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(i)

CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

The charge state distributions of neon ions transmitted
through foil materials, ranging from carbon to gold, have been
found to be independent of atomic number. The results for several
ion beams in carbon foils are in good agreement with results
reported in the literature.

Some of the clearest evidence yet obtained for agreement
between results produced by two quite different techniques for
measuring radiation damage, channeling and electron microscopy, has
come from recent work on individual damage cascade and anneal
characteristics of ion-bombarded silicon.

Radiation Chemistry

The measured isotope effect in the hydrogen formed in the
primary diffusion reactions in the radiolysis of H2O-D2O solutions
is not in agreement with the value calculated using diffusion kinetics
and the primary yields. This suggests that changes in the theory
of early events in water radiolysis are necessary.

Photochemical Isotope Separation

Comparison of the multiphoton absorption cross sections of
CH3OH and CF3CH2OH using the OH absorption wavelength (from an HF
laser) shows that the energy fluence for multiphoton absorption
is much less for the fluoro-compound. This supports the hypothesis
that sequential photon absorption is dependent on the density of
vibrational energy states in the molecule.

Surface Chemistry

Both molecular and dissociated NO are present on the Pt(lOO)
surface following an exposure to nitric oxide of 10 mPa-s at 29 8 K.
More than 9C% of the total adsorbed species desorb at 460 K. Some
adsorbed oxygen may remain on the surface as a result of dissociation
of NO and other workers have observed N2 desorption which also
implies dissociation. Nitric oxide is a potential catalyst poison
in the hydrogen-water isotope exchange process and these new results
help explain observations made in catalyst studies.



(ii)

Materials Science

A novel method for calculating the oxidation of Zircaloy fuel
cladding during a high temperature transient is proposed. This
method takes into account the prior history of the cladding and the
hysteresis in oxidation rates expected during any non-isothermal
post-transition oxidation process. The method predicts that the
total oxidation will be less than that predicted by the use of
isothermal data without any hysteresis by a significant factor (>4),
and leads to the expectation that self-heating and ignition of
Zircaloy during such transients will be much less probable than
currently predicted.

The observation that the sign of curvature developed in an
ion-irradiated ZrO^/Zr foil depends upon whether the projected ion
range is greater or less than the oxide film thickness has carried
us a long way towards an understanding of the source of the foil
bending phenomenon. It is currently seen as a competition between
irradiation-induced expansion of zirconium adjacent to the inter-
face and irradiation-induced compaction of the oxide.

Positron annihilation studies of neutron irradiated zirconium
have shown signals ascribed to both vacancy and dislocation effects.
The annealing behaviour of these components was characteristic of
that expected for vacancy and dislocation loop annealing temperatures.
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1.2 ION PENETRATION

1.2.1 K X-Ray Cross Sections for 88.2 MeV Cu q + on Kr and He

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

We have measured the K X-ray production cross
sections for 88.2 MeV eu*?* on Kr (gas) under single
collision conditions for 6 _< a <_ 22 and obtain
R = ax(21

+)/ax(18
+) = 2.42 ± 0.23, the enhancement

reflecting a contribution by the 2p-vacancies carried
in by the 21+ projectiles. A quantitative interpretation
of this ratio requires K-shell fluorescence yields for
Cû "1". The K X-ray cross sections for Cu3+ on He (gas)
therefore have been measured at 88.2 MeV and preliminary
results indicate R ^ 1.25. Tserruya, et al. (1) have
reported K X-ray yield enhancement at the opening of the
projectile 2p shell for Ti^+ and S^+ bombardment of He,
O and Ar gas targets. The present results are clearly
at variance with those of reference 1 since, in the latter,
the charge state dependence was found to be insensitive
to target species. The origin of these differences is
not understood.

A complete analysis of our data is in progress.

(1) I. Tserruya, B.M. Johnson and K.W. Jones, Bull.
Amer. Phys. Soc. 23,1090 (1978).

1.2.2 Charge State Fractions of Heavy Ions After Passage
Through Thin Foils

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

An earlier report (PR-CMa-49, section 1.2.3;
AECL-6589) described the electrostatic charge state
analyzer system. Several design changes have now been
incorporated into the original experimental configuration,
and a schematic drawing of the modified apparatus is
shown in Figure 1.2.2.1. The sweep has been expanded to
cover the range 0-5 kV with sweeping periods variable
from 0.2-20 s. A pulse amplitude modulator has been
designed and constructed to permit direct pulse height
analysis of the discriminator output. These pulses,
nominally of constant amplitude, are multiplied by the
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Fig. 1.2.2.1 - Schematic drawing of the charge state analyser system.
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Fig. 1.2.2.2 - Charge state fractions (excluding neutrals)
for 990 keV Ar+ on C (8.8 pg. cm-"2) . The
charge state fractions are proportional to
the height of the corresponding peaks.

instantaneous analog voltage obtained from the high
voltage sweep. The system is linear (within 1%) over the
ertire range of deflection plate voltages. Spectra can
be acquired simultaneously for particle energies and for
particle charge states. Electroformed apertures replace
the earlier design.

A typical spectrum, showing the highest charge state
analysed to date (7+) is shown in Figure 1.2.2.2, and
represents equilibrium charge state fractions for a 990 keV
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Ar+ beam incident on an 8.8 \:q<cm~* C foil. The charge
state fractions are proportional to the height of the
appropriate peaks, since the voltage is swept at constant
speed across a slit of fixed width.

Preliminary results indicate that at reduced beam

velocities — = 0.88 and 0.98, the mean charge for Ne
vo

after passage through different foil materials (C, Al,
Ni, Ag, Au) is independent of the foil material, within
the measurement uncertainties of approximately 1%. Our
results for several beams in C foils are in good agreement
with values reported in the literature (1).

(1) P. Smith and W. Whaling, Phys. Rev. 188, 36 (1969).

1.2.3 Stopping Powers

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

Measurements of stopping powers of Ti and Ag for
4He ions have now been completed.

Further measurements for 3He ions in C, Al, Si, Ni,
Ag and Au have been made at energies of 0.2 to 1.0 MeV
to supplement values obtained previously at energies of
1.0 to 2.0 MeV (PR-CMa-48, section 1.2.5; AECL-6538).
The equality of the stopping values for 3He and **He at
the same velocity has now been confirmed over the entire
energy region studied. In Figure 1.2.3.1 is shown a
comparison of 3He and 4He stopping values in Al. Observed
differences at related energies are less than 4% and thus
within the 4% error assigned to the measured values for
3He and 4He.

Preliminary stopping measurements have been made for
deuterons in C, Al, Si, Ni, Ti, Ag and Au. High neutron
fields were experienced in the vicinity of beam energy
control slits, presumably from the previous buildup of
deuterium, C and N, which undergo (d,n) reactions at the
beam energies used. Deuteron stopping measurements have
been suspended pending the removal and cleanup of beam
defining surfaces.
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1.2.4 Surface Structure Analysis by Rutherford Backscattering
and Channeling

- P.R. Norton, D.K. Creber and J.W. Goodale (Physical
Chemistry Branch) in collaboration with J.A. Davies
and C.W. Sitter and W.N. Unertl and D.F. Posner
(University of Maine)

See this report, section 3.3.3.

1.2.5 Stability of (lxl) Pt(lOO) Surfaces

- P.R. Norton, D.K. Creber and J.W. Goodale (Physical
Chemistry Branch) in collaboration with J.A. Davies

See this report, section 3.3.2.1.

1.2.6 Measurement cf Short Nuclear Lifetimes in 11C and 1*B
and the Observation of Dose-Dependent Density in 3He
Implanted Metal Foils

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

See Progress Report PR-P-123; section 2.5;
AECL-6680.

1.2.7 Quadrupole Moment of a High-Spin Yrast Trap in 11>7Gd:
Evidence for Substantial (Oblate) Deformation"

- O. Hausser, p. Taras, D. Ward, T.K. Alexander,
H.R. Andrews (Nuclear Physics Branch), H-E. Mahnke
(Hahn-Meitner-Institut) and J.F. Sharpey-Schafer
(University of Liverpool) in collaboration with
M.L. Swanson

See Progress Report PR-P-123, section 2.11;
AECL-6680.
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1.2.8 The Electric Field Gradient (EFG) For Gadolinium

- O. Hausser, P. Taras, D. Ward, T.K. Alexander,
H.R. Andrews (Nuclear Physics Branch) , H.-E. Mahnke
(Hahn-Meitner-Institut) and J.F. Sharpey-Schafer
(University of Liverpool) in collaboration with
M.L. Swanson

See Progress Report PR-P-12 3; section 2.13;
AECL-6680.

1.3 ELECTRON MICROSCOPY

1.3.1 Collision Cascades in Si

- L.M. Howe, M.H. Rainville, H. Haugen (McMaster
University) and D.A. Thompson (McMaster University)

The nature of the individual damaged regions formed
during low fluence ion bombardment of Si at 40-50 K,
(1011-1012 ions cm"2, M ^ 30-200 a.m.u., and energies
15-100 keV has been investigated using transmission
electron microscopy. Some of the principal findings of
this investigation are summarized below.

At fairly low deposited energy densities ev £ 0.1,
the efficiency of creating a visible damage region was
low, i.e. the ratio of the number of damaged regions to
the number of incident ions n<j/ni £ 0.1, as shown in
Table 1.3.1.1. Also, the average diameter of the damaged
regions was considerably less than either twice the mean
transverse straggling 2<Y2>1/2 of the deposited energy
distribution, determined using WSS theory, or twice the
transverse straggling 2<Y2>i1/2 expected from an
individual cascade (see Table 1.3.1.1). The <Y2>^1/2

term was calculated using the Monte Carlo damage simula-
tion results of Walker and Thompson (1) which yield the
volume ratio VR defining the fraction of the statistical
cascade volume filled on average by an individual cascade.
Hence the damaged regions observed for the P ion bombard-
ments probably represent subcascades within the main
cascade where the level of disorder is sufficiently high
to give rise to a contrast effect.



Table 1.3.1.1

Collision Cascade Parameters in Ion-Irradiated Silicon

Ion

P
P
P2

As
As „

Sb
sb2

Bi
Bi
B i2
Bi
Bi2

E
(keV)

100
60
40

20
40

20
40

60
30
60

15
30

v(E)
(keV)

49.50
33,30
26.06

14.08
28.16

14.50
29,00

41.94
21.90
43.80

11.36
22.72

VR

0.15
0.15
0.15

0.48
0.48

0.52
0.52

0.63
0.63
0.63

0.63
0.63

6v
(eV/atom)

0.009
0.02
0.18

0.22
0.29

0.43
0.58

0.23
0.54
0.79

1.19
1.74

Vni
(TEM)

0.04
0.09
0.1(7)

0.5(8)
0.6(5)

0.8(0)
0.8(6)

0.9(8)
^0.8
0.8(0)

0.7(0)
^0.7

Average
Diam. Defects

(TEM)
(nm)

1.7
1.8
2.0

3.0
3.4

3.5
5.2

5.0
3.7
5.6

4.3
5.1

2 < y 2 >l/2

(WSS
Theory)
(nm)

55.4
35.8
14.9

8.7
8.7

6.7
6.7

10.7
6.5
6.5

4.0
4.0

2<Y 2>i 1 / 2

(Monte
Carlo)
(nm)

29.4
19.0

6.8

5.4

9.2
5.6

3.4

v(E) is the portion of the incident ion energy that ends up in nuclear coll5.sion events.

V R is the ratio of the individual cascade volume to the statistical cascade volume.

The average deposited energy density ë~v is given as follows :

(1) for monatomic implants, 6"v = 0.2v(E)/NvVR

(2) for diatomic implants, ê"v = 0.2v(E) d i a t /N VV R(2-V R)

where N^. is the number of lattice atoms contained within a spheroid whose axes are determined

2 1/2 2 1/2
by the longitudinal <Ax > and transverse <Y > ' moments of the predicted damage

distribution, and v(E) . = 2v(E)
Q13.U • clt •
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_ As shown in Table 1.3.1.1, with increasing values
of 8V the efficiency n^/n^ of creating a damaged region
increases and is in the region 0.7-1.0 for 6V > 0.4 eV/atom.
The results also indicate that the fraction of the
theoretical collision cascade volume which is occupied by
the observed damaged regions steadily increases with
increasing values of 8V. In this connection, it should
be noted that in the As, Sb and Bi ion implantations being
considered here the ion energies appear to be sufficiently
low to prevent breakup of the main cascades into sub-
cascades. For the Bi implants, the average defect
diameter actually exceeds twice the transverse straggling
for ev > 1.19 eV/atom. Hence the electron microscope
results are quite consistent with previous channeling
results (2-4) which also show a steady increase of the
fractional damage FD contained within the collision
cascade volume as ëv increases. In fact, the channeling
data for Tl implants in Si, which should be similar to
Bi in Si, show that Fp is unity at 9V ^ 2 eV/atom.

The annealing behaviour of the damaged regions was
investigated at temperatures ranging from 350 to 775 K.
In Figure 1.3.1.1 the change in the damage parameter
D(T)/D(350 K) is given. The damage parameter D takes into
account both the change in the number density and the size
of the defects during annealing and is defined as follows

D = Z± (fi) (nd) (d\)
 3

where the summation is over all size intervals of the
distribution of defect sizes, f^ is the fraction of_the
area under the distribution curve in segment i and d-̂  is
the average diameter of the defects in segment i. Also
shown in Figure 1.3.1.1 are the results of a recent
channeling investigation (5), in which case it is the
change in the number of displaced atoms Np which is
monitored. The channeling results are also for fairly
low fluences (1012-1013 ions cm"2) implants.

