that the H2 steady state concentration is much lower
for sulphate (S04=) than for NO3".

Table 3.2.1.1

Steady State H2 Yields (Units of mol-L"1 )
in the Presence of 1 nmol*L~l ^+

as Gd(N03)3 as

Single Phase** % 2x10"^ 7x10^
2 Phase > 7x10"13 7x10"^

**For comparison the H2 yield in the pure system %lxlO"6.
+H2 concentration calculated as being in liquid phase. Sample
vessel had equal vapour and liquid space.

*The term "molecular" hydrogen yield refers to the yield of H2 about
TO"9 seconds after the passage of high energy radiation. This
yield involves molecules whose formation is not perturbed by hydrogen
atom scavengers.
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Figure 3.2.1.1 - Hydrogen yield as a function of dose in gadolinium nitrate
solutions, Gammacell dose rate of 2xlO19 eV/(L-s).

Single phase [NO3"] = 3 mmol'L"*.
Two phase CNO3-] = 3 tmol-L" ' .
Extrapolated molecular H2 yield in pure water.
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The large change in Hg yield in the presence of a vapour space
indicates that in order to experimentally or computer simulate reactor
conditions the deuterium concentration in the moderator must be
known.

The presence of the vapour space does not affect the steady
state peroxide (H2O2) concentration (%0.75 mmol'L"1 Gd(NO3)3) in
the Gammacell at a dose rate of 2x10^ eV/(L-s). However the
oxygen (Og) yield increases in the two phase system as the Hj
yield increases.

(b) Iodine Chemistry in Aqueous Solutions

The spectrum (Figure 3.2.1.2) for hypoiodite (10") has been
extended further into the ultraviolet than previously published (4).
This has been accomplished with a dual syringe flow system making use
of reaction [2] to form 10" in the absence of I",

[2] 0C1- + I" + 10- + Cl"

which has a strong absorption at 225 nm. The shoulder at 260 nm for
10" has been better defined.

A preliminary spectrum of hypoiodous acid (HOI) has been obtained
(Figure 3.2.1.2). No peaks at wavelengths comparable to those
obtained in 10" are observed in HOI. There is an indication of a
peak at 200 nm.

The determination of rates of reaction in aqueous iodine systems
using pulse radiolysis is continuing.

(1) I.G. Draganic and Z.D. Draganic, The Radiation Chemistry of Water
Academic Press, 1971, page 76.
G. Girija and C. Gopinathan, Rad. Phys. Chem. Jj6, 245 (1980).
PR-CMa-52, Atomic Energy of Canada Limited Report AECL-6966.

(4) 0. Haimouich and A. Treinin, Nature 207, 185 (1965).
ill

3.2.2 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans, H.M. Adams, D. Anderson and J.W. Goodale

(a) Multiphoton Decomposition of 2,2,2-Tri'fluoroethanoi

The studies, reported in PR-CMa-52, and 53 (AECL-6966 and -7094),
on multiphoton decomposition (MPD) of 2,2,2-trifluoroethanoi (TFE)
have continued. In addition to measuring the non-condensable
products, reagent depletion was simultaneously measured using a
Perkin-Elmer model 21 infrared spectrophotometer. The results of one
typical set of experiments are shown in Figure 3.2.2.1. These
experiments allowed us to determine that the ratio of product
molecules to reagent molecules decomposed (the stoichiometry) is
0.10+0.02 for H2 and 0.20^0.05 for CO.
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- The general rate law for MPD is given by equation [1 ] .

- ™ = k Nn + (terms depending on product concentrations) [1]

The f i r s t term of [1] arises from reagent MPD, while the second
term arises from such possibil it ies as proa:ict-product or
product-reagent reactions, quenching due to products and further MPD
of products. I f the second term can be neglected (which is probably
valid at least for low reagent depletion), [1] can be integrated to
equation [2 ] .

n = 1 logQ
 No = k,m [2a]

"M— '

n f 1 N * N = (n-

Where Nm is the number of reagent molecules in the cell after m
laser pulses, n is the order of the reaction and kn is the nth order
rate constant.

Attempted fits of reagent and product concentrations versus m for
first and second order forms of [2] are shown in Figure 3.2.2.1.
Although both forms appear to fit the low conversion results (m < 5000
pulses) equally well, neither form appears to adequately describe the
high conversion results (m > 5000 pulses). The inability to
distinguish between first and second order demonstrates interpretive
problems that can arise when, as has been attempted in several
published MPD studies, experiments run at a single initial reagent
pressure are used to determine MPD kinetic orders. The inability of
either first or second order kinetics to adequately describe the
entire range of m values may be due to the neglected terms for
equation [1] becoming important at high conversions.

Having determined the stoichiometry of MPD of TFE, we can convert
the fractional product yields/pulse, reported as Figure 3.2.2.1 in
PR-CMa-53 (AECL-7094), to f, the fractions of irradiated molecules
decomposed/pulse (also termed the decomposition probability by other
authors). In Figure 3.2.2.2, f is shown as a function of fluence for
TFE pressures 1.00 and 1.33 kPa. As was observed for other molecules
(1), log f appears to asymptotically approach 0 (f approaches 1) as
fluence increases.

Also shown 1n Figure 3.2.2.2 are two values of f for MPD of
CH3OH at a pressure of 10.67 kPa. These values are about a factor
of 10 lower than f for CF3CH2OH at the same fluence. Adjustment
of f for CH3OH to comparable pressure of TFE (f is expected to
increase with pressure for CH3OH) (2) means that the decomposition
probability for CH3OH 1s about 100 times less (for comparable
pressure and fluences) than that of TFE. This confirms our earlier
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Figure 3.2.2.1 - The number of 2,2,2-trifluoroethanol ( i n i t i a l l y 1.00 kPa) and
product molecules present in the reaction cell as a function of
the number of laser pulses [HF laser P^(7) l i ne ] . 2,2,2-
trifluoroethanol is shown as • , H2 as A and CO as • . The
dotted l ine is a f i t of the data to f i r s t order kinetics with

f i t to second orderIq = 7x1 0"b and the solid l ine is a
with k2 = 2.5x10-".

1 1 1 1 1 1 1 1 1

- ' ' ' I ' ' ' '

Figure 3.2.2.2 - The fraction of irradiated molecules decomposed/pulse as a
function of fluence for 2,2,2-trifluoroethanol decomposed at a
pressure of 1.00 kPa - 0, 1.33 kPa - A and for methanol at a
pressure of 10.67 kPa - X. The solid line is a curve drawn
through an approximate average of the 2,2,2-trifluoroethanol data
and has no additional theoretical significance. The average
number of photons absorbed/molecule, <n>, is shown for the
convenience of the reader.
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prediction that a large molecule, such as TFE, would undergo MPD more
easily than a small molecule such as CH3OH (3).

(1) D.M. Cox, R.B. Hall, J.A. Horsley, G.M. Kramer, P. Rabinowitz and
A. Kaldor, Science 205, 390 (1979).

(2) R.D. McAlpine, D.K. Evans and F.K. McClusky, Chem. Phys. 39, 263
(1979).

(3) R.D. McAlpine, O.K. Evans and F.K. McClusky, J. Chem. Phys. 73,
1153 (1980).

(b) Multiphoton Decomposition of Monomethy^amine

- D.K. Evans, R.D. McAlpine, H.M. Adams

Several papers (1,2) have appeared discussing the multiphoton
decomposition (MPD) of CH3NH2. All of the experiments reported
used conventional C0 2 laser pulses (^1 ys) and one tried to probe
the time evolution of one product with a fast laser-induced-
fluorescence detec*. -n system. In each case the product monitored was
the NH2 radical. Clty-iHg has several possible channels for
decomposition which lead to H2» CH4, and CgHs as final stable
products. The channels producing H2 require a minimum of 11-14
photons absorbed whereas those producing CH4, C2H5 and NH2
require 27-30 phc^ons. No absolute yield measurements have been made
and there has not t>ee 1 good control of peak power. Our COg laser
system is ideal to use in MPD experiments oil methylamine. It is a
relatively small molecule and a thorough understanding of the MPD
process in this molecule should allow an improved understanding of
collisional assistance in decomposition, finally the absorption
spectrum of CH3ND2 is shifted to the region of the 10 R band of
the CO2 laser and isotopic separation experiments may be possible.

Preliminary experiments with the 9P24 laser line have shown that
H? is the main product with CH4 a minor product (methane yield
about 20% of hydrogen yield). Small quantities of C2H6 and
possibly N? have also been detected. We do not have enough energy
in the 9P36 line to get measurable decomposition.

(1) M.N.R. Ashfold, G. Hancock and G. Ketley, Far. Disc. Chem. Soc.
67, 204 (1979).

(2) S.V. Filseth, J. Danon, D. Feldmann, J.D. Campbell and
K.H. Welge, Chem. Phys. Letts. 63, 615 (1979).

(c) Short Pulse CO? Laser

- D.K. Evans, R.D. McAlpine and H.M. Adams

Modifications to the prototype sho.-t pulse laser system which
iiivrove performance and reliability continue to be made. During this
quarter a new smoothing tube for the single longitudinal mode
oscillator has been designed, built and installed. Thermostated
heaters have been installed in both oscillator and amplifier cabinets,
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nearly eliminating the need to warm up the system. Also, the optical
coatings on the CdTe switching crystal and the saturable absorbers
have been found to degrade after ^10° pulses. Saturable absorber
material (p-Ge) has been obtained which can be used at Brewster's
angle eliminating the need for antireflection coating. This has been
instal led. (This material may also be suitable as a passive mode
locker giving higher power short pulses to be amplified.) A new CdTe
crystal wi l l be delivered next quarter.

The lOR-branch has been characterized for energy, contrast ratio
and pulse width for nominal 10 ns pulses. Pulse width decreases for
higher gain lines and so also does the contrast rat io. These data
are summarized in Table 3.2.2.1. All of these lines have been used in
multiphoton absorption experiments.

Table 3.2.2.1

Short Pulse C0 2 Laser Summary
10 ns Nominal Pulse

Line

10R32
30
28
26
24
22
20
18
16
14
12
10
8

Photon Energy
(cm-1)

983.29
982.13
98.0.94
979.73
978.49
977.23
975.94
974.63
973.30
971.94
970.56
969.15
967.72

Energy
(mJ)

100
250
400
400
450
500
400
400
400
300
300
250
80

Contrast Ratio

47
45
25
20
15
23
14
15
11
14
38
56
83

FWHM
(ns)

9
8
7
7
6
6
6
9
6
5
6
6

10

3.2.3 Laser Magnetic Resonance

- D.R. Smith, J.S. Geiger and J.0. Bonnett

The spectral composition and the time dependence of the
chemiluminescence emitted from gaseous mixtures of SFg + NO
irradiated with pulses of ̂ 0.1 J of 10.6 urn laser radiation have been
measured. An attempt to attribute the chemiluminescence to FNO*
produced by the F + NO reaction failed on two counts. First, the
continuum spectrum we observe using a PM detector with a flat response
to 800 nm lies further to the red than the FNO* spectrum reported by
Johnson and Bertin (1) (photographic recording). Secondly, the
reaction kinetics we observed exhibit a smaller dependence on SF6



pressure than predicted for the F + NO + SFg reaction using rate
constants measured by Skolnik et̂  a]_. (2). The reduction in the
chemiluminescence signal caused by the addition of small amounts of
Cffy. NH3 and H2 do suggest that a fluorine atom reaction is
responsible for the chemiluminescence.

In order to gain additional information on the laser induced
SF5 + NO reaction, the LMR absorption spectrometer has been used to
monitor the NO concentration, NO being one of the few stable molecules
accessible by this technique. The LMR spectrometer is set on the
peak of the NO absorption line at 315 m and -v 0.12 T (3). Reactions
concerning NO decrease sample absorption and thereby produce a
transient increase in the LMR output. Such signals were readily
detected. They signify either a chemical change of the NO or an
increase in the molecular temperature. Failure to observe a
significant reduction in signal on addition of CH4 indicates that
fluorine atom reactions are not the dominant mechanism. Three
mechanisms which can influence the signal recovery are chemical
kinetics, thermalization times, and diffusion and gas flow rates. The
observed recovery time is % 10 ms (mean time) but the responsible
mechanism has not yet been identified.