As shown in Figure 1.3.1.1, there is good agreement
between the electron microscopy and channeling data. In
all cases the damaged regions produced by the diatomic
implants were more resistive to annealing than those
produced by the atomic implants. This was true even
though the energy density of an atomic implant was greater
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Figure 1.3.1.1 - A comparison of annealing results from
the present electron microscopy
investigation (upper graph) with those
from a recent channeling study (lower
graph). Ten minute anneals in all cases.

in some cases than that produced by the diatomic implants ;
compare, for example, 15 keV Bi (1.10 eV/atom) with 40 keV
Sb2 (0.58 eV/atom). However, within an atomic implant
series the annealing temperature regime increases with
increasing energy density and a similar but less
pronounced trend is observed within a molecular implant
series. Hence the annealing results indicate that there
are significant differences in the degree of amorphicity
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within the damage cascades, with the diatomic implants
producing the most highly amorphous regions.

(1) R.S. Walker and D.A. Thompson, Rad. Eff. 37, 113
(1978).

(2) J.B. Mitchell, J.A. Davies, L.M. Howe, R.S. Walker,
K.B. Winterbon, G. Foti and J.A. Moore in Ion
Implantation in Semiconductors (ed. S. Namba,
Plenum Publ. Corp., New York, 1975) 493.

(3) D.A. Thompson, R.S. Walker and J.A. Davies, Rad.
Eff. 3_2, 135 (1977) .

(4) D.A. Thompson and R.S. Walker, Rad. Eff. 36, 91
(1978).

(5) D.A. Thompson, A. Golanski, H.K. Haugen, L.M. Howe
and J.A. Davies, in preparation for publication.

1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Dechanneling in Irradiated Cu-0.25 at% Be

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

In previous studies of the dechanneling caused by
point defects (PR-CMa-46, section 1.4.2; AECL-6401), two
difficulties were encountered when Al-0.05 at% Ag
crystals were used:

(1) the variation of the stopping power of H + in Al as
a function of the crystal alignment is not well
known ; and

(2) the backscattering yield from displaced Ag atoms
creates background counts which are difficult to
separate from the Al backscattering yields.

In order to overcome these problems, we have studied
dechanneling in a different alloy, Cu-0.25 at% Be crystal,
using detectors mounted at scattering angles of 105° and
150°. For the former angle, 81% of the total energy less
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in backscattering occurs along the outgoing (random)
trajectory, so that it was not important to specify
accurately the stopping powers for the incoming
(channeled) path. Because of the small scattering cross
section of Be, background counts from displaced Be atoms
were negligible.

The Cu-0.25 at% Be crystal was irradiated at 70 K
with 2 MeV He"1" ions to a fluence of 1 0 1 6 ions cm"2, in
order to create Cu-Be mixed dumbbells and vacancies. The
dechanneling of 0.5, 1.0, 1.5 and 2.0 MeV H + ions was
measured at 35 K. From a preliminary analysis of the
results, the dechanneling increment caused by the point
defects had an energy dependence of approximately E~°• 7

for the 150° detector but a considerably smaller energy
dependence for the 105° detector. The reason for this
discrepancy will be investigated.

1.4.2 Measurement of the Displacement of B atoms in Si Crystals
using the 11B(p,aTBBe Reaction

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

Further channeling experiments have been performed
to characterize the irradiation-induced displacement of
B atoms from lattice sites in a Si-0.2 at% B crystal.
(See PR-CMa-47, section 1.4.4; AECL-6455). The following
information was obtained:

(1) The initial rate ci displacement of B atoms from
lattice sites by 0.7 MeV H + irradiation was about a
factor of 5 less at 35 K than at 293 K.

(2) A large increase in the displaced fraction f^g of
B atoms occurred during annealing between 200 and
300 K. At the same time, a decrease in dechanneling
occurred, indicating annihilation of point defects.

(3) Further irradiation at 35 K following the 300 K
anneal caused a small increase in

(4) The value of f^B
 > increased with increasing

temperature of analysis, but f*L > did not.

These results indicate that the displacement of B
atoms by H irradiation was due to their interaction with
irradiation-induced point defects. It is not yet clear
whether vacancy or self-interstitial trapping by B atoms
is the major mechanism for B atom displacement. Item
(1) and (3) indicate that self-interstitial trapping
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was at least partly responsible. Item (4) suggests
that the B atoms displaced along <110> directions, since
in this case thermal vibrations would reduce <110>
shadowing more than <100> shadowing.

1.4.3 Backscattering Measurements of the Production Rate of
Mixed Dumbbells in an Al-0.029 at% Ag Crystal

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

To complete the data obtained for Al alloys contain-
ing 0.01-0.1 at% Ag, we have measured the production of
mixed dumbbells at 70 K in an Al-0.029 at% Ag crystal as
a function of fluence of 1 MeV He + ions. The back-
scattering analysis was the same as described previously.
(See PR-CMa-47, section 1.4.1? AECL-6455.)

The rate at which the concentration C ^ g of mixed
dumbbells increased with fluence e was similar to that
observed previously. At zero fluence,
(d C<jAg/âe)e=0 = 2.4 x 10"19 cm2, which is comparable to
the semi-empirical cross section for production of
Frenkel pairs, 3.2 x 10"19 cm2. Thus, as found previously
for Al-0.01 at% and Al-0.1 at% Ag, almost all freely
mobile self-interstitials were trapped by Ag atoms in the
mixed dumbbell configuration.

1.4.4 Growth of Gd Single Crystals

- M.L. Swanson, A.F. Quenneville with J.R. Parsons and
J.F. Watters (Materials Science Branch) and O.F. Hausser
(Nuclear Physics Branch)

A button of Gd was arc melted under argon, and then
annealed in vacuum at 1490 K for 24 hours. This treatment
produced three single crystals of approximate dimensions
1 cm x 1 cm x 0.3 cm. These crystals were cut out of the
button, and sectioned to give slices whose normals were
at 45°, 30° and 0° to the c axis. The crystals are being
used for studies of nuclear quadrupole interactions.
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1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 The Reaction of Aluminum with Hot Water

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

In his review of the aluminum-water system (1)
Alwitt notes that it is not known whether the films that
form on Al by reaction with hot water have the same
structure in the "wet" condition (i.e. during formation)
as in the "dry" (i.e. after exposure to air). It is
known, from X-ray analysis, that the "dry" oxide film is
pseudo-boehmite (Al2O3-xH2O) which is a modification of
boehmite (A12O3«1H2O) but containing some 25% excess
water and exhibiting a less well-defined crystal structure.
All that is really known about the "wet" film is that it
is permeable to water. We have now obtained some evidence
that the "dry" structure undergoes a change on re-
iromersion in hot water thus indicating that the "wet" and
"dry" differ.

We implanted As, Bi, Sb and Xe ions into separate
specimens covered with oxide films preformed by reaction
of Al specimens with hot water. These, perforce, were
exposed for a day or two to atmosphere before implantation
and to a vacuum of ̂  600 uPa during implantation. These
specimens were then re-immersed in hot water for various
periods of time, withdrawn, allowed to dry, then analyzed
by the RBS method. We found that the Xe had disappeared
while the As, Bi and Sb were spread evenly throughout
their respective oxide films. Further, an oxide film
thickened only after the specimen had been re-immersed for
a time commensurate with the length of the first immersion.

The delay in initiation of further growth could be
explained on the grounds that it simply takes time for
water to penetrate the pores or other interstices between
the crystals of pseudo-boehmite b fore acting on the Al
at the interface. However, simple, penetration of water
between crystals does not explain the loss of Xe or the
spread in the distribution of the As, Bi and Sb implants
as the latter, having been injected into the film by ion
implantation, are located within the crystals. Since the
observed movements are much too rapid for solid state
diffusion we conclude that the crystals have dissolved,
releasing the implanted ions; Xe, as an atom, and the
others, as ions, may then move freely in the water
contained in the film. Dissolution of the crystals gives
rise to only very slightly soluble products so this
process is followed by rapid precipitation into a form
with sufficient rigidity that film integrity is maintained.
This film is permeable to water and is presumably not
unlike the original "wet" film formed during the first
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immersion. It also should be noted that in previous
experiments, transformations involving a solid-»-solid
conversion such as the change of Al metal to amorphous
oxide during anodic oxidation did not show either loss of
implanted ions or gross spreading of the original
distribution.

(1) R.S. Alwitt in "Oxides and Oxide Films", Vol. 4,
J.S. Diggle and A.K. Vijh, eds. Marcell Dekker,
New York, 1976.

1.6 COMPUTATIONS

1.6.1 Computer Programs for Least Squares Fitting and for the
Calculation of Interatomic Distances and Angles i"n~
Crystals

- J.P.S. Pringle

Two programs have recently been overhauled to make
them simpler, more efficient and more general. They are:

(a) The least squares fitting program, last discussed in
PR-CMa-43, section 1.5.2; AECL-6090. The purpose of
this long-running project is to develop a routine
for extracting best (in the least squares sense)
values of parameters from all available data
pertaining to a particular system; both measurements
and their errors. The revisions noted as being
required in the preceding report have now been
completed and tested on a simple synthetic case;
extensive further testing will, however, be required.

(b) An understanding of atomic migrations in amorphous
materials, such as anodic tantalum oxide, requires
a knowledge of the solid's structure. This, however,
presents distinct difficulties, since no direct
experimental methods for the determination of such
structures exist. Nevertheless, it is frequently
assumed that such structures will be quite closely
related to the corresponding crystalline forms, and
so a computer program has been developed to calculate
interatomic distances and angles in the latter.
Originally written for application to the polymorphs
of silica, the program has been revised to make it
completely general.
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1.6.2 Rapid Calculation of Backscattering Yields for Surface
Structure Experiments

- D.P. Jackson

Calculations of surface backscattering yields are
necessary for tha interpretation of the experiments on
surface structure being done in the division (see, e.g.,
PR-CMa-48, section 1.2.3; AECL-6538). A full computation
of the yield for a specific case involves a lengthy
calculation which must be done on the central computer
facility. However a rapid estimate of the yield is often
required while an experiment is in progress. To implement
this, a system of programs has been written for the
9845A computer in the branch.

Three basic methods are employed:

(a) The results of all the full calculations of yields
done thus far have been entered into the program.
A spline method of interpolation in these tables is
possible if the system of interest has previously
been calculated. A more general method of inter-
polation using scaling with vibrational amplitude is
also in place to facilitate changes in temperature
and vibrational amplitude.

(b) The two-atom formula of Oen (1) has been incorporated,
including a fitted curve of Molière shadow cone
radii factors. This method is used when the surface
yield is essentially due to the first two atoms in an
atomic row.

(c) The more general 'universal1 curve approach of
Stensgaard, et al. (2) is used for yields arising
from many atoms along an atomic row. The curve
parameters are calculated where possible from the
yield results of (a) above for specific ion-surface
combinations. This allows a more appropriate fit
than would be available from a general selection of
such combinations.

In operation, the code searches for the optimum
method of estimation among the choices described above and
calculates the approximate yield. A graphical display
of the estimate in conjunction with the curves from which
it was derived is available if desired. Initial use of
this system has already demonstrated its utility as an
aid in the experimental program.

(1) O.S. Oen, Phys. Lett. 19_, 358 (1965); also Proc. of
the VII Int. Conf. on Atomic Collisions in Solids,
Moscow, 1977, in press.

(2) I. Stensgaard, L.C. Feldman and P.J. Silverman,
Surf. Sci. 77, 513 (1978).
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1.7 ACCELERATOR OPERATION

1.7.1 2.5 MV Van de Graaff

- G.R. Bellavance

During the past three months, 6 days down-time were
required for repair and maintenance of the accelerator.
The charging belt became spark damaged, limiting the
operation to an unsteady 1.5 MeV beam. A new belt was
installed and it is performing satisfactorily. The corona
points were also replaced.

The beam time (hours) was allocated as follows:

June

July

August

Total

1H+

24.5

20.5

45.

2D+

19.5

2.5

22.

3He+

13

7

-

20

4He +

72

100

78

250

12C+

3

-

-

3

160+

1

-

-

1

Total

89

153

101

343

1.7.2 High Voltage Mass Separator

- G.A. Sims

The accelerator has been operating very satisfactorily
with no major repairs and very little down time recorded.

During this period, a high temperature source was
fabricated and tests carried out on a 1 9 7Au + beam. A
useable beam was obtained and several implants were
carried out in the energy range of 0.3-1.9 MeV using
beam currents of 0.02-0.4 yA. However, a few minor
modifications will have to be made on the source and
further tests conducted.

The nev? accelerator tube and decoupling rings have
arrived and it is expected that they will be installed
in the accelerator some time this fall. The old
accelerator tube has in excess of 5000 hours on it to
date.
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The "beam-on" time during the previous three months
was 217 hours.