(1) H.S. Johnston and H.J. Bertin, Jr., J. of Mol. Spectr. 3, 683
(1959).

(2) E.G. Skoinik, S.W. Veysey, M.G. Ahmad and W.E. Jones, Can. J.
Chem. j>3, 3188 (1975).

(3) H.E. Radford, private communication.

3.2.4 Volatile Molecules of Heavy Elements: Approaches to Laser Separation of
Zirconium Isotopes

- Contract research by M.J. McGiinchey, Department of Chemistry, McMaster
University

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen and Hater

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



- 62 -

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

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

No progress to report this quarter.

Surface Studies of Monocrystailine Pt

- P.R. Norton in collaboration with J.A. Davies, T.E. Jackman, D.P.
Jackson, C.W. Sitter (Solid State Science Branch) and W.N. Unertl
(University of Maine)

Investigations of the Pt(llO) surface now have been initiated,
since the experimental investigations of the Pt(lOO) (PR-CMa-52,
section 1.3.2; AECL-6966) and Pt(lll) (PR-CMa-53, section 3.3.2;
AECL-7094) surfaces have been completed and are ready for
publication.

The Pt(llO) surface, like the Pt(lOO) surface, undergoes a
reconstruction when free of adsorbed gases. We plan to characterize
the structural phase transition of the Pt(llO) surface using low
energy electron diffraction (LEED), thermal desorption spectroscopy
(TDS), Rutherford backscattering (RBS) and nuclear microanalysis (NMA)
as in the previous study of the Pt(lOO) surface. To date, we have
completed studies of the coverage vs. exposure relationship of CO on
Pt(llO) at 350 K, isosteric measurements at a series of CO pressures,
and a LEED plus TDS study of the CO-induced transition from the clean
reconstructed Pt(lx2) surface to the bulk Pt(lxl) surface. In
addition, the temperature dependent re-ordering of the amorphous CO
overlayer on Pt(lxl) to a (2x1) structure has been investigated. The
results are in reasonable agreement with the earlier results of Comrie
and Lambert (1).

(1) C M . Comrie and R.M. Lambert, J.C.S. Faraday I, 72 (1976) 1659.

3.4 ISOTOPE CHEMISTRY

3.4.1 Deuterium Exchange of Fluoroform ( C M ) in water/DMSO Mixtures

- E.A. Symons, M.J. Clermont and L.A. Coderre

Isotope exchange runs with CF3H(T) (tracer level tritium) are
almost completed. Kinetic data have been obtained at 49.1°C for a set
of solvent compositions from 19.0 to 64.7 mole percent DMSO, with
0.011 mol'L"1 Me4N0H as catalyst. The kinetic isotope effect

was determined at 10 mole percent DMSO intervals using rate



- 63 -

constants taken from smooth plots of log kobs(vapour) for D and T
exchange. The desired ratio k|Vkp was then calculated using the
equation (kH/kD) = (kp/kT)2.344 given by Strietwieser, et al.
(1). The value obtained increased from about 0.1 at 20 mole percent
DMSO (i.e. an abnormally low inverse effect), through 1.0 at ca 53
percent to 2.6 at 70 percent (i.e. normal). Preliminary resuTfs for D
and T runs in pure water at 68°C and 1.0 mol-L"^ NaOH indicate a
small inverse effect, i.e. kn/l<D slightly below 1.0.

Such a dependence of kinetic isotope effect on solvent
composition normally reflects a change in position of the exchanging
hydrogen ion in the transition state. Our previous kinetic results
strongly implied almost complete hydrogen ion transfer, i.e. a
product-like transition state. The above isotope effect data are
generally consistent with this interpretation, although the inverse
effects with ratios below about 0.5 have no theoretical basis.

(1) A. Streitwieser, Jr., W.B. Hollyhead, A.H. Pudjaatmaka,
P.H. Owens, T.L. Kruger, P.A. Rubenstein, R.A. MacQuarrie,
M.L. Brokaw, W.K.C. Chu and H.M. Niemeyer, J. Am. Chem. Soc. 93,
5088 (1971). ~"

3.4.2 Isotopic Exchange Reactions in Protic Solvents

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

Electrical Conductance Study of Trimethylamine in Liquid H?S

The effects of temperature and stoichiometric ( ^ ^
concentration on the electrical conductivity of l iquid H?S samples
have been measured over the ranges -72.5°C to +25.0°C and 2.3x10"4

mol-L"' to 0.54 mol-L"'. The results are i l lustrated as
equivalent conductance, A, vs.[CH3)3N]* (Figure 3.4.2.1) and A
vs.temperature (°C) (Figure 3.4.2.2).

A direct comparison of these results for trimethyiamine with
those for tripropylamine and tri-isobutylamine reported by Chipman and
Mclntosh (1) is d i f f i cu l t since there is some ambiguity in their
conductance units. However, the overall trend of our results follows
the pattern presented in (1) and noted previously PR-CMa-53, AECL-7094
for some very low concentrations of ( C ^ ^ N at 25°C. The increase
in A with increasing concentration is due to electrolyte formation
between (CHj^N and HoS. A detailed analysis of these results
to extract the dissociation constants for the ionic products formed is
in progress.

Electrical conductance measurements on pure l iquid ĤS have
n that i ts i f i d t i i t t 1 kH d 3 kH i l
10'11 n"1.
25.0°C. T

(2) of 1.17xlO

p q ^
shown that i ts specific conductivity at 1 kHz and 3 kHz is less than
8.5x10'11 n"1. cm"1 over the temperature range -72.5° to
t 250°C Thi i h l th h l d

p g
to +25.0°C. This is much lower than the value reported by Bickford

O"9 sr'.cm"1, measured at 5 kHz and -78.5°C,
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Figure 3.4.2.1 - Dependence of specific conductance of liquid HgS solutions
on concentration of trimethylamine, where data for the
following temperatures are shown: A , -72.5°C; V , -46.5°C;
O , -27.5°C;O, -7.2°C;O, +10.0°C;D, +25.0°C.

Figure 3.4.2.2 - Dependence of specific conductance of l iquid H2S solutions
on temperature, where data for the f o i l owing,concentrations
(raol-L"1) of (CH3)3N are shown: O, 2.89x1 < H ;

O, 1.96x10-1 ; A , 1.50x10"';Ot 9.80xl0"2; • ,
2.50x10-2; <?, 1.26xl0-z;O, 2.26xlQ"4. Data for
4.91X10" fl-IAvin-'* anH 4.K7»in-2 3^
shown.

8. and 4.53x10"^ are not
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and in close agreement with the direct current measurement of
Satwalekar (3) of 3.7x10-'' jj-l-cm"'.

(1) H.R. Chipman and D. Mclntosh, Transactions of the Nova Scotian
Institute of Sciences, Vol. 16, Part 4, p. 189 (1926).

(2) W.G. Bickford and J.A. Wilkinson, Proc. of the Iowa Academv of
Science 40, 89 (1933).

(3) S.D. Satwalekar, L.W. Butler, and J.A. Wilkinson, J. Am. Chem.
Soc 52, 3045 (1930).

.4.3 Separation Factor for Deuterium Exchange Between Hydrogen and Heavy
Mater

- J.H. Rolston and K.L. Gale

Measurements of the overall separation factor, a, governing
distribution of a protium tracer between heavy water with an
equilibrium atom fraction (D/D+H) of 0.94 and deuterium gas with D/D+H
= 0.82 have been completed. The 601 mass spectrometer source has been
cleaned and rebuilt. Following recalibration, the agreement between
measured o. values and theory is better than +_ 1%. Equations have
been developed to account for the variation of a with deuterium
concentration of the liquid so that the equilibrium constant of
equation [1], appropriate to high deuterium levels, can be evaluated.

D2(g) + HD0U) -v-* D20(H) + HD(g) [1]

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Heavy Mater Recovery from Combined Electrolytic and Non-Electrolytic
Hydrogen Streams
- M. Hammerli, R.L. LeRoy, J.P. Butler and A.S. Denovan
Proceedings pf the Third World Hydro Energy Conference, Tokyo, Japan,
June 23-26, 1980
Int . Assoc. for Hyd. Energy (in press).
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Investigation of the Carbon Monoxide Adsorption Induced Phase
Transition of a Pt(100) Surface by MeV Ion Backscatterincj, Nuclear
Microanalysis and LEED
- P.R. Norton, J.A. Davies, D.K. Creber, O.P. Jackson, T.E. Jackman
and C. Sitter
Proceedings of the 8th International Vacuum Congress, 4th
International Conference on Solid Surfaces, 3rd European Conference on
Surface Science, Cannes, France, 1980 September 22-26

Catalytic Oxidation of CO on Pt(lil): A Study by XPS and Dynamic High
Resolution Measurements of Work Function
- P.R. Norton, D.K. Creber and J.W. Goodale
Proceedings of the 8th International Vacuum Congress, 4th
International Conference on Solid Surfaces, 3rd European Conference on
Surface Science, Cannes, France, 1980 September 22-26

3.5.2 Lectures

Heavy Water Recovery from Combined Electrolytic and Non-Electrolytic
Hydrogen Streams
- M. Hammer! i , R.L. LeRoy, J.P. Butler and A.S. Denovan
Third World Energy Conference, Tokyo, Japan, 1980 June 23-26

Investigation of the Carbon Monoxide Adsorption Induced Phase
Transition of a Pt(lOO) Surface by MeV Ion Backscattering, Nuclear
Microanalysis and LEED
- P.R. Norton, J.A. Davies, D.K. Creber, D.P. Jackson, T.E. Jackman
and C. Sit ter
8th International Vacuum Congress, 4th International Conference on
Solid Surfaces, 3rd European Conference on Surface Science, Cannes,
France, 1980 September 22-26

Catalytic Oxidation of CO on P t ( l l i ) : A Study by XPS and Dynamic High
Resolution Measurements of Work Function
- P.R. Norton, D.K. "•. eDer and J.W. Goodale
8th International Vacuum Congress, 4th International Conference on
Solid Surface, 3rd European Confrence on Surface Science, Cannes,
France, 1980 September 22-26
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4.2 SURFACE CHEMISTRY

4.2.1 Hydrogen-Induced Cracking of Zirconium Alloys

- Be Cox and V.C. Ling (with C.E. Coleman, Metallurgical Engineering
Branch)

A double cantilever beam (DCB) specimen of Zr-2.5 wt% Nb alloy
held under a steady pressure of 100 kPa (1 atm ) hydrogen has shown a
regular Kj versus V curve with no tendency towards sequential crack
arrest and restart ing at low Kj values. The crack has now arrested
visual ly at Kj = 14.25 MPa/i (12.8 ksi/ in"), although a small but steady
acoustic emission signal is s t i l l being received. The regular nature of
the V/K curve in th is instance suggests that previous irregular beha-
viour may have resulted from passivation of the crack t i p by traces of
oxygen under conditions where the hydrogen pressure was reduced to a
low value. The combined results of al l Zr-2.5 wt% Nb specimens cracked
at room temperature (except the f i r s t specimen) suggest a value of Kj^
of •v 12-14 MPav¥, considerably higher than the values (5-7 MPaJm)
obtained for delayed hydride cracking tests at higher temperatures.
The low apparent KJH value for the f i r s t Zr-Nb specimen may have
resulted from some self-stressing, caused by the massive hydride forma-
t ion observed on the crack faces. We are now going to measure the Km
for gaseous hydrogen cracking at elevated temperatures to see i f the
expected decrease in KJH is evident.

4.2.2 Stress Corrosion Cracking (SCC) in Iodine Vapour

- B. Cox (in collaboration with John D. Corbett, University of Iowa,
Ames, Iowa, U.S.A.)

A mechanism for the transgranular crack propagation mechanism in
iodine vapour based on the formation of a thin layer of a lower (mono-
or di-) iodide of zirconium at the crack tip was proposed in PR-CMa-49
(AECL-6538). This hypothesis had the merits of providing an explanation
for the near-basal nature of the transgranular process, and a specific
mechanism for generating pseudo-cleavage at the crack tip, but suffered
from the disadvantage that lower iodides of zirconium with layer
lattices that would give easy cleavage were not known (although both
bromides and chlorides were).