1.8 PUBLICATIONS, REPORTS AND LECTURES

1.8.1 Publications

A Study of the Phase Transition and Relaxation on a
Pt(100) Surface by MeV Ion Backscattering and Channeling
- P.R. Norton, J.A. Davies, D.P. Jackson and N. Matsunami
Surface Science 85_, 269 (1979)

The Effects of Correlated Lattice Vibrations on Surface
Backscattering Yields
- D.P. Jackson and J.H. Barrett
Phys. Lett. A 71A, 359 (1979)

The Influence of Surface Trapping on the Reflection of
Hydrogen Atoms from Titanium
- D.P. Jackson
Proceedings of the 1979 IEEE Int. Conf. on Plasma Science,
Montreal, June 4-6, 1979
IEEE Trans. 79CH1410-0, 116 (1979)

Systematics for the Zj-Oscillation in Stopping Powers of
Various Solid Materials
- D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard,
R.B. Walker and N. Rud
Can. J. Phys. 52, 645 (1979); AECL-6491

Double K-Shell Vacancy Sharing in Ion-Atom Collisions
- W.N. Lennard and I.V. Mitchell
IEEE Trans, on Nuclear Science NS-2_6_, 997 (1979)

Low Energy Stopping Powers Determined by Time of Flight
Techniques
- H.R. Andrews, W.N. Lennard, I.V. Mitchell, D. Ward,
D. Phillips and R.B. Walker
IEEE Trans, on Nuclear Science NS-2j[, 1326 (1979)

Lifetime Measurements in 22Ne, z8Si and 31P Relevant to
the Interpretation of the Z 2 Variation in Low Velocity
DSAM Results
- J.S. Forster, T.K. Alexander, G.C. Ball, W«G. Davies,
and I.V. Mitchell
Nucl. Phys. A313, 397 (1973); AECL-6390



- 22 -

The Irradiation-Induced Transformation from the Ordered-*
Disor de red->-Amorphous States in Zr3Al
- L.M. Howe and M.H. Rainville
6th Annual Meeting of the Microscopical Society of
Canada, p.82 (1979)

The Nature of Irradiation-Produced Damaged Regions in

- L.M. Howe and M.H. Rainville
Philosophical Magazine A39, 195 (1979)

Irradiation Swelling in Zr3Al
- E.M. Schulson, G.J.C. Carpenter and L.M. Howe
J. Nucl. Mat. Q2_, 140 (1979)

Channeling Measurements of the Trapping Efficiencies of
Solute Atoms for Self-Interstitial Atoms in Metals
- M.L. Swanson and L.M. Howe
Radiation Effects ÇL, 129 (1979)

Beta-ray Asymmetry from Oriented *l °Agm

- E.J. Cohen, H.R. Andrews, T.K. Knott, F.M. Pipkin and
D.C. Santry
Phys. Rev. C 20, 847 (1979)

1.8.2 Lectures

The following lectures were presented at the VIII Int.
Conference on Atomic Collisions in Solids, Hamilton,
August 13-17, 1979:

1) Erosion of Frozen Gas-Films by Low-Z MeV Ions
- J.A. Davies

2) Channeling Studies of Mixed Dumbbells in Metals
- M.L. Swanson, L.M. Howe and A.F. Quenneville

3) Collision Cascades in Silicon
- L.M. Howe, M.H. Rainville, H. Haugen and
D.A. Thompson

4) Role of Correlations of Lattice Vibrations in
Channeling
- J.H. Barrett and D.P. Jackson

5) Low and Medium Energy Hydrogen and Helium Ion
Reflection from Solid Surfaces
- P.C. Lichtenberger, J.E. Robinson and D.P. Jackson



- 23 -

The following lectures were presented at the 11th Int.
Conference on Physics of Electronic and Atomic
Collisions, Kyoto, Japan, August 29-September 4, 1979:

1) Projectile Charge State Dependence of K X-ray
Production in Heavy Ion-Atom Single Collisions
- W.N. Lennard, I.V. Mitchell, P. Mokler and
G.C. Ball

2) Linear Polarization Measurement for Quasimolecular
K Radiation
- P. Mokler, W.N. Lennard and I.V. Mitchell

Channeling and its Solid State Applications
- J.A. Davies, summer student lecture series, CRNL,
1979 July 20

The lectures listed above may not be available in print.
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2.1 STAFF

BRANCH HEAD
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I.H. Crocker
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Professional Staff Technical Staff

ANALYTICAL CHEMISTRY

J.P. Mislan Mrs. E.D. Bellavance
M.R. Corriveau
S. Elchuk
P. Faught
P.S. Hardy
R. Harpur
H.D. Herrington
M.T. Hurteau
Ms. E. Islam2
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L.F. Junop
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Miss E.M. Stewart3
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W.M. Thurston
M.W.D. James

M. Hattmerli

J. Gulens

ELECTROCHEMISTRY

A.S. Denovan
Ms. A.E. Geerts5

P.K. Leeson
W.J. 01mstead



- 28 -

Professional Staff Technical Staff

MASS SPECTROMETRY AND FUEL ANALYSIS

I.H. Crocker

R.M. Cassidy

Mrs. S.V. Armstrong
S.R. Bokwa6

D.E. Clegg7

B.W. Hildebrandt
C.H. Knight
F.C. Miller
J.A. Schruder
L.G. Shurrock
K.D. Wright

LABORATORY SERVICES

D.J. Poirier

. Harpur

E. Islam

- terminated employment effective
1979 July 18

- summer student, terminated effective
19 79 August 31

3Miss E.M. Stewart - summer student, terminated effective
1979 August 24

"M. Botbol

5 Ms. A.E. Geerts

6S.R. Bokwa

7D.E. Clegg

- attachment from Argentina ended
effective 1979 August 1

- summer student, terminated effective
1979 September 7

- transferred to Chemical Engineering
Branch effective 1979 July 3
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

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

Qualitative analysis of solution residues is routinely
performed on graphite rod supporting electrodes. A very
simple spark chamber has been prepared which consists of
a quartz tubing body and aluminum end plates which serve
as electrode holders. Oxygen enters through the lower
plate and exits via the upper. As the chamber is easily
dismantled the UV transparent body can be cleaned in
between excitations. The lower end plate can also be
used as a platform for solid samples in a point-to-plane
excitation mode.

2.2.2 Atomic Absorption Spectrometry

- D. Bellavance, J.P. MisIan '
i

Specimens of two Ni-Cr-Fe based alloys and one
reference standard were analysed for Co at the 200 yg/g
level as part of an interlaboratory analysis program - j
coordinated by N.S. Mclntyre, WNRE. Atomic absorption
measurements were made at 240.7 nm using an air-acetylene
flame to decompose nitrate salts. The standard addition
method was used for quantitation to minimize interference
from the Ni-Cr-Fe matrix. The measured value of the
cobalt reference standard was within the expected con-
centration range of 0.0196 - 0.0 211%.

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

- G. Jarbo, M.T. Hurteau, J.P. Mislan, H. Herrington
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2.2.3.1 Determination of Dissolved Organic Carbon (DOC)

(in cooperation with J. Young and D. Champ of
Environmental Research Branch)

Urgent requests for DOC content of pilot plant process
water (e.g. LPCE pilot plant) have been fulfilled by ICAP-
OES measurements of atomic carbon emission at 247.8 nm.
However, no correlation of ICAP-OES and established
methodologies for DOC determinations (flame ionization
detection and chemical oxidation - CO2 detection by infra-
red analyser) has been reported in the literature. We are
cooperating with Environmental Research Branch staff
members who possess expertise in DOC determination by
the chemical oxidation technique (Oceanography International
instrument) to establish detection limits and accuracy
data for ICAP-OES determinations of DOC. Carbon
reference standards in the concentration range 0.100 to
2.00 ug/g, stored in sealed vials, have been received from
Environmental Research Branch for calibration purposes.

2.2.3.2 HP 3353B Laboratory Data System Evaluation for
Sequential Application

We have operated a Jobin Yvon 38P inductively coupled
plasma/optical emission spectrometer (ICAP-OES) equipped
with a standard manual readout module for approximately
eleven months and found the instrument to be especially
useful for analysis of refractory metals and determination
of several non-metals (e.g. P, S and C ) . However, with
only manual readout the sequential ICAP-OES has certain
operational limitations! i.e.,

1) for qualitative analysis - matching analog
traces (peaks) is slower than using standard
spectrographic techniques

2) for multi-element analysis - speed of analysis
is no faster than flame atomic absorption

3) dynamic range for quantitative analysis -
typical working range of 10 2 is similar
to that of flame atomic absorption.

Suppliers of dedicated computer systems promise greatly
enhanced productivity in the areas listed above but the
cost is high (equal to or greater than the price of the
original instrument with a manual data system) and first
generation data systems appear to be inadequate for
certain applications such as qualitative analysis. Assembly
of a custom data system from the original equipment
manufacturer's components and software is very time
consuming and is not an attractive option.



- 31 -

Instead, we propose to adapt a general peak processing
data system for ICAP-OES application. It is intended
that the proposed peak processing system will serve the
needs of several instruments including gas and liquid
chromatographs and a mass spectrometer, as well as the
sequential ICAP-OES. This should result in significant
cost and manpower savings. Since no evaluation of this
particular application had been reported in the literature,
we arranged to evaluate the Hewlett Packard Model 3353B
Laboratory Data System for ICAP-OES application. We
found that it provided automatic qualitative analysis
and improved the speed and accuracy of quantitative
analysis with manual wavelength selection. However, it
has not been shown that the system can be expanded to
provide automatic monochromator control. A detailed report
of the evaluation to date is being prepared, while further
evaluations are considered.

2.2.4 Chromatography

- R.M. Cassidy, S. Elchuk

2.2.4.1 Low-Level Metal Ion Determinations

Work has continued on the development of trace
enrichment methods for the determination of small
concentrations of metal ions by high-performance liquid
chromatography. The ion exchange enrichment systems
studied have given good recoveries for samples containing
small background concentrations of extraneous salts but
are not suitable for samples such as sea water or
dissolved metal and alloy solutions. At present a
chelating resin, Chelex 100 (iminodiacetate resin), is
being used for metal-ion enrichment and the results
indicate that the trapping efficiency of this resin is
greater than that for ion-exchange resins. Further work
is required to optimize the transfer of the trapped
metal ions onto the analytical column.

2.2.4.2 Cobalt Determination

High-performance liquid chromatography was used to
analyse three Incoloy samples for cobalt. These samples
were provided by N.S. Mclntyre, WNRE, and the results
will be used in a round robin comparison of analytical
methods for the determination of cobalt in Incoloy.
Results obtained for standards indicated that there was
little or no interference from the main matrix element,
nickel even at the 0.007% Co level.
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2.2.4.3 Analysis of Zircaloy

Preliminary separations of the components in Zircaloy
has shown peaks for zirconium, iron and two other
unidentified components. Future work is planned to
identify these unknowns as well as other metallic
impurities of interest. A separation method for
zirconium and hafnium will al«o be investigated.

2.2.5 Quadrupole Mass Spectroroetry

- T.H. Longhurst

The GC-MS has been down for several weeks during
this period. Numerous electronic components were burned
out or damaged. It is suspected that the damage was
caused by a short excursion to unusually high line
voltage.

2.2.5.1 Radioiodine Release from Charcoal Filters

An attempt to adapt charcoal adsorption to the
preconcentration of volatile radioiodine species in
ventilation systems was not successful due to
inefficient trapping and low recoveries of the trapped
species. In the preconcentration method presently used
the air sample is pumped through a charcoal trap, then
through a cold trap at -196°C ^liquid N2) • The cold
trap is then evacuated to ^ 10~5 Pa to remove the bulk
of the active Xe. Helium is then flowed through the cold
trap at room temperature to transfer the remaining volatile
species to the gas chromatograph for separation.
Separations are done at 70°C on a 1.8 m x 0.32 cm O.D.
(nominal 61 x 1/8" O.D.) column packed with a bonded
oxypropionitrile on Porasil C.

Under these conditions CH3I elutes at ^ 2.3 minutes.
Several samples were taken and the following fractions were
collected: 0 to 1 minute, 0 to 4 minutes, and the total
of all remaining eluted species. These fractions were
analysed for 13 I by gamma ray spectrometry. 1 3 1i Was
detected in all fractions, with the largest quantity
appearing in the 0 to 1 min fractions. It therefore
appears that a large proportion of the iodine escaping
the charcoal filters elutes from the GC column prior to
CH3I. Chemical identification of this species will be
attempted when the mass spectrometer is operational.
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2.2.6 Determination of H- and D-in-Metals

- J.P. Mislan, H. Herrington

2.2.6.1 Novel Isotope Equilibration/Mass Spectrometer Facility

The technique of isotope equilibration/mass
spectrometry for determination of H anâ D in zirconium
alloys was developed at CRNL about 15 years ago and
the technique remains basically unchanged. The original
productivity of 5 determinations per day has recently
been increased to 15 by extending the capacity of the
equilibration manifold and with a minimum of overtime
work. However, further productivity enhancements of the
present instrumentation system, which consists of a self-
contained mass spectrometer (Micromass 601 magnetic
sector instrument) linked to an equilibration manifold
by a Toepler pump, do not appear feasible. The present
equipment also provides no effective means of monitoring
background H2O which contributes H2 (blank) during the
equilibration procedure.

A detailed study of alternate design approaches has
revealed that it should be possible to construct a novel
isotope equilibration instrument permitting a minimum of
20 determinations per day. In the new design, the
isotope equilibration manifold would serve as the inlet
system to the mass spectrometer. This compact, integral,
design should speed up transfer of aliquots of equilibrated
gas mixtures to the mass spectrometer and allow the
monitoring of H2O during the initial pump down stage.
The instrumentation system would consist of three basic
modules:

1) a quadrupole mass spectrometer consisting
of a special low pressure inlet system,
mass filter, power supply and programmable
desk selector

2) a packaged pumping system for control of
vacuum in the manifold, and efficient H2O
removal

3) an equilibration manifold and associated
heaters and a H2 and D2 gas supply system.

Quotations have been obtained for the quadrupole mass
spectrometer components. A Leybold-Heraeus TMP-120 turbo
molecular pump has been tested for pumping hydrogen gas
mixtures and appears to pump H2 and N2 with roughly
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comparable efficiency down to 1 x 10 5 torr (1.6 x 10~3 Pa).
Further testing is required to determine if the hydrogen
background can be reduced quickly enough to 1 x 10~3 torr
(1.3 x 10~6 Pa).

2.2.6.2 Alloyed Zirconium Hydrides for Hydrogen Analysis Standards

(in cooperation with John van der Kuur of Metallurgical
Engineering Branch)

Analysts determining H-in-zirconium and -zirconium
alloys have been forced to use NBS certified titanium
standards because zirconium standards have not been
certified. We are concerned about shortages that have
recently developed in the supply of NBS titanium standards
for hydrogen.

Metallurgical Engineering Branch personnel were
notified of our concerns regarding hydrogen standards for
zirconium hydride analysis and agreed to supply us with
hydrided zirconium alloy specimens to serve as potential
standards. We received a batch of Zr-2.5% Nb specimens
hydrided to 30, 75, 170 mg/kg and analysed samples by
two different methods; isotope equilibration/mass
spectrometry and inert gas fusion/gas chromatography.
Only a limited number of measurements were made because
of time limitations but the results revealed hydrogen
levels 10 to 30 percent below nominal concentrations.
This disparity between measured and expected values cast
doubt on the homogeneity of the hydrided specimens. At our
request Metallurgical Engineering Branch personnel have
prepared a second batch of hydrided Zr-2.5% Nb specimens
together with hydrided specimens of Zircaloy-2 and
zirconium 'XL' (Excel) alloy.