With my encouragement, a further search for lower iodides of
zirconium was made at Ames, and was successful: a di-iodide with a layer
lattice was discovered (D.H. Gurthrie and J.D. Corbett,"Synthesis and
Structure of an Infinite Chain form of Zrl2(°0", J. Sol. State Chem.,
to be published). Further work is being undertaken to see 1f this
compound will grow epitaxially on single crystal faces of zirconium,
supplied by CRNL, and to establish the orientation relationship (if
any) between the di-iod1de and the zirconium lattices.
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4.2.3 Sensitivity Towards Oxygen in the Environment of the Oxidation of Heat-
Treated Zr-2.5 wt% Nb Alloy at 573 K

- N. Ramasubramanian

Samples (B-quenched) oxidized in the molten nitrate-nitrite
eutectic were examined on the optical and scanning electron
microscopes. It is seen from the optical micrographs that on a number
of grains the growth of the greyish colored oxide, marking the transi-
tion in the kinetics, started as isolated patches of thick oxide. The
patches were 10 to 15 um in diameter. A narrow band, about 2 pm in
width, of two or three interference colors, was observed around their
peripheries indicating that the oxide thickness gradually decreased to
that on the surrounding matrix near their boundaries. The growth of
these patches had no relation to the orientation of the martensite
needles. However, on some grains, the martensite needles were the
prominent areas of thick oxide growth. Regions of interference colored
thin oxide were still visible in the post-transition oxides which were
mostly greyish colored.

None of these features was observed when the samples were
examined on the scanning electron microscope. Cracking of the oxide,
located along the martensite needles was the only distinctive feature
revealed by the SEM; the cracks were 10 to 30 nm in width and several
\m in length. These observations indicate that at nucleation the grey
oxide growth is not pustular in nature as reported by Cowgill and
Smeltzer (M.G. Cowgill and W.W. Smeltzer, J. Electrochem. Soc, 114,
1089, 1967 and 115, 471, 1968). The results confirm Cox's observations
that the grey oTTcTe patches are merely regions of thick oxide growth
(B. Cox, Atomic Energy of Canada Ltd., Report AECL-5610, 1976).

Based on these observations, the results from the kinetic and
polarization data and experiments involving transfer from one oxidation
medium to another, the accelerated oxidation of the heat-treated alloy
in oxygen containing environments is considered to occur in two steps.
The electron affinity of the oxidizing medium induces the Nb 4 + to
Nb 5 + transition and niobium dissolves as Nb 5 + in the zirconia.
The resulting oxide 2r(l-l.25x)Nbx.®2' where x < 2.5%, is resistive.
This oxide is subsequently converted to ZrO? and eZrOg.NboOs; the
intramolecular double oxide is known to be formed during nigh tempera-
ture oxidation of the alloy. The conversion occurs simultaneously at
various locations and probably commences at the boundaries of the
martensite needles where a slight niobium enrichment may be expected. A
decrease in the oxide crystallite size accompanying this conversion
leads to an increase in the oxygen-ion conductivity of the oxide and
fast oxidation rates. These localized fast oxidation spots become
regions of grey oxide growth. The conversion occurring over different
areas of the surface, with increasing oxidation, results in a lateral
spreading of the grey oxide.

The second step is the cracking of the oxide. Although the
martensite needles were delineated by the thick oxide growth only on
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some grains, cracking of the oxide f i lm along the needles was observed
in oxide films at transit ion and post-transition stages of growth. The
boundaries of the needles' are thus l ikely to be not only the i n i t i a l
sites of enhanced oxidation but also continue as regions of faster
oxidation than the martensite matrix; the differences in the oxidation
rates lead to the generation of localized stresses and cracking of the
oxide f i lm . The cracks are suff iciently wide and extensive to allow
penetration by the oxidizing medium. The accelerated oxidation of the
alloy is thus sustained.

In oxygen-free steam, where the oxide growth is normal, the
oxide formed is Zrn_x)Nbx°2 w i t n n i ° b i u m dissolved in the Nb4+ state.
The dissolved niobium acts as a donor and the oxide has a higher elec-
tronic conductivity than the ones grown in air and the molten salt .

4.2.4 Oxidation at 573 K in Dry Oxygen

- R.A. Ploc and J.A. Roy

(a) Zr-2.5% Mb

Further to Section 4.2.5, PR-CMa-53 (AECL-7094), oxidation
exposure has been continued until all specimens displayed white oxide
(65 days). Specimens taken from the back end of the tube (last part to
go through the extrusion die) appear to have oxidized more rapidly than
those from the front end for both pressure tubes (838 and 839), though
the difference is possibly not statistically significant (considerably
more tests required to establish this point).

The oxidation curves from the pressure tube and the sheet
material (Aw), though displaying different susceptibilities to
"breakaway", have virtually identical oxidation rates up to 65 days
total exposure at 573 K in dry oxygen.

(b) Zr

Both (batch Be) crystal bar zirconium and t r i p l y zone refined
zirconium have almost identical oxidation rates up to 18 days total
exposure.

(c) Relative Oxidation Rates

Figure 4.2.4.1 shows the relative oxidation rates of al l
pressure tube samples (both tubes, backs and fronts averaged), Aw, Ac
(Zircaloy-2), Be (crystal-bar) and t r ip ly zone-refined Zr.

(d) Zr3A!

Zr3Al samples were wrapped in cleaned and preoxidized Al
f o i l and oxidized at 573 K. After 2 days exposure a weight-loss was
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measured while, thereafter, weight gains were recorded. Experiments
are s t i l l in hand to identi fy a suitable wrapping material which does
not oxidize, lose weight and can act as a containment vessel for the
oxide spailed from the Z^Al samples.

4.3 ELECTRON MICROSCOPY

4.3.1 Crystal Structure of Anodic Oxides on Zr

- R.A. Ploc and J.A. Roy

( i ) Oxides on (0001) otZr

In the past, detailed studies have been made on the oxide which
forms on the ctZr (0001). I t was assumed that the primary crystal lo-
graphic relationship which existed was as given in Section 4 . 3 . 1 ( i i i ) ,
PR-CMa-5Z (AECL-6966) - i .e . the ( l l l ) c , and ( i l l ) m / / (0001) .

In such a relat ionship, i t is assumed that the (T i l ) m is
paral lel to the (0001) and i t necessarily follows that the aZrO?
(101 )m and (110L are not parallel to the (1120) and (10T0)
respectively. This can be summarized by stating that either the [ i l l ] m
or (Tn) m pole could be parallel to the [0001].

In practice, these two cases lead to sl ight ly_dif ferent d i f f rac-
t ion patterns. The primary_difference is that the [ l l l Jm model leads
to the appearance of the (lT2)m reflections which are not predicted by
the (T l l ) m model. Further, the amounts of angular streaking of the
(112)m and (72T)m predicted by the O i l ) m model are seen experimentally
giving strong support for the model. Since the (111)m model simulation
is essential ly contained within the other, one cannot easily separate
the effects. Delineation could be achieved but only through consider-
able ef for t which would not give good returns for the e f fo r t . In short,
the primary relationship between the oxide and metal should be wri t ten:

(Tll)m[1103m//(0001)[n2'0]

(110)mni lV/ {1120) [0001]

( i i ) Oxides on (1010) aZr

Considerable effort has gone into an attempt to interpret the
selected area electron diffraction patterns taken from oxides grown of
the (lOTO). This effort has been only partially successful and further
Investigations may proceed at a future date when more sophisticated
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electron optical equipment becomes available. The main reason for lack
of success is because the zone axes of the monoclinic orientations
which are developing on the (lOfO) are not parallel to the [1010]. I t
is strongly suspected that the reason for this is an intermediate trans-
formation of cubic to monoclinic ZK^- The following results have
been deduced:

(a) (Tl0)c[110]c//(T210)Cl010]

and possibly:

(001)c[110]c//(0001)Cl0T0]

and (010)m[101]m//(0001)[loio]

but with a small deviation of the [Toi] zone axis from the [1010]. This
deviation in turn leads to considerable complexity in the dif fract ion
pattern due to the manner in which the oxide forms. Further, there is
a possible cubic and/or monoclinic relationship such as

Three-dimensional sectioning of the reciprocal la t t ice clearly
indicated the presence of aZrOg crysta l l i te orientations in regular
but unknown orientations. There was a suggestion of a fOIOjm
texture but i ts explanation would be too lengthy for this report.

4.3 METAL PHYSICS

4.4.1 Irradiation Creep and Growth in Zirconium

(a) DIDO Test Programme

- G.J.C. Carpenter, J.F. Matters and R.A. Murgatroyd (United
Kingdom Atomic Energy Authority)

Some of the crystals from the f i r s t series of frrad fat forts, fr?
which growth had saturated, have been removed from the reactor for
further studies. One is being cut into smaller specimens for density
measurements and examination by transmission electron microscopy. An
attempt was made to follow the growth strain recovery in two other
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crystals, but was not completely successful owing to instrumental
problems. It is hpoed to repeat this experiment following a low dose
exposure (̂  2 x 102^ n/m 2), during which most of the growth occurs.
The growth results from the first series of single crystals have been
prepared for publication.

For the second series of experiments, the possibility of
irradiating specimens containing grain boundaries and dislocations with
<a>-type Burgers vectors as the predominant lattice defects is being
examined.

(b) NRX Test Programme

- F. Santone and S.R. MacEwen

Irradiation growth experiment RX-60D, containing a specimen of
lightly cold-worked (in uniaxial tension) Zircaloy-2, was inserted in
facility #6 on July 14» and brought to full power July 21. After
approximately 1.5 x 10° s (17 days) of operation the experiment was
terminated and the rig was removed from the reactor as a result of a
leak in the liner of the f*st neutron rod. There is no possibility of
the experiment being resu.,.ed in the immediate future due to the lack of
replacement FN-rods. Figure 4.4.1.1 shows the data after correction
for steps in the back pressure and for fluctuations in the temperature
of the specimen. Shown also are the data from RX-60C, which define the
dimension changes of the growth rig itself. The difference between the
two data sets defines the growth strain in the Zircaloy specimen itself.
From Figure 4.^.1.1, it is evident that, since the nozzle gap is
increasing, the specimen is decreasing in length, and that the magnitude
of the growth rate is also decreasing. The untimely termination of the
experiment precludes determining if a positive growth rate would be
achieved at longer times.

(c) LAMPF PROGRAMME

- F. Santone and S.R. MacEwen

A collaborative project (with A. Harvey, Los Alamos, U.S.A.) has
been initiated to measure irradiation growth in Zr alloys in the
2 x T O " n/w-.s) fast neutron flux below the beam dump of the LAMPF
accelerator. A preliminary experiment, which placed a Zr tensile
specimen in the location that would be occupied by a growth rig, showed
that environmental heating produced a specimen temperature of only
^ 115°C. A growth rig with the modifications required for LAMPF is
currently being fabricated, and should be ready for insertion during
the February 1981 LAMPF shutdown.



CORRECTED NOZZLE. GflP (ID X 1E + 06

4*

*^ 5O ^3
•X) X J--
X I I
I o enen o oo oa

O
o

o <r> o0 -s o
—i © —io.£ a.
1 r¥ l

+
ua
o
%

o

w

*

t—«

m
CD

tn
n
n _
X

n £
o
m

CD

l.B

N

tn CD O
. . . . . .

1

^ ; " V
• V * \

• • >-v
. • • - V ' \

- ' "v- -A--* +
\ 'i 1
\---':;' 1

— \ : rx. +
•«.' \ 1°

—

—

1 1 1 1 1

si

.

*Ni..
*"*"'-Si.*'

I

K 3) S a
• • • •

1 1

—

_

V -

% •

—

1 1 1

en



- 77 -

• (d) Theoretical Calculations

(i) Bias Factors

- S.R. MacEwen (with J.M Blair, Mathematics & Computations
Branch)

From the analysis described in PR-CMa-52 and -53 (AECL-6846,
-7094, respectively), one can calculate the bias factor for disloca-
tions, Z, in terms of an infinite series solution for the concentration
of point defects around a dislocation core. Numerical evaluation of
these series has shown that each successive term decreases by about two
orders of magnitude. Consequently, we have derived a closed form
approximation for Z using only the zero order Bessel functions in the
general solution, for the case where the interaction energy varies as
sine/r and with equilibrium boundary conditions chosen for both the
inner and outer radii.