2.2.7 Analytical Support for NRX Calandria (Corrosion)
Working Party

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

Corrosion penetrations of calandria tube H-6 were
detected and this sampling position was removed from
service. The thermocouple equipped air-campling probe
was subsequently shifted to position F-2, which is
located next to calandria tube G-l. The AP monitoring
experiment was transferred to calandria tube G-l.
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The following observations were noted during a 45 day
monitoring interval;

1) The level of N0 x is five-fold higher in G-l
than in F-2;

2) [N0x] in G-l sampled from the corrosion zone
(short sampling tube) exceeds the INOX] in the
lower (long tube) sampling zone by 5 to 10
fold;

3) [N0x] readings taken from the high and low
sampling points in F-2 show no gradient;

4) the level of NO X in G-l - high sampling point
(corrosion zone) appears to fluctuate on a 24
hour cycle and the average fluctuation is
approximately 10% of the mean value;

5) [NO] is generally low (< 100 ppb) except
for G-l - high sample point where the reading
is approximately 500 ppb;

6) sampling continuously from G-l - high sample
point at 100 cm3/min depletes N0 x rapidly.
[NOX] builds up rapidly when sampling is
discontinued for 3 h.

The most significant conclusion that can be drawn
from these observations is that air flow conditions in
F-2 and G-l are significantly different even though the
tubes are adjacent. This observation can explain the
spotty nature of calandria tube failures if one assumes
that Al corrosion is directly proportional to [NOX]
which in turn is proportional to air flow rate.

In the next phase of the monitoring program, an
attempt will be made to correlate the production of
A1(NO3)6 on sampling tubes in G-l with [NOX] levels.
The level of NO X will be reduced by air and He purge
to determine if aluminum corrosion can be significantly
decreased.



2 . 2 . P Analysis Requests

Received Type of Snmple
from

System WNRE leach test solutions
Materials Leach test solutions

Bldg. 250 boiler-chemistry loop sample
Process water filters
Solutions from test loop #5
Solids from Ultrafiltration Unit #1
Process test solutions
Reverse osmosis test solutions

Bldg. 250 loop test solutions
Leach test solutions

Process solutions
Deloro alloys
Zr-2.5% Nb test specimens
Zr-2.5% Nb test specimens
H-3 loop gas

H2 process gas

Metallurgical
Engineering Zr-2.5% Nb test specimens

Fuel
Engineering Fission gas

General
Chemistry

UO2/PuO2 fuel

Super pure iron
Pt-C-teflon formulation
Analysis comparison samples

No. Of
Samples

27
24 5
64
2
6
1
24
111

12
7

9
12
98
223
10

1

38

3

5

9
1

12

No. Of
Analyses

27
729
116
2
36
2
24
847

12
162

18
24

173
95
70

5

22

24

260

9
2
36

Type of Analysis rjone

Na
Na, Cs, Sr
Ca, Na
Loss on ignition
Fe, Co, Cr, Ni, Cu, Al
Sn, Sr
Cr
Na, K, Fe, Cu, Mn, Mg,
Si, Cr, Al, Ba, Cl,
SOi, , PO.,
SO*
Quantitative (

Spectrographic

U £
c ,
H
D
Quantitative mass
spectrometry
Quantitative mass •.
spectrometry ><

j
f.

H

Quantitative mass
spectrometry

Quantitative
Spectrographic
Mn
Loss on ignition, Pt, 0
B



Received
from

General
Chemistry

Type of Sample

Ag standard solution
Ni-Cr-Pe alloy
LPCE process gas

Chemical GS pilot plant water samples
Engineering Lemay River (Argentina) water

I.PCE process gas

Fuel
Materials

Physical
Chemistry

E.I.&P.

Aluminum specimens

Cement
ThO2 pellet; Th-U(O2) pellets

Tetrahydrofuran test solutions

Boiler scale

NPD Moderator concentrates

Neutron &
Solid State
Physics

Materials
Science

Chemical
Operations

Furnace materials
Cadmium-tellurium crystal
Quartz glass deposits

Kanthal wire specimens

Zr alloy

Process system wire

No. Of
Samples

1
3
5

81
4

4

2

6
4

1

1

2

5
2
6

3

4

1

No. Of
Analyses

1
21
31

243
44

24

20

18
4

2

30

150

10
4

160

3

8

26

Type of Analysis Done

Ag
Co, C
Quantitative mass
spectrometry

Fe, Al, UV-254 run,
Total solids, UV-254 run,
conductivity, Fe, Al,
Mn, Ca, Mg, Cl, SOi,,
PO,,
Quantitative mass
spectrometry

Qualitative
Spectrographic
Mg, K, Na
O/Th Ratio, O/M Ratio

Na, K

Quantitative
Spec trographic

Quantitative
Spectrographic

Cu
Cu
Quantitative
Spectrographic
Cu

H

Quantitative
Spectrographic



Received
from

Chemical
Operations

NRX
Reactor

Reactor
Loops

Environmental
Research

Medical
Research

Mechanical
Equipment
Development

Type of Sample

NRX head tank water

NRU heat exchanger crud

Mo-99 process crud

Corrosion deposit

Residue from Al dissolution test

Waste treatment plant leach test soin1s

X-3 loop water

Valve and pump packing materials - leach
test

Valve packing

X-3 loop crud

U-l steam generator specimen

Sand grains
Ground water samples
Port Hope well water

Chromatography fractions

Ion exchange resin

Leach test solutions

Stainless steel specimens

No. Of
Samples

2

1

4

1

1

3

1

4

2

2

1

6

31
36

7

2

3

No. of
Analyses

52

26

14

26

16

42

1

204

2

82

3

138

62
72

64

104

36

Type of Analysis Done

Quantitative
Spectrographic
Qualitative
Spectrographic
Quanti tative
Spectrographic
Qualitative
Spectrographic
Quantitative
Spectrograph ic
Quantitative
Spectrographic
UV-254 nm

Quantitative
Spectrographic
Leachabloj Cl '

Quantitative
Spectrographic '
Fe, Ni, Cr

K, Quantitative
Spectrographic
Si, Mg
Si, Mg

Quantitative
Spectrograph ic
Quantitative
Spectrographic
Quantitative
Spectrographic

20 Mn, Cr, Ni, Si, Mo



Received
from

W.E.&P.

Type of Sample

UO2 specimen

TOTAL

LAST QUARTER'S TOTAL
(PR-CMa-49, AECL-6589)

No. of
Samples

1

1167

785

No. of
Analyses

28

4486

2999

Type of Analysis Done

Quantitative
Spectrographic
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Flux Measurements in NRU Silicon-Irradiâtion J-Rods

- W.J. Edwards (in collaboration with G. Nicholson, NRU
Reactor Branch, CRNL)

Previous measurements (PR-CMa-42, AECL-5971) have
mapped the longitudinal and radial variation in the thermal
neutron flux in the NRU silicon irradiation facilities.
Estimates of the relative thermal and fast components
have also been made at a single elevation in one of the
facilities by means of the 6 °Co Cd-ratio and the 31Si/2"Al
production rates (PR-CMa-41, AECL-5851). Since lack of
radiation damage from fast neutrons is very critical to
the success of the silicon project, a more detailed
examination of the longitudinal variation of the fast
component has been done.

These measurements were made using nickel monitors
for the fast flux and cobalt monitors for the thermal
component. Wires of the two metals were loaded into
alternate holes in a 1.9 cm diameter aluminum support
rod, which was rotated on the center line of a water-
filled J-rod facility. This provided simultaneous data
for both the thermal and fast flux profile. Measurements
were made in J-rod #1 and #3 as nearly simultaneously
as could be achieved (̂  3 minutes difference in
irradiation start/stop times). A 100 mb (10 fm2) cross-
section was assumed for the 56Ni(n,p)58Co reaction.
The results of the measurements are shown in Figures
2.3.1.1 and 2.3.1.2.

Each of the fast flux curves has a peak at about
140 cm. This point is just below the calandria bellows
and the peak is thought to result from downward
scattering of fast neutrons which would otherwise pass
above the active volume of the facility. A somewhat
similar but smaller effect can be seen in the thermal
flux distributions.

The fast flux curve for JR-3 in Figure 2.3.1.2 shows
two large peaks not apparent in JR-1 in Figure 2.3.1.1.
These are thought to be associated with two horizontal
through-tubes that pass through the calandria near J-rods
3 and 48.
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Figure 2.3.1.1 - Thermal and Fast Neutron Flux
Profiles in J-Rod 1
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Figure 2.3.1.2 - Thermal and Fast Neutron Flux
Profiles in J-Rod 3
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2.3.2 y-Spectrometry Laboratory

- P.A. Robinson

A total of 370 samples was received during the
period 1979 June 8 to 1979 September 7. These were
analysed as follows:

Na(I) spectra
Ge(Li) spectra

decay curves beta
gross beta

12

4 34

122
4

126

DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

X-1

-

2

X-6

-

2

Special
Analysis

122

-

DISTRIBUTION OF GAMMA ANALYSIS

Loop

Y's

X-1

4

X-2

1

X-3

22

X-6

3

U-1

3

U-2

7

U-5

9

NRU

32

NPD

21

Special
Analysis

332
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

The following is a summary of deuterium analyses for
the period 1979 June 7 to 1979 September 7.

ProgramNo. of Analyses

13094

43303

7

Branch

General Chemistry

Physical Chemistry

Pickering GS

10 General Chemistry

Miscellaneous

Electrolysis-
Catalyst Exchange

H2-H2O Exchange

Water Analyses -
D2O Inventory

Interlaboratory
Comparisons

56423

2.4.2 Heavy Water Analysis - Cooperation with Production Plants

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

2.4.3 Absolute Deuterium Analysis of Water Standards with Near
Zero Deuterium Content

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

A drum of water (̂  200 kgl has been received from
BHWP and several absolute D/H determinations have been made.
Results to date give an absolute D/H value of 0.16 ±
0.04 ppma. To the best of our knowledge this is the
lowest D/H concentration of a large quantity of water
(•̂  200 kg) yet achieved. Work is continuing to correlate
this water to existing standards.
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2.5 ELECTROCHEMISTRY

I

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan

2.5.2 Analytical Support for the ZED-2 Rig

- M. Hammerli, W.J. Olmstead

2.5.3 LPCE Analytical Support

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

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

- M. Hammerli, W.J. Olmstead

2.5.5 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

The evaluation of the fluoroborate electrode for the
determination of boron in aqueous solutions is now
complete. A procedure has been developed that is rapid
and simple, as well as sensitive and accurate: the
aqueous boric acid samples are reacted with concentrated
HF for at least 8 minutes at room temperature and the
excess HF is neutralized with concentrated NH3 prior to
measuring the BFi, concentration. The plot of electrode
potential versus log concentration is Nernstian at
concentrations > 0.1 mg B/kg but shows increasing positive
deviations as the concentration decreases; nonetheless,
levels as low as 0.010 mg/kg can be detected (to within
"^ ± 50%). Replicate determinations (n = 9) at levels of
0.037, 0.091 and 0.91 mg B/kg, Table 2.5.5.1 show that
the precision of the method is quite good. The accuracy
of the method was determined by the analysis (in triplicate)
of samples that were prepared in distilled-deionized
water and in water from the Ottawa River; the
concentration of the samples was unknown to the analyst,
and the samples were analysed in a random sequence. The
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results, Table 2.5.5.2, show good agreement with the
known concentration and with results obtained independently
by atomic emission spectrometry using an inductively
coupled plasma, ICP (Section 2.5.6).

Work on the development of an electrode that
responds to boric acid (H3BO3) or its anions, for the
direct determination of boron in water, has begun.

Table 2.5.5.1

Precision of Boron Determinations*

Sample
(B, mg/kg)

0.037
0.091
0.91

*n = 9

x = Ex./n

X
Cmg/kg)

0.034
0.092
0.92

s
(tng/kg)

0.002
0.004
0.02

s =

Table 2.5.5.2

Comparison of Boron Determination

Sample Boron Added Boron Found (mg B/kg)
Description* (mg B/kg) Electrode "I" ICP

A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8

R-1
R-2
R-3
R-4

_

0.018
0.030
0.048
0.090
0.18
0.42
1.3
—

0.024
0.066
0.14

<<0.010
0.025
0.034
0.049
0.087
0.19
0.43
1.3

0.013
0.033
0.079
0.16

<0.005
0.015
0.026
0.044
0.065
0.20
0.32
1.1

<0.005
0.020
0.083
0.13

A - distilled-deionized water T- average of 3 determinations
R - Ottawa River water
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2.5.6 Intra-Laboratory Comparison of Boron Determination

- J. Gulens, E.D. Bellavance, M.T. Hurteau, P.K. Leeson

In an intra-laboratory comparison, boron in aqueous
samples was determined by means of the fluoroborate ion-
selective electrode, by spectrophotometry using a
modified curcumin method (1,2), and by atomic emission
spectroscopy using an inductively coupled plasma (ICP).
The solutions were prepared by spiking distilled-
deionized water, and also Ottawa River water, with boric
acid solution; the boron concentrations were unknown
to the analysts and the samples were analysed in a random
sequence, in triplicate by the electrode and spectro-
photometric techniques but only once by the ICP. The
spectrophotometric results, while showing good
repeatability, gave no agreement whatsoever with the
expected result nor with the results from the other
techniques and thus are not included in Table 2.5.5.2.
The reasons for this behaviour are not clear but may be
due to decomposition of the curcumin reagent in the
bottle, as the calibration curve obtained at this time
was markedly inferior to that obtained 4 years ago. Fresh
reagent has been ordered and the spectrophotometric
procedure will be further investigated prior to a
repeat of the intra-laboratory comparison. In general,
the results obtained by the electrode and the ICP are in
good agreement with one another and with the known values.

(1) J.W. Mair and H.G. Day, Anal. Chem. 4_4, 2015 (1972).