(11) Irradiation-Enhanced Segregation

The analysis of irradiation enhanced solute segregation has been
extended to allow for the growth of precipitates on grain boundaries
and dislocations. After an incubation period, during which the solute
concentration in the core reaches the concentration of the precipitating
phase, the precipi' '.e growth with power-law kinetics: w = fltn. The
exponent n is founo. to l ie in the range 0.5 < n < 1.1, depending on
the dislocation density and grain size. Figure 4.4.1.2 gives an
example for the case of irradiated Ni-9% Si alloy.

4.4.2 Ion Simulation of In-Reactor Creep

- J.R. Parsons, C.W. Hoelke and R.A. Herring

During the last quarter, the recently developed (1) cantilever
beam technique for ion simulation of in-reactor creep was applied to
longitudinal specimens cut from Zr-2.5 wtt Nb. In this technique, the
deflection of the free end of a cantilever beam specimen is measured as
a function of incremental ion fluence. For these experiments, both high
(7.0 x 10™ m"2) and low (1.7 x 1014 m"2) dislocation content material was
used. The results were encouraging as the technique proved to be sensi-
t ive to dislocation content. Deflections increased with dislocation
density as predicted by the additive model of creep and growth (2).
Accordingly the above results were interpreted in terms of this model,
which assumes that the total rate of dimensional change of a Zr alloy
tube can be expressed by

[1] H = Kg Gd 4> + Kc Cd 5 <t>

where Kg and Kc are the specific growth and creep rates in the
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direction d, 6,5 and Cc are the corresponding anisotropy factors for
growth and craap, <j> is the fast f lux and a the applied stress.

[2 ]

When applied to the cantilever beam geometry of this experiment,

x _ t6 . . j - _ E5 = t26

where 6 is the deflection of the free end of a cantilever biam of
thickness t and length 1, E is Young's modulus, v is Poisson's ratio
and d is the damage depth of 100 keV neon ions. When eqs.[2] are
substituted in e q . [ l ] , and the required integration performed the
deflection 6 as a function of ion fluence is given by

6 = C-J-C2 eC3*

where C\, C2 and C3 are directly related to the specific growth and
creep rates Kg and Kc.

Our results to date on room temperature irradiated Zr-2.5 vt% Nb
are summarized in Table 4.4.2.1.

TABLE 4.4.2.1

Creep and Growth Constants Derived from the Bending of Cantilever Beams
of Zr-2.5 wt% Nb

Dislocation Density
m"2

Growth Constant KaV 9 Creep Constant Kc
m2/(MPa.n)

7 x 101"

1.7 x 101"

2.7 x 10"29

1.5 x lO"29

1.9 x 10'3 0

1.9 x lO"30

In an analysis of the effect of microstructure on the creep and
growth of Zircaloy pressure tubes in power reactors (3), Kc varied from
1-2 x 10~30 my<MPa.n) and was insensitive to dislocation content as in
Table 4.4.2,1. Kg, however, varied from 1-4 x 10"28 m2/n
and had a p 0 ' 8 ' dependence on dislocation density p compared to the
p0.42 dependence in Table 4.4.2.1 for Zr-2.5 w« Nb.

J.R. Parsons, C.W. Hoelke and R.W. Gilbert, J . Nucl. Mater. (1980).
W. Alexander, V. Fidleris and R.A. Holt, ASTM STP 633 344 (1976).
R.A. Holt, J . Nucl. Mater. 82 419 (1979).
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4.4.3 Mechanical Testing

(a) Bauschinger Effect

- S.R. MacEwen, O.T. Moo, T.P. Trottier and J.F. Mecke

Ths experiments described in PR-CMa-53 (AECL-7094), Sec:ion
4.4.3(a), have been analyzed to determine how compressive pre-strain
reduces the subsequent tensile yield stress in Zircaloy-2. Figures
4.4.3.l(a-b) plot the reduction in yield stress, measured at 0, 0.1%,
or 0.2% proof strain, as a function of pre-strain for L-L and ST-ST
textured specimens. (The f i r s t let ter of the specimen designation
defines the direction of compressive pre-strain - longitudinal (L) or
short transverse (ST) - and the second gives the direction of the
tensile test .) I t is seen that the reduction in the yield stress
reaches a saturation level of about 45% at the proportional liiisit and
about 1% at the 0,2% offset after pre-strains of or.u to two percent.
Similar analyses show that a smaller Bauschinger effect is present in
L-ST specimens, but that for ST-L specimens the effect is completely
absent.

(b) High-Temperature D;:f"Hi)ation of Zr-2.5 wt% Nb

- E.T.C. Ho (Ontario Hydro; and S.R. MacEwen

This work w?s done under ontract from Ontario Hydro (CONTRACT
#82321) with E.T.C. Hu as contract of f icer, and is published with
permission from Ontario Hydro.

Preliminary experiments to measure the plastic flow behaviour
of Zr-2.5 wt% Nb in the temperature range 873-973 K, for stresses in the
range 10-60 MPa, have been completed. Steady-state creep in specimens
cut from swaged rod can be described by a power-law expression with a
stress exponent of 4.4 _+ 0.1 and an apparent activated energy (at 20
MPa) of 3.8 eV. Deformation under conditions where the stress varies
with time has been measured using the variable-stress-creep technique.
Here, the stress applied to a specimen is allowed to relax concurrently
with the specimen elongating. I t has been found that the stress
dependence of the plastic strain rate can be described by a power-law
relationship, however, the stress-exponent dif fers from that found for
steady-state creep. These results i l lust rate the inapplicabil i ty of
simply integrating a steady-state creep equation to predict deformation
for conditions where the stress is varying with time.

(c) Recovery Kinetics in Zircaloy-2

- C. Cappello and S.R. MacEwen

Isothermal recovery curves have been measured at 673 K, 773 K
and 873 K for the material described in PR-CMa-53 (AECL-7094), Section
4.4.3(c). Using the method of cross-cuts, which plots the time to
reach a specified hardness as a function of the inverse temperature,
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• the activation energy, Q, for the recovery process has been determined.
Figure 4.4.3.2 shows that a linear relationship is found for each
hardness value chosen, but that the slopes, and thus the activation
energies, depend on hardness. Figure 4.4.3.3 summarizes the hardness
dependence of Q; the dotted part of the line has been obtained from
long-time extrapolation of the isothermal annealing curves. For the
range of hardness studied, Q decreases linearly from 1.3 to 0.4 eV with
increasing hardness. These values are significantly lower than the
energy for self-diffusion in zirconium (2.8 eV), and suggest that a
cross-slip process, not a climb process is rate controlling for recovery.

4.4.4 Preparation of High Purity Zirconium

- G.J.C. Carpenter and J.F. Watters

At present, fundamental studies of point defects in zirconium
are greatly impeded by the relatively high levels of impurities present
in commercially available material. There is therefore a strong
incentive to develop techniques for reducing the impurity levels. Two
approaches to this problem are currently being examined, zone-refining
and electrotransport.

Rods of iodide-purity zirconium have been given zone melting
treatments in the MRC* electron beam machine in a dynamic vf.cuum of
^ 10~5 Pa. Measurements of the residual resistivity ratio (RRR, the
ratio of resistivity at 293 K to that at 4.2 K) at the Physics Division
of NRC, Ottawa, are given in Table 4.4.4.1. One zone-melting pass
resulted in a slight improvement in the RRR; however, four passes caused
a significant decrease. It is concluded that the normal operating vacuum
is insufficient to prevent the ingress of gaseous contaminants and
better vacuum conditions are required if zone refining is to be
successful.

A first attempt at using the electrotransport phenomenon to
purify zirconium has been made at the Ames Laboratory, Iowa, in colla-
boration with Dr. F.A. Schmidt. A direct current is passed through a
solid rod, raising its temperature to just below the melting point.
This causes the diffusion of impurity elements in the direction of the
positively charged end of the rod. The results of a run lasting 1100 h
at 1900 K in a vacuum of 5 x 10"8 to 3 x 10"9 Pa are shown in Figure
4.4.4.1. The starting material was high purity Ir supplied by MRC and
had an RRR of 103. The inverse RRR, plotted in Figure 4.4.4.1 gives an
approximatd measure of the integrated impurity content.

•Materials Research Corporation
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Figure 4.4.3.2 Plot of In of annealing time versus reciprocal of the isothermal
annealing temperature constructed to determine the activation
energy (based on the cross-cuts method).
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Figure 4.4.3.3. Activation energy for recovery versus hardness in Zircaloy-2.
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Figure 4.4.4.1 Variation in inverse residual resistivity ratio (RRR) with position for high purity
zirconium, following an eiectrotransport treatment.



- 85 -

TABLE 4.4.4.1

Residual Res is t i v i t y Ratios for Iodide Puri ty Ir as a Function of
Melting in the MRC Floating Zone Unit

Condition

As-received
Zone melted 1 pass

Zone melted 4 passes

RRR

70
76
45

A strong e lec t ro- re f in ing effect was observed, with a decrease
in the concentration of impurit ies in the central part of the specimen
and an increase at the anode end. The RRR of the central zone is
improved by a factor of 2.1i over the star t ing mater ia l . Further
analysis is necessary to determine the re la t ive mobi l i t ies of the
impurity elements during electrotransport . The technique shows good
potent ia l for the production of high pur i ty zirconium, par t i cu la r l y i f
better s tar t ing material can be prepared, e.g. by zone-refining in
u l t ra -h igh vacuum.

4.4.5 Positron Annih i la t ion Spectroscopy

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

(a) Methods or preparation of reusable high temperature positron
sources are being tested. This work is a follow-up to work presented
in PR-CMa-53 (AECL-7094), Section 4.4.4(b) .

(b) Samples have been, and are being, prepared to study phase trans-
formation ef fects on positron annihi lat ion and d i f fus ion in Zr and in
T i .
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4.5 PUBLICATIONS, LECTURES & REPORTS

4.5.1 Papers & Publications

ATOMIC COLLISION & IONIZATION DAMAGE EFFECTS IN ION & X-IRRADIATED ZrO2.
- J.R. Parsons
To be published in the Proceedings of the 7th European Congress on
Electron Microscopy.

ZrO2/Zr CRYSTALLOGRAPHIC RELATIONSHIPS FOR SOME ANODIC OXIDES.
- R.A. Ploc
To be published in the Proceedings of the 38th Meeting of the Electron
Microscopy Society of America.

THE VACANCY PROPERTIES OF ALPHA-Zr
- G.M. Hood
Submitted to the Journal of Nuclear Materials (Letter to the Editor).

COMMENT ON SOLUTE DIFFUSION IN Pb - THE SIZE EFFECT
- G.M. Hood
Submitted to Physical Review B.

PRECIPITATION IN Zr-2.5 wt% Nb INDUCED BY NEUTRON IRRADIATION.
- C.E. Coleman, R.W. Gilbert, G.J.C. Carpenter and G.C. Weatherly.
Submitted to Proceeding of the Conference on Effects of Radiation on
Phase Stability.

4.5.2 Lectures

PRECIPITATION IN Zr-2.!5 :-:t% Nb INDUCED BY NEUTRON IRRADIATION
- C.E. Coleman, R.W. Gilbert, G.J.C. Carpenter and G.C. Weatherly.
Presented at the AIME Meeting, Pittsburgh, Penn.
1980 October 5-9.

THE 8AUSCHINGER EFFECT IN ZIRCALOY-2
- O.T. Woo, S.R. MacEwen and C.E. Ells
(Invited Seminar) (1) University of Alberta, Edmonton, September 22,
1980. (2) AIME Fall Meeting, Pittsburgh, PA. (October 8, 1980).

ATOMIC COLLISION & IONIZATION DAMAGE EFFECTS IN ION & X-IRRADIATED ZrO2.
- J.R. Parsons
Presented at the 7th European Congress on Electron Microscopy, The
Hague, Netherlands.
1980 August 24-29.
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Zr tWZr CRYSTALLOGRAPHIC RELATIONSHIPS FOR SOME ANODIC OXIDES.
- R.A. PToc
Presented at the 38th Annual Meeting of the Electron Microscopy Society
of America, San Francisco, Ca l i f .
1980 August 4-8 .

4.5.3

ANALYTICAL ELECTRON MICROSCOPY
- R.A. Ploc
AECL-MISC-193 (1980); unpublished Atomic Energy of Canada Limited report,
Chalk River, Ontario.
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