(2) E. Goldman, S. Taormina, M. Castello, J. Am. Water
Works Assoc, 67, 14 (1975).

2.5.7 Response of Sulfide-Selective Electrodes

- J. Gulens, A.E. Geerts

Negative deviations from Nernstian response (super-
Nernstian response) are frequently observed at sulfide
electrodes in alkaline-ascorbic acid solutions at
sulfide levels < 0.05 mg/kg. We have investigated the
response of these electrodes in the range 0.001 - 0.10 mg/kg,
and have concluded that electrode pre-treatment is
important to obtaining reproducible results. Electrodes
that were left overnight in air gave poor response
during the initial calibration the next day: Nernstian
response could be observed only at levels > 0.05 mg/kg.
During continued use of the electrode in the day, the
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response improved markedly and was Nernstian at 0.01
mg/kg. if, however, the electrodes were stored overnight
in a reducing environment, Nernstian response was
consistently observed at 0.01 mg/kg during the initial
and all subsequent calibrations.

These results are consistent with our earlier
suggestion that the super-Nernstian response is due to
interference from metallic silver accumulating at the
Ag2S/solution interface. Silver oxide may be produced
at the electrode surface during air storage, thus
giving rise to silver species which can interfere with
the calibration by reacting with the added sulfide.
Storage of the electrode in the reducing environment
minimizes the oxidation of the surface.

2.5.8 H2S-in-Water Monitors

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

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

- S.V. Armstrong

Maintenance problems again required a disproportionate
amount of time. At the end of the period a quotation
was being obtained from the instrument supplier for a
major overhaul of the mass spectrometer and its associated
electronic equipment.

2.6.2 Thermionic Emission Mass Spectrometry

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

No irradiated samples were analysed during this
quarter because the renovations to the Bldg. 250 hot cells
in which the samples are processed are still not complete.
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In the meantime unirradiated uranium and boron
samples originating with Ontario Hydro, Chemical Operations
and General Chemistry were analysed for their relative
isotopic abundances. During the period a modern glove box
for the loading of plutonium samples onto mass spectrometer
filaments was commissioned in Lab. 56, Bldg. 107. The
glove box and all procedures relating to the handling of
the very small quantities of plutonium in it have been
approved by the Radiation and Industrial Safety (R.&I.S.)
Branch. At the present time an appropriate procedure for
retrievable disposal of the obsolete glove box is being
sought in consultation with the Chalk River Environmental
Authority and the R.&I.S. Branch.

2.6.3 Fuel Analysis

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

2.6.3.1 Hot Cell Renovations

Completion of the cell area modifications is
presently delayed until construction of the sliding
gate and glove boxes are completed in the main machine
shops. It has been requested that the shops give
priority to the construction of the sliding gate for cell
#3 to permit processing of the current backlog of more
than 50 uranium burnup samples while construction work
is completed on cell #4. The new ventilation system is
basically complete and in operation; the cave alarms
for ventilation, smoke, and heat have not yet been
completed.

Many of the old samples and various a-active
equipment stored in fumehoods in the laboratory, in
some cases up to 15 years, are being removed for disposal.
Active fume hoods are undergoing a general clean-up.
Storage of radioactive sources and various active
solutions is being consolidated in one hood. This work
is being completed with the aid of R.&I.S. personnel.

A new Princeton Applied Research, Controlled-
Potential Coulometry system is now being commissioned.
This system will permit rapid and accurate determinations
of uranium.
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2.6.3.2 Uranium/Aluminum Samples

Four samples of U/Al NRX core alloy, to be used as
standards by the W.E.&P. branch, were received for both
quantitative and isotopic uranium analyses. A portion
of each sample was dissolved and the uranium was
separated by anion-exchange chromatography.

The resultant uranium fractions were then analysed
isotopically by thermionic-emission mass spectrometry.
The remainder of the samples were sent to G.J. Jarbo
for quantitative uranium analyses by inductively coupled
plasma spectrometry.

2.6.4 Analytical Support - Plutonium Fuel Fabrication Line

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

2.6.4.1 Routine Analyses

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

Plutonium content - 3 Oxygen/metal ratio - 8
Uranium content - 3 Hydrogen - 6
Carbon - 2 Moisture - 3
Fluoride - 2 Metallic impurities - 3
Nitrogen - 2

2.6.4.2 Waste Solidification

As mentioned in PR-CMa-47, AECL-6455, all liquid
waste from the analytical line must be solidified in
polyester resins prior to removal to waste storage.
Prior to storage the disposal cans have to be analysed
for plutonium by neutron interrogation. To permit the
quantitative calibration of the neutron interrogation
system, a standard disposal can was prepared. This
standard contained 1 g of plutonium evenly dispersed
in one litre of the resin. Two blanks containing no
plutonium were also fabricated.

2.6.4.3 Plutonium Recovery

Approximately 1.6 kg of plutonium, held in storage
by Nuclear Materials Control, is in various forms which
must be converted to the ceramic oxide form before the
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plutonium can be used in the fuel fabrication program.
During the past quarter, considerable effort was involved
in the design of systems suitable to reprocess these
various forms (i.e. PuO2/graphite, (U,Pu)02 pellets,
Pu/Al alloys, and high fired and carbon coated plutonium
microspheres) to produce reactor grade plutonium oxide.
Currently, the detailed design of an ion-exchange system,
which could be fitted into an existing glove box in the
plutonium handling area, is nearing completion.

2.6.4.4 Analytical Support (Pu,Th)O2 Pellet Production

In support of the future production of (Pu,Th)O2
pellets for the fuel recycle program, preliminary
investigations have begun into the changes necessary in
the analytical laboratory procedures.

Dissolution tests on (Th,U)O2 pellets, produced in
experimental laboratory fabrication studies were carried
out in 13 mol«IT1 HNO3 - 0.05 mol «IT

1 HF under reflux,
as recommended in earlier work reported in Atomic Energy
of Canada Limited, Report No. AECL-5957. Satisfactory
dissolutions were achieved in all runs.

Several methods for quantitative thorium determin-
ations were investigated both for their accuracy and
adaptability to glove box operation. Two EDTA titration
methods with visual end-point detection were
investigated. Both methods, direct titration of the
thorium with Alizarin Red S as the indicator and back
titration of excess EDTA with bismuth nitrate and xylenol
orange as the indicator, were reasonably accurate.
However, end-point detection was difficult and this
difficulty would be greatly increased in glove box
operation. Several methods of instrumental end point
detection are currently being investigated. Two
promising methods are the use of a copper sensitive
ion selective electrode as the sensor for a back
titration of an excess of EDTA with Cu + + and a spectro-
photometric method using end-point detection with a
fibre optics colorimeter probe.
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2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Separation of the Lanthanides on High-Efficiency Bonded
Phases and Conventional Ion Exchange Resins
- S. Elchuk and R.M. Cassidy
Analytical Chemistry, 52.(9), 1434-1438 (1979).

Improved Accuracy in Chemical Analysis Using Multiple
Quadratic Regressions on a Programmable Desk Calculator
- M.T. Hurteau
American Laboratory, 11(9), 19-25 (1979).

2.8 LECTURES, CONFERENCES, MEETINGS, COURSES

2.8.1 Lectures

Underlying Research - Chemistry at CRNL
- D.R. Smith and I.H. Crocker
R&D Program Committee Meeting, CRNL
1979 August 14

2.8.2 Meetings

Program Review Meeting of the Noranda-Electrolyser PAIT
Project at Toronto, 1979 September 5. Attended by
M. Hammerli.

Kick-off meeting for R&D contract on electrocatalysts
with Gould Manufacturing of Canada Ltd. at Fort Erie,
Ontario, 1979 September 27. Attended by M. Hammerli.

2.8.3 Courses

Functional Report Writing Course No. 1 held September
10, 11 and 13 at Forest Hall, Deep River. Attended by
W.J. Edwards, C.H. Knight.
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PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

BRANCH HEAD
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D.R. Smith

Mrs. B.A. McCarthy
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RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

A.W. Boyd
D.K.
J.W.
R.D.
W.A.
D.R.
J.S.

Evans
Fletcher
McAlpine
Seddon
Smith
Geiger1

J.D.
F.K.
O.A.
E.B.
F.C.
L.W.
L.J.
S.D.

Bonnett
McClusky2
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Sopchyshyn
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Santry3
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HYDROGEN-WATER EXCHANGE

J.P. Butler
P.R.
J.H.
D.K.
W.N.
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Creber5

Unertl6

D.E.

J.
F,
L.

J.
.W.
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den Hartog
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Molson
Dainty8

ISOTOPE CHEMISTRY

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

P.E.
M.J.

Bindner
Clermont

J.W. Tromp

1Attached from Nuclear Physics Branch.
terminated 1979 September 19.
3National Program Summer Student, terminated 1979
August 28.
''University of Waterloo Cooperative Program Student,
reported 1979 September 4.

5N.S.E.R.C. Postdoctoral Fellow.
6Attached Staff, University of Maine, reported 1979 May 28.
7Transferred to General Chemistry Branch 1979 August 1.
8Reported 1979 July 18.
9University of Waterloo Cooperative Program Student,
terminated 1979 August 31.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Chemistry

- A.W. Boyd and O.A. Miller

(a) Yield of Excited N Atoms in the Radiolysis of nitrogen

Further attempts to obtain values for the yields of
excited and ground state N atoms in the radiolysis of
nitrogen (see PR-CMa-49, AECL-6589', have been made.

The reactions and rate constants in the computer
program were checked, against the compilations of Hampson
and Garvin (1) and Ferguson (2) as well as more recent
data, e.g. (3) and (4). The program was then used to
compute the results of Cloetens (5) who measured the
pressure change in the irradiation of N 2-0 2 mixtures with
a particles from 226Rn. Under his conditions there is
an initial pressure decrease followed by a rapid increase
in pressure then a more gradual further decrease. The
initial decrease is due to the formation of N2O5 which
is in equilibrium with N02 and NO3. The latter is formed
from the reaction of N02 and 0 3 and when the ozone con-
centration drops most of the N2OS disappears. It was
found that the computed dose dependence of the ozone
concentration and thus that of the N2O5 was sensitive to
the yields of excited and ground state N atoms. To fit
the data of Cloetens required that G(N(2D)) be in the
range 2 to 3.5. Outside this range there was no decrease
in the calculated concentrations of N2O5 and thus no
discontinuity in the pressure dose curve.

Values of G(N(2D)) of 2 to 3 are consistent with
other measurements at low dose rates and with our values
in N2-N2O mixtures but as discussed in PR-CMa-49 they
appear to be too high for the results from the Febetron
irradiation of N2-O2 mixtures.

The yields of N02 and N20 (which were not measured by
Cloetens) are also sensitive to G(N(2D)) and G(N('*S))
values. We have obtained a preliminary value of G(NO2) = 1.0
for a 90% N2 10% O2 mixture irradiated to 1 x 10

2 1 eV-g"1

at 2 x 10 1 6 eV-g-'-s"1. This work will be extended to
measurements of N^O and to measurements at higher
temperatures where the reactions of N2O5 are unimportant.
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(b) Isotope Effects in the Radiolysis of H2O-D2O Solutions

- with J.W. Fletcher

As planned (see PR-CMa-49, AECL-6589) the computer
program obtained from W.G. Burns and R. Catterall has been
used to determine if the isotope effects in the hydrogen
formed in the spurs in the radiolysis of H2O-D2O solutions
are consistent with the isotope effects in the reactions
of solvated electrons and hydrogen atoms.

The program is an extension of one developed by
Schwarz (6). Schwarz using the a* values of Anbar and
Meyerstein (7) for these reactions calculated spur hydrogen
a values in neutral and acid solutions that agree
reasonably well with those observed. Using the extended
program we have calculated the contributions to G(H2) of
the various spur reactions in concentrated solutions of
e s~ and H atom scavengers as well as over a range of pHs.
Predictably our values for the contributions agree with
those of Schwarz but using our a values for the reactions
of e ?~ and H atoms we obtain spur a values that are
significantly different from our measured ones.

The hydrogen in the spur is taken (6) to result from
reactions [1] to [4]

H 20
[1] e c + e e T>H 2 + 20H"

S 5

H2O
[2] e + H 5>H2 + OH"

S

[3]

[4] H20 ->H2 (direct)

From Febetron irradiations of 90% I20 10% D20 solutions
containing 1.0 mol-L"1 NaOH we derive ai = 6.5 ± 1.
These irradiations were done at a dose rate where it
has been calculated that practically all the H atoms

* a is defined as (H/D) radiolytic hydrogen/(H/D) reactants
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are converted to e s before reacting with each other.
The observed a value is thus dependent only on the a
values for hydrogen from the spur and reaction [1] and
the relative contributions of these two processes.

The a value for reaction [5] is 3.8 ± 0.2 (from

[5] e s~ + H 3 0
+ ^H + H20

Febetron irradiations in acid solutions) and the isotope
effect in reactions [2] and [3] is thus dependent on the
source of the hydrogen atoms. Our measurements and
those in (7) show that the effective a value for [2] and
[3] with the H atoms from spurs is ̂ 2.5. Schwarz assumed
ai> = 1 . 8 and G(H2)direct = 0.15. These would appear
to be consistent with our measured values of a = 1.9
and G(H2) ̂  0.1 in concentrated electron scavenger solutions.
In these solutions the diffusion kinetics calculations show
that reactions [1], [2] and [3] are largely suppressed.

The results of the calculations are compared with
the measured values in Table 3.2.1.1.

Table 3.2.1.1

Calculated and Measured a Values for the
Hydrogen from Spurs

ai =

Additive

NaOH 1

foSOit 0.!

NaVO3 1

NaN3 3

ItDl'IT1

3 ItDl'L"1

mol-IT1

mol-IT1

6 . 5 , a2 = a3 = 2 . 5 , a i » 1 . 8 ,

Contribution to G(H2)
[1] [2] [3] [4]

0.115

0.117

0.006

0.009

0.121

0.146

0.146

0.034

0.02

0.024

0.026

0.016

0.29a

0.011
0.002

0.15
0.15

0.15
0.15

0.15

a5 - 3.8

aspur
Calculated

2.70
2.71

2.80
2 .0

2.85

Measured

2

2

2

1

2

.05

.10

.06

. 9

.24

a90% of the H atoms react ing a re assumed t o be formed by [5] .
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Except for the electron scavenger solution (NaVO3 -
which was used to determine CH) there are significant
differences between the calculated and measured values.
The electron scavenging experiments suggest a minimum value
of a = 1.8 for [2] and [3] but even this value in neutral
and basic solutions gives a Sp u r = 2 . 4 . To obtain agreement
between the measured and calculated spur values the values
of both ai and as would have to be reduced by about 50%.

We have no explanation of these differences. We
are now studying the temperature dpendence of oi, as
and aSpUr to try and obtain a better understanding of the
mechanism of isotope effects in these processes.

(1) R.F. Hampson, Jr. and D. Garvin, editors, U.S.
National Bureau of Standards, Special Publication
513 (1977).

(2) E.E. Ferguson, Atomic Data and Nuclear Data Tables
1£, 159 (1973).

(3) L.J. Stief, W.A. Payne, J.H. Lee and J.V. Michael,
J. Chem. Phys. 70.» 5241 (1979).

(4) J.A. Davidson, A.A. Viggiano, C.J. Howard, I. Dotan,
F.C. Fehsenfeld, D.L. Albritton and E.E. Ferguson,
J. Chem. Phys. 6_8, 2085 (1978).

(5) R. Cloetens, Bull. Soc. Chim. Belg. 45^ 97 (1936).

(6) H.A. Schwarz, J. Phys. Chem. 73̂ , 1928 (1969).

(7) M. Anbar and D. Meyerstein, Trans. Farad. Soc. 62,
2111 (1966).

3.2.2 Pulse Radiolysis of Liquid Systems

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

(a) Kinetics of Alkali Metal Reactions in Ethers

Further pulse radiolysis experiments have been
completed to better define the rate constant in the
kinetic treatment outlined previously (PR-CMa-47, AECL-6455).
It now appears that kj ^ 2.14 x k_i

[1] (K+, e ~) + Na + ^ (Na+, e " ) + K +

o 5



- 59 -

whereas for the equivalent reaction with cesium

[2] (Cs+, ec ) + Na
+ ^ (Na~, e ~) + Cs +

S S

k2 ^ 0.74 k_5

The above values were also confirmed with the potassium/
cesium mixed system giving ki3 = 2.91 k_3

[3] (K+, e ~) + Cs + v=^ (Cs+, e ~) + K+

S o

These measurements have caused us to revise our original
estimates for reaction [1].

(b) Radiolytic Production of Hydrogen in Aqueous Solutions
of Gadolinium Salts

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

Using a GAMMACELL 220 the radiolytic production of
hydrogen has been measured in 1.0 x 10"3 mol-L"1 Gd(NO 3) 3
and 5.0 x 10"1* mol'L"1 Gd2(SOiJ3 solutions. At doses
_< 2 x 10 2 0 eV-g"1 the rate of formation of hydrogen agrees
well with computer calculations utilizing the new program
MACKSIM (1). Both experiment and calculation indicate
that, for comparable concentrations, the steady state
hydrogen concentrations observed in Gd(NÛ3)3 solutions
will greatly exceed those obtained in the presence of
Gd2(SOit)3. The difference arises from the reduction of
NO 3~, by e s~, to NO 2~ which in turn can be oxidized by
reaction with OH. Scavenging of OH radicals by NO 2~
competes with reaction [1] resulting in an increased
concentration of hydrogen.

[1] OH + H2 •> H + H2O
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These preliminary results are being extended to higher
doses and different solute concentrations to further
check on the self-consistency of experiment and
calculation.

(1) M.B. Carver, D.V. Hanley and K.R. Chaplin, Atomic
Energy of Canada Limited, Report AECL-6413 (1979) .

3.2.3 Photochemical Isotope Separation

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

(a) Multiphoton Excitations Using an HF Laser

A pulsed HF laser has proven to be a convenient source
to stimulate isotopically selective decomposition of -OH
containing molecules (1-5). However, the -OH stretch mode,
which is pumped by the HF laser (or the -OD stretch mode
which is pumped by the DF laser) is quite anharmonic. This '
leads to significant inefficiencies ("bottle-necking") i
for sequential absorption steps (6) in molecules such as
formic acid and methanol. It has been suggested (7) that
once the molecule is sufficiently excited that the ;

density of vibrational levels is greater than about 102

levels per cm"1 interval of energy [the onset of the
"quasi-continuum" (7)], then the further absorption of •
photons is not restricted by "bottle-necking". As a j,
test of this hypothesis, we have begun a study of multi- j
photon absorption in a series of -OH containing molecules; |
R-OH where R = H-, CD3-, CH3CH2- and CF3CH2-. This is an '<
extension of our earlier multiphoton absorption studies on
methanol (8). The interesting feature of the series of
molecules is that the anharmonicity of the pumped mode is
approximately the same in each case; however, as is shown
in Fig. 3.2.3.1, when R is made more complex, the heavier
atoms are substituted for H's, the onset of the quasi-
continuum occurs after a smaller number of excitation
steps. For H2O, a very large number of photons must be
absorbed before "bottle-necking" is overcome. However, for
CF3CH2OH, the first photon is absorbed directly into the
quasi-continuum, and "bottle-necking" would be expected
to be significantly less important for this molecule. The
other molecules in the series lie between these two extremes.

Preliminary results of a study of multiphoton
absorption in CF3CH2OH are given in Table 3.2.3.1. These
results can be compared with our earlier measurements on
CH3OH given in PR-CMa-47, AECL-6455 and PR-CMa-49, AECL-6589.
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Table 3.2.3.1

Multiphoton absorption results for absorption of the
HF Pi(7) line by 2,2,2-trifluoroethanol. The constants
K and b are obtained from a fit of the data to the equation
0 = KE*3, where a is the absorption cross section, and
E is the laser fluence. For an explanation of this
equation see PR-CMa-47 (AECL-6455).

Pressure
(Pa)

16.8

40.3

70.1

102.7

157.0

289.0

556.7

797.4

1061.0

1334.0

K

1.7xlO~21

2.9xlO"21

4.3xlO"21

4.6xlO"21

6.5xlO"21

8.7xlO"21

1.4X10"20

1.7X10"20

2.1xl0-20

2.2xlO-20

b

0.13

0.13

0.09

0.14

0.11

0.13

0.09

0.12

0.12

0.06

2

3

5

6

8

K/hcvT

.4xlO"2

.9xlO"2

.9xlO~2

.4xlO~2

.9xlO"2

0.12

0.19

0.24

0.28

0.30

For CH3CH2OH, b > 0 for all pressures studied. This is
in contrast to the results for CH3OH for which, at low
pressures, b < 0. This implies that, for CF3CH2OH,
already excited molecules are more easily further excited
than are ground state molecules, while for CH3OH, the
opposite is true. Hence CH3OH is showing significant
"bottle-necking", while CF3CH2OH is not. The fluence
required to achieve a particular level of excitation as
a function of pressure is shown in Fig. 3.2.3.2. For a
pressure of 16.8 Pa, a fluence of ^ 200 J/cm2 will excite
CF3CH2OH to an average of 10 photons per molecule, while
for CH3OH at the same pressure, a fluence about 50-fold
larger would be required to give the same degree of
excitation (8). Additionally, the fluence required to
give a particular degree of excitation is more pressure
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I L _ L

HER OF E X C I T A T I O N PHOTONS

Figure 3.2.3.1 - The density of states for various -OH containing
molecules as a function of number of photons
absorbed. SF6r excited by a CO2 laser, is
included for convenient reference.
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!.2,2 TRIFIUOROEIHONOL PRESSURE (Pa)

Figure 3.2.3.2 - The radiant energy fluence required to obtain
various values of <n> (the average number of
photons absorbed per molecule) as a function of
2,2,2-trifluoroethanol pressure. The dashed
lines show the minimum and maximum laser fluence
that was used to obtain the experimental results
for each pressure.
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dependent for CH3OH than for CF3CH2OH. These results
clearly show that increasing the density of states in the
R- group causes a dramatic increase in the efficiency of
the multiphoton excitation process.

(1) R. Corkum, C. Willis and R.A. Back, Chem. Phys. 24,
13 (1977). —

(2) D.K. Evans, R.D. McAlpine and F.K. McClusky, Chem.
Phys. 32̂ , 81 (1978) .

(3) L. Selwyn, R.A. Back and C. Willis, Chem. Phys. 32,
323 (1978). —

(4) R. Bhatnagar, P.E. Dyer and G.A. Oldershaw, Chem.
Phys. Letters 6^, 339 (1979).

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

(6) D.K. Evans, R.D. McAlpine and F.K. McClusky, Chem.
Phys. Letters 6_5, 226 (1979).

(7) S. Mukamel and J. Jortner, J. Chem. Phys. 65, 5204
(1977). —

(8) S.L. Chin, D.K. Evans, R.D. McAlpine, F.K. McClusky
and E.B. Selkirk, Opt. Commun, (in press).

(b) Short Pulse Laser System

The short pulse laser system constructed under
contract with Lumonics Research Co. has now been received
and will be installed when laboratory modifications are
complete. In tests at Lumonics it produced a 0.4 J
pulse with a FWHM length of 2.4 ns and an energy contrast
ratio of 15, thus exceeding target specifications.

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

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

Surveys have been made of portions of the HO2 LMR
spectra observable at wavelengths of 171 ym ( and of
432 and 232 ym (2).

Thii 171 ym a spectrum we observe in the 575-675 mT
range is similar to that of Hougen, et al. (1) but with
all field values ^ 10 mT higher. The 232 ym spectrum
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shows the best signal to noise ratio and hence is best
suited for the pulsed LMR experiments.

The OD LMR spectra reported in PR-CMa-45, AECL-6327,
have been remeasured under improved operating conditions
along with known OH spectra at 96.5 and 118.8 ym. These
data are being supplied to Dr. J. Brown, University of
Southampton, for detailed analysis.

Spectrometer noise introduced through the interaction
of eddy currents, induced in metal components by the
modulation field, with the static DC field has been
greatly reduced by replacing metal vacuum system components
in the magnet gap with plastic ones.

Experiments are being conducted on the fast time
response of the spectrometer. The sample region of the
spectrometer is filled with the lasing medium, CH3OH
in the present measurement, which is then pumped periodically
by an % 0.1 J, ^ 200 ns pulse from the pulsed CO2 laser
and the transient effect on the FIR laser output measured.
The intent is to deduce some information on the dependence
of the spectrometer sensitivity on "sample" geometry.

(1) J.T. Hougen, H.E. Radford, K.M. Evenson and C.J. Howard,
J. of Mol. Spect. 5£, 210 (1975).

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

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water

- J.P. Butler, J. den Hartog, F.W. Molson, J.H. Rolston,
J.R. Tromp, D.E. Clegg and L.M. Dainty

3.3.2 Surface Studies by X-Ray and UV Photoelectron Spectrosocpy
(XPS and UPS) and Low Energy Electron Diffraction (LEED)

- P.R. Norton, D.K. Creber and J.W. Goodale
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3.3.2.1 Stability of (lxl) Pt(lOO) Surfaces

- in collaboration with J.A. Davies, Solid State Science
Branch

Hydrogen adsorption on a (5x20) Pt(100) surface at
t» 100 K results in the formation of a LEED pattern
characterized by intense integral order spots (i.e., (lxl)
pattern) with some faint 1/5 order structure also visible.
This surface transforms back to the (5x20) surface
when the most strongly bound hydrogen desorbs (T ̂  380-390 K).
If the hydrogen covered surface is subjected to ion
bombardment («v» 5 x 1011* Ar+ ions-cm"2, 5 keV) the (lxl)
surface is stabilized to temperatures above that necessary
for hydrogen desorption and only transforms to the (5x20)
structure at T ̂  420 K. Damage thus appears to stabilize
the (lxl) surface produced by hydrogen adsorption.

Sputtering the (1x1) or (5x20) surface with £ 3.5 x 10ls

Ar+ ions-cm"2 (5 keV) produces a damaged (lxl) surface.
The modulation of the diameter of the diffraction spots
with electron beam energy indicates that the surface
contains a high concentration of randomly oriented steps.
The transformation back to (5x20) occurs at T £ 770 K,
at which temperature the surface platinum atoms probably
have significant surface mobility, i.e. the damage has to
anneal out before the transformation can occur. The
reactivity of these surfaces towards D2 has been measured
by nuclear inicroanalysis.

A full report on this work has been submitted to
J. Vac. Sci. Technology.

3.3.2.2 Adsorption of NO on Pt(lOO) Surfaces

Nitric oxide (NO) is a potential poison for the
platinum catalysts used for hydrogen isotope enrichment
processes. It is produced during the combustion of
hydrogen by reaction of oxygen and nitrogen (impurity)
species in a flame. NO adsorption was monitored by
XPS and UPS. Preliminary measurements have indicated
that both molecular and dissociated NO are present on
the surface after an exposure of i 1 x 10~2 Pa»s at
298 K.

More than 90% of the total adsorbed species desorb
at TA. 460 K. Some adsorbed oxygen may remain on the
surface as a result of dissociation of the NO. Other
workers have observed N2 desorption which also implies
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dissociation. The dissociated state presumably is also
an intermediate in the production of NH3 which has been
observed by J.H. Rolston under trickle bed H2/HDO
exchange conditions. The remaining adsorbed oxygen is
readily removed by hydrogen at room temperature.

The adsorption of NO produces a (lxl) surface from
which the NO may be desorbed as described above without
transformation back to the (5x20) surface. The clean
(lxl) surface so produced transforms only in the range
^ 470-520 K. The NO-produced (lxl) surface thus appears
to be much more stable than the (lxl) surfaces produced
by hydrogen adsorption. It is believed that the residual
reconstruction revealed by the faint 1/5 order spots
(Section 3.3.2.1, above) act as nucleation sites for the
trans formation.

Thase ideas are being further investigated.

3.3.3 Surface Structure Analysis by Rutherford Backscattering
and Channeling

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

Work continued on the development of a device that
would permit resistive heating of the samples on the
goniometer up to temperatures of <v< 1300 K and also
allow more rapid cooling and attainment of lower ultimate
temperatures (T ̂  120 K).

The conventional non-bakeable solid state detector
used for Rutherford backscattering has been replaced by
a bakeable detector enabling us to routinely attain a
vacuum better than 7 x 10"9 Pa.

The reciprocating paddle/Faraday cup assembly has
been improved by the addition of electron suppressor
plates and tests indicate that errors arising from
secondary emission effects are £ 1%. Problems of non-
statistical variation (up to 10-20%) in the current
measurements are being further investigated.
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3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and
Cyclopentylamine (CPA)

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

To date, JCHD has been measured directly for kinetic
runs started with available stock, 1.386 mole percent
HD in H 2. However, poor reliability of mass spectral
analyses for mixtures containing less than several mole
percent HD has been a serious problem, especially for runs
where only a few percent reaction occurs in six hours.
Commercial "pure" HD is not available at pressures above
one atmosphere. An apparatus has been set up for prepar-
ation of essentially pure HD gas (> 95%) at 1-3 MPa,
by reaction of LiAlHi» with D2O (1,2) under controlled
conditions.

The effect on the rate constant for D2 exchange of
adding 0.035 mol-IT1 2.1.1 cryptate (Li+ complexing agent)
to an eguimolar solution of LiCPA has been measured. No
increase in rate constant at -10°C was noted.

(1) I. Wender, R.A. Friedel, and M. Orchin, J. Am. Chem.
Soc. 21> H 4 0 (1949) .

(2) A. Fookson, P. Pomerantz, and E.H. Rich, Science 112,
748 (1950) .

3.4.2 Deuterium Exchange and Hydrolytic Stability of Fluoroform
(CF3H) '~

- E.A. Symons, J.H. Rolston and M.J. Clermont

3.4.3 Isotopic Exchange Reactions in Protic Solvents by NMR
Spec tro scopy

- J.D. Halliday and P.E. Bindner
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(a) Proton Exchange in Hydrogen Sulphide/Methanethiol

NMR measurements of proton exchange in mixtures of
hydrogen sulphide and methanethiol as a function of mole
fraction of the reactants, catalyst concentration, and
temperature ha "e been completed. Initial results were
reported in PR-CMa-49, AECL-6589. Calculation of the
rate constant from the NMR spectra requires the
determination of the ionic catalyst concentration. This
is being obtained from an electrical conductivity study
of reaction [1].

[1] (CH3)3N + H2S s=* (CH3) 3NHSH ^=^ (CH3)3NH
+

(b) Proton/Deuteron Exchange in Liquid Hydrogen Sulphide

The NMR spectrum of an equilibrated equimolar H2S/D2S
liquid phase mixture is shown in Figure 3.4.3.1. Two
species are clearly resolved, H2S and HDS, indicating that
any exchange occurring is slow on the NMR timescale,
ti/2 >. ̂  1 min. This is the first time the spectra for
the two species have been resolved and it was accomplished
by removing trace amounts of catalyst species through
pretreatment of the NMR medium pressure cell by baking
at ^ 450°C before condensing the gases.

Several spectral parameters necessary for more
detailed studies have been evaluated. The HDS (1:1:1
triplet) has a coupling constant, JHD = 1.94 Hz, which is
independent of temperature. There is an isotope shift
between H2S and HDS of 2.56 Hz. The temperature dependence
of the H2S and HDS chemical shifts relative to
tetramethylsilane (TMS) , <5(Hz), due to hydrogen bonding
in the solution, can be represented by the equations!

<$„ c = -0.3049 t (°C) + 89.414
xl 2 ̂

and

{„.„ = -0.3057 t (°C) + 86.857
nub



- 69 -

83.4 Hz 71.4 HZ

Figure 3.4.3.1 - *H NMR spectrum of an equilibrated equimolar
H2S/D2S liquid phase mixture with 1% TMS added.

a) H2S
b,c,d) HDS (1:1:1 triplet from coupling with

the spin 1 = 1 deuterons).

between -35.6 and +27.5°C.

The difference in the slopes of these equations is
within the errors of the measurements.

The ability to observe separate signals for H2S
and HDS in the liquid phase will permit an NMR lineshape
study of base catalyzed exchange in liquid H2S [1] as a
function of SH~ concentration and temperature.

[1] HDS + SH SD~ H2S



- 70 -

3.4.4 Solubility Isotope Effects (S.I.E.) for Molecular
Hydrogen in Protic Solvents

- J.H. Rolst.on and E.A. Symons

D2 is known to be several percent more soluble than
H2 in water, the extent being dependent on solvent
temperature (1). A program has been started to measure the
relative solubilities of H2 , HD, and D2 in a series of
protic solvents like alcohols and amines. Such data are
required for interpretation of fractionation factors and
the kinetics of homogeneous exchange reactions and may
be useful as a probe of solvent structure.

Hydrogen of suitable isotopic composition is contacted
with the degassed liquid at constant temperature and
pressure (0.1 MPa). Following gas/liquid equilibration,
a sample of the liquid is removed, and the dissolved gas
recovered and analyzed by mass spectrometry. From the
change in isotopic composition between the stock and
dissolved gas the S.I.E. can be determined.

Initial test experiments with water have been carried
out. Because of differences in diffusion rates (H2 > HD > D2)
when a gas mixture is expanded through a cold trap (liquid
nitrogen, to remove solvent vapour), it is vital to admit
both calibration mixtures and unknowns into the mass
spectrometer under identical conditions to avoid calibration
errors of 2-5%.

The reliability of the experimental procedures has
been confirmed. At 25°C the relative solubility HD/H2
(S.I.E.) in water was measured as 1.031 ± 0.007 for 3
samples. The published value (1) is 1.065 for D2/H2,
giving (1.065)V2 = 1.032 for HD/H2. Similarly, at 5.0°C,
we found 1.037+ 0.011 for 6 samples, cf. (1.086)V2 = 1.042 (1)

(1) J. Muccitelli and W.-Y. Wen, J. Solution Chem. 1_,
257 (1978).
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3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Multiphoton Absorption of Intense HF Laser Radiation by
Methanol
- S.L. Chin, D.K. Evans, R.D. McAlpine, F.K. McClusky
and E.B. Selkirk
Optics Communications (in press) 1979.

An Application of Ion Beam to Determination of Reconstruction
and Relaxation of Pt-Surfaces
- N. Matsunami, J.A. Davies, P.R. Norton, D.P. Jackson and
J.U. Andersen
Proceedings of (Japanese) Conference on Ion Sources and
Applications to Technology (ISAT) (in press) 1979.

Absolute Coverage Measurement of Adsorbed CO and D2 on
Platinum j
- J.A. Davies and P.R. Norton
Ion Beam Analysis Conference, Aarhus, Denmark, 1979 June 25-29, j
Proceedings of the Ion Beam Analysis Conference published in j
Nucl. Instr. Meth. (in press) 1979. !

Optical Properties of Dilute Metal/Solvent Systems !
- W.A. Seddon and J.W. Fletcher j
5th International Conference on "Excess Electrons in Fluids",
Colloque Weyl V, Aviemore, Scotland, 1979 June 25-29
Deutsche Bunsengesellschaft fur Physikalische Chemie(in press)
1979.

3.5.2 Lectures

The Contribution of Pulse Radiolysis to the Chemistry
of Alkali Metal Solutions
- J.W. Fletcher and W.A. Seddon
Miller Conference, Nafplion, Greece
1979 September 10-14.

Modern Methods in Surface Science; Catalytic and Structural
Properties of Platinum Surfaces
- P.R. Norton
Division of Electrical Engineering, NRC in "Science
Association" Program, Ottawa, Ontario
1979 September 12.

Absolute Coverage Measurement of Adsorbed CO and Dz on
Platinum
- J.A. Davies and P.R. Norton
Ion Beam Analysis Conference, Aarhus, Denmark
1979 June 25-29.
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Photoemission Studies of Itinerant 5f Electrons in the
Actinide Antiferromagnet Uranium Nitride
- W.J.L. Buyers, P.R. Norton, R.L. Tapping and D.K. Creber
International Conference on Magnetism, Munich, W. Germany
1979 September 3-7.

The Chemistry of Optical Properties of Dilute Alkali Metal
Solutions
- W.A. Seddon
Cookridge Radiation Research Centre, University of Leeds,
England
1979 July 5.

Underlying Research
- D.R. Smith and I.H. Crocker
R&D Program Committee Meeting, Bldg. 400, Conference Room,
CRNL
1979 August 14.

The lectures listed above may not be available in print.



- 73 -

4. REPORT OF MATERIALS SCIENCE BRANCH

page

4.1 STAFF 74

4.2 SURFACE CHEMISTRY 75

4.2.1 Environmentally-Induced Cracking of 75
Zirconium Alloys

4.2.2 High Temperature Oxidation During 79
Transients

4.2.3 Nodular Corrosion of Zircaloy-2 81
4.2.4 Breakaway Oxide at 623 K 82
4.2.5 Analysis of ZrO2 Electron Diffraction 83

Patterns

4.3 ELECTRON MICROSCOPY 84

4.3.1 Ion Simulation of Zr-2.5% In-Reactor 84
Creep

4.3.2 Electron Gun Performance of the Siemens 85
Elmiscop 101

4.3.3 Specimen Preparation for High Resolution 85
TEM

4.3.4 The Behaviour of Displacement Damage 85
Cascades in Ti, Zr and Hf

4.3.5 <o-Component Dislocations in Zirconium 86
Alloys

4.4 METAL PHYSICS 87

4.4.1 Mechanical Testing 87
4.4.2 Irradiation Creep and Growth 93
4.4.3 Irradiation Growth of Zirconium Single 100

Crystals
4.4.4 Positron Annihilation in Neutron-Irradiated 101

Zirconium
4.4.5 Positron Annihilation Spectroscopy 101

4.5 PUBLICATIONS, LECTURES AND REPORTS 102

4.5.1 Publications 102
4.5.2 Lectures 102



- 74 -

MATERIALS SCIENCE BRANCH

4.1 STAFF

BRANCH HEAD
SECRETARY

Dr. B. Cox
Miss J.J.P. Vaillancourt

Professional Staff Technical Staff

G.J.C.
G.M.
S.R.
J.R.
R.A.
N.

G.C.
O.T.

Carpenter
Hood
MacEwen
Parsons
Ploc
Ramasubramanian
Weatherly [1]
Woo

J.A.
A.

C.W.
V.C.
M.A.
J.A.

F.
S.B.
T.P.
J.F.

Armstrong
Elve [2]
HoeIke
Ling
Miller
Roy
Santone
Thomas
Trottier
Watters

(Tg)
(SS)
(Tc)
(Tg)
(Tg)
(Tc)
(Tg)
(LA)
(Tg)
(Tg)

(LA) Lab Attendant
(Tc) Technician
(Tg) Technologist
[1] Visiting Summer Professor, ending 1979 August 17.
[2] Summer Student, ending 1979 August 31.



- 75 -

4.2 SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking of Zirconium Alloys

- B. Cox and V.C. Ling

(a) Gaseous Hydrogen Cracking

The crack in the first Zr-2.5% Nb double cantilever beam
specimen (DCB) continued to propagate until it reached a point
near the end of the specimen where the stress intensity (K^)
could no longer be validly calculated. It arrested at this
point, but it was not possible to establish whether it had run
out of hydrogen or whether the stress had relaxed too muçji. The
stress n^.ensity at this point was < 6.5 MPa/m (7.3 ksi/in.).
The specimen was broken open and examined on the SEM. A large
amount of powder was obtained from the crack, which proved (on
X-ray analysis) to be ZrH2-x» an<^ t n e fracture faces had a
very flaky appearance. It was possible to locate striations on
the fracture faces corresponding to the crack arrest points at
which the specimen ran out of hydrogen. There was only a small
amount of tunneling visible on all striations, and the shapes
of these were used to correct the intermediate crack length
readings and hence the K^ versus crack velocity curve
(Figure 4.2.1.1). The final crack front was planar, suggesting
that the crack finally arrested because of lack of stress
rather than lack of hydrogen. Despite the flaky fracture
surface (which was even further damaged by the vibration of
cutting a specimen for SEM examination) it was possible to find
some areas which appeared to be unaffected. These showed an
entirely brittle aspect, which showed the platelet structure
typical of Zr-2.5% Nb delayed hydride cracking (DHC) fractures
in some areas (Figure 4.2.1.2). Instances of "river-patterns"
were also seen. There was much more lateral cracking in this
specimen than would have been expected for DHC. However,
despite these minor differences it is concluded that crack
propagation in gaseous hydrogen is by the same mechanism as in
DHC, namely fracture of hydride platelets at the crack tip.
Thus, the main reason for the enormous differences in crack
velocity between gaseous hydrogen cracking and DHC (all DHC
points for Zr-2.5% Nb at room temperature would be off the
bottom of figure 4.2.1.1; see C.E. Coleman and J.F.R. Ambler,
ASTM-STP-633, p.589, 1977) arises from the immediate availabi-
lity of hydrogen at the crack tip in this instance, and hence
the elimination of the slow rate-controlling diffusion process
in the metal.

The crack in the second Zr-2.5% Nb specimen, with an
initial Kj of ^ 26 MPat^ , has essentially arrested, and
the specimen will be opened shortly to establish the final
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a. X2500

b. X10700

Figure 4.2.1.2 Fractography of coherent parts of a fracture
surface of Zr-2.5% Nb produced in gaseous
hydrogen at room temperature.
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position of the crack front for KiH determination. Subsequent
specimens are still cracking and are being used to study the
effect of H2 pressure on crack velocity and the effect of O2
on crack arrest.

The results of Nelson and Wachob for Zircaloy-4 shown on
Figure 4.2.1.1 are in excellent agreement for Stage I cracking,
over the range of velocities they measured. The high apparent
Kin they estimate is seen to be almost certainly the
result of their lack of persistence in measuring low crack
velocities. The lower Stage II velocity (2.5 x 10""*> m.s~l)
which they measure compared with our value of 1.5 x 10~^ m.s
for Zr-2.5% Nb may result from the greater ductility of the
Zircaloys, or may indicate a higher surface hydriding rate for
Zr-2.5% Nb.

4.2.2 High Temperature Oxidation During Transients

- B. Cox

Predictions of the oxidation behaviour of the Zircaloys
during the rapid high temperature transients which may accom-
pany loss of coolant situations (LOCA) are usually calculated
from isothermal data for the thickness of oxide and stabilized
-Zr layers, as a function of time, obtained over the tempera-
ture range of interest. It is assumed that there are no
hysteresis effects involved in predicting transient behaviour
from isothermal data, that equilibrium is maintained at the
interfaces and phase boundaries, and that the oxidation
kinetics are parabolic at all temperatures (a simplifying
assumption not justified by the evidence available).

It is known that, at least up to 950°C, the oxidation
kinetics pass through a normal transition from cubic/parabolic
to linear as time increases. Furthermore, most isothermal data
have been obtained on specimens with a freshly pickled surface,
or which have been pre-oxidized for too short a time, or at too
high a temperature to have passed through the rate transition.
In practice most water-reactor fuel cladding starts life with a
pre-autoclaved oxide film, and the enhanced oxidation rates
during normal reactor operation ensure that the cladding is
operating in the post-transition linear oxidation regime for
most of its life (see CE/KWU/dPRI Waterside Corrosion of
Zircaloy Clad Fuel Rods, NPSD 79 (1979), and Proc. of ANS
Topical meeting on LWR fuel experience, Portland, Oregon, April
May 1979, UC78). There is no evidence in the literature which
would support any hypothesis that raising the Zircaloy tempera-
ture could convert a porous post-transition oxide to an imper-
meable pre-transition one; thus, cladding already oxidizing
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according to linear post-transition kinetics might be expected
to continue in that mode during a transient.

Continuous gravimetric measurements during step changes
in temperature (Cox, UKAEA Report AERE-R4368, 1963) showed that
the temperature coefficient of post-transition oxidation could
be separated into two components, an instantaneous component
representing the temperature coefficients of the processes
occurring in the then existing oxide film, followed by a slow
change towards the equilibrium rate at the new temperature as
the oxide readjusts its physical state (e.g. conductivity,
crystallite structure, porosity) to that typical of the new
temperature. Thus, for post transition oxidation under transi-
ent conditions specimen history is expected to be important and
large hysteresis effects during heating and cooling transients
should be observed. In general, for rapid transients the total
oxidation should be much less than that calculated from iso-
thermal oxidation kinetics. Because equilibrium may not be
maintained at the phase boundaries during such transients, and
because the oxygen diffusion rates in the metal would not be
expected to show hysteresis effects, these discrepancies should
be less evident for calculations of the maximum depth of oxygen
penetration, than for those of total oxidation (or oxide
thickness). Attempts to compare calculation with experiment
for rapid transients have shown discepancies of a factor of two
to three, especially for pre-oxidized specimens (R.R. Biederman,
R.G. Ballinger and W.G. Dobson, EPRI Report NP-225, 1976). Even
larger discrepancies might be expected for the case of cladding
with a post-transition oxide film formed at low temperature
already in place.

In order to estimate a realistic hysteresis effect the
early results for step changes of temperature have been used to
devise an oxidation rate sequence for a simple saw-tooth
transient between 400 and 1000°C (Figure 4.2.2.1). A simple
numerical integration of this curve shows that it predicts
about a quarter of the total oxidation predicted by the use of
the isothermal curve (equilibrium temperature coefficient).
This is in the same range as the observed discrepancies. To
put these estimates on a firmer experimental basis, however,
further microbalance experiments would be required.

The importance of these discrepancies should not be
underestimated. The total amount of oxygen reacting during a
transient, particularly during the rising temperature leg, is a
critical factor in determining the extent of self-heating, or,
in the extreme, the occurrence of ignition of the Zircaloy
cladding. The hysteresis effects, described above, should
result in lower actual peak temperatures than those predicted
from the rates of liberation of the heat of reaction calculated
from isothermal oxidation data. Thus, the occurrence of
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self-sustaining ignition of Zircaloy should be much less probable
than anticipated from such calculations.

4.2.3 Nodular Corrosion of Zircaloy-2

- N. Ramasubramanian

Oxidation in high pressure (> 10 MPa) steam at temperatures
z 773 K is widely adopted as a general test to check the suscep-
tibility of Zircaloy-2 to nodular corrosion. However, electro-
chemical measurements, which could provide information on the
mechanism of nodular corrosion, are made difficult because of
the poor electrical conductivity of the steam phase. We are
therefore exploring the possibility of selecting a molten salt
medium in which the oxidation behaviour of Zircaloy-2 in
different metallurgical conditions would bear an analogy to that
in high temperature and high pressure steam. Two types of
experiments were carried out; (i) in the autoclave with the
samples immersed in a molten salt and pressurized with steam and
(ii) in a molten salt exposed to atmospheric conditions.

For the molten salt oxidation in the autoclave, melts of
NaOH-KOH and LiNO3-NaNO3, having moderate solubility of
water at high temperatures, were tried. The testing temperature
varied from 673 to 773 K; a platinum (crucible) was found to be
a suitable container material for the hydroxide melt- In the
hydroxide melt, Zr-2.5% Nb alloy suffered a catastrophic oxida-
tion. When a crucible made of 3 mm thick Zr-2.5% Nb alloy was
tried as the container for the hydroxide melt, in an experiment
at 673 K and a steam pressure of 3 MPa, the alloy was reduced
to nearly half its thickness in 2 h due to the formation of
white flaky powdery oxide. The Zircaloy-2 sample, however, had
oxidized normally, as had the specimens in the nitrate melt. In
all these autoclave experiments, there were difficulties in
holding the steam pressure; the leaks probably resulted from
the gradual attack on the seals by the decomposition products
from the melt.

Oxidation in the molten salt, expoi-••*•:; to the atmosphere,
at 673 to 773 K, was carried out with bcsic LiCi-KCJl and NaOH-
KOH and acidic Na2SO4-NaHSO4 melts. Un±ike the equimolar binary
KNO3~NaNO3 melt (PR-CMA-48) oxidation in these melts
did not result in a uniform oxide growth. After a couple of
hours of oxidation, the samples had a milky appearance and
optical examination revealed a localized attack in chloride and
sulfate and deposition in hydroxide melts.

As nodular corrosion of Zircaloy-2, in general, is the
result of a localized accelerated oxidation, it was decided to
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select the nitrates, which gave normal oxide growth, as the
medium of oxidation and study the effect of hydroxide, chloride
and sulfates, which by themselves resulted in localized attack,
as additions to the nitrate melt. The addition of NaOH, 0.1
mole per mole of the binary nitrates melt, did not result in
any nodular type of oxide growth in 24 h oxidation at 773 K.
When NaCJl, 0.16 mole per mole of the binary nitrates, was added
scattered areas of white deposits were visible within an hour
of oxidation. Optical examination revealed the deposits,
several micrometers in size, to be cracked areas of accelerated
oxidation; the appearance was similar to nodular oxidation in
steam. Cox (Oxidation of Metals, 2» 3 9 9' (1971)) has reported a
rapid oxidation behaviour of Zircaloy-2 in molten NaNO3(0.15)-
KNO3 (0.75)-NaC&(0.10) eutectic; numbers in brackets refer to mole
percentages.

The chloride content was reduced to 0.01 mole per mole of
NaNO3 melt. Oxidation proceeded normally for about 6 h and
optical examinations during this period revealed no detectable
localized oxidation. But with continued oxidation the sample,
slow-cooled from the 8-phase, started showing signs of
localized accelerated oxidation. After a total oxidation time
of 25 h, the samples were cross-sectioned and. examined
optically. The sample, slow-cooled from the 6-phase, showed
areas of nodular oxide growth; the nodules were smaller in
lateral size and had less depth of penetration compared to the
steam grown films. In the case of the samples in the as-
received condition, though areas of cracked oxide growth were
seen on the surface, the cross sections did not show nodules of
oxide growth. It seems that chloride additions in controlled
amounts to alkali nitrates might be developed into an oxidation
medium which would simulate the high temperature oxidation
behaviour of Zircaloy-2 in high pressure steam.

4.2.4 Breakaway Oxidation at 623 K

- R.A. Ploc

There is some suggestion that the transition to breakaway
oxidation is not sharply delineated but occurs over a period of
time with progressive cracking of the surface oxide. Cracking
is believed to occur by localized rapid oxidation around
inclusions•

A sample of crystal-bar zirconium which had been oxidized
at 623 K in dry oxygen for 222 days (oxide film thickness of
484 nm) was examined in the SEM. Examination of the inside and
outside oxide surfaces showed that indeed localized thickening
of the film was occurring around inclusions. The thickening
was characterized by slight swelling at the outside surface and
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larger hemispherical protrusions at the inner interface. Exami-
nation of the swelling revealed oxide cracking in roughly 50%
of the cases which in turn suggested that first came the rapid
oxidation then cracking, it is therefore likely that the tran-
sition to breakaway is approached tangentially to the pre-
transition cubic curve as more and more cracking of the outer
oxide occurs.

4.2.5 Analysis of ZrO? Electron Diffraction Patterns

(a) Production of Simulated Patterns

- R.A. Ploc and M.A. Elve

Further to PR-CMa-49, section 4.3.1, the zone axis models
[111], [112] and [112] have been identified as those mainly
contributing to the structure of the electron diffraction
patterns taken from ZrC>2 films (< 150 mm in thickness)
grown on Zr basal planes. Simulated patterns have been
generated for various tilts and tilt axes which have yet to be
compared to experiment. Using the above-mentioned zone axis
models, simulated patterns were generalized for oxide films
grown on several other metal planes. These, also, have yet to
be compared to experiment.

(b) Comparison of Simulated and Experimental ZrO Electron
Diffraction Patterns

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

Many unsuccessful attempts were made to remove anodically
grown thin (<\, 50 nm) ZrC>2 films for electron diffraction
studies. The reason for failure of the stripping solution is
unknown and this failure has significantly hindered much of our
research. Several additional problems have been identified in
obtaining suitable diffraction patterns:

(i) on a polycrystalline Zr sample, the number of basal pole
orientations is not sufficiently large to ensure that
that the small pieces of oxide removed from the metal
arise from an acceptable metal surface orientation

(ii) An exact basal pole orientation of a metal grain in a
polycrystalline sample is rare

(iii) Having achieved an ideal piece of oxide, it is usually
buckled
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(iv) Ideal pieces of oxide need to be located in the center of
the electron microscope grid to allow unobstructed large
angle tilting. !

All difficulties considered, the probability (which has
been experimentally verified) of obtaining suitable diffraction
patterns to directly compare to their simulated counterparts is
extremely small.

A second line of approach is being tried. Single crystals
of Zr of precise orientations are being prepared for anodic
oxidation. Thin carbon layers are being deposited on the
ZrO2 to slow or prevent bromine attack in the stripping
solution. Initial results are encouraging though difficulty with
iii above remains.

4.3 ELECTRON MICROSCOPY

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

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

A correlation of microstructural changes and bending
stress with ion dose in oxidized Zr is now believed possible.
A brief review of the pertinent experimental obser ations
follows:

(1) The extent of the epitaxy of oxides less than 10 ran thick
increases with ion dose.

(2) For oxide thicknesses < Rp, (projected ion range)
irradiated specimens develop a convex curvature.

(3) For oxide thicknesses > Rp, irradiated specimens
develop a concave curvature.

(4) Oxide diffraction maxima, which have a pronounced
asterism before irradiation, are sharpened with
increasing ion dose.

(5) The oxide grain structure is progressively recrystallized
with increasing ion dose.
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Ion-bombardment-induced swelling of Zr together with
ion-bombardment-induced densification of ZrO2 is believed
responsible for the above results. Further, when an atomic
collision occurs the density in the cascade region goes to
completion. A saturation effect occurs so that any measure of
damage such as integrated stress (S) has a functional depen-
dence on ion dose ^ of a form:

S = A(l-e-
B((>) -

Zr swelling ZrO~ compaction

An encouraging fit to experimental data has been achieved.
Additional irradiations with thick oxides (i.e. with a
thickness > Rp) are in progress.

4.3.2 Electron Gun Performance of the Siemens Elmiscop 101

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

The electron gun has been isolated from the microscope
vacuum system and pumped with a separate liquid N2 cooled
2" diffusion pump. This has improved the vacuum from - 6 x 10~3
Pa to 2 x 10"' Pa in the gun chamber and gives a further
improvement in filament lifetime. Experiments to determine the
optimum filament tip position are still being conducted.

4.3.3 Specimen Preparation for High Resolution TEM

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

Silicon and germanium specimens have been prepared with
[110] surfaces. Dislocation loops lying on [111] planes have
been introduced into chese specimens by room temperature
bombardment with 100 keV As ions followed by a short high
temperature anneal in vacuum.

4.3.4 The Behaviour of Displacement Damage Cascades in Ti, Zr and Hf

- O.T. Woo and G.J.C. Carpenter

Several studies of irradiation damage in zirconium and
titanium, irradiated at elevated temperatures, have shown that
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both vacancy and interstitial loops are commonly present in the
microstructure. The presence of vacancy loops is significant
since these loops tend to negate the irradiation-induced
dimensional changes (growth) caused by the interstitial loops,
which have the same Burgers vector.

A study of the damage produced by electron irradiation*,
where only Frenkel pairs are formed, hss shown that only
interstitial loops are created at elevated temperatures. This
suggests that the vacancy loops in neutron-irradiated zirconium
originate from the displacement damage cascades. A study of
the factors that influence the collapse of cascades to form
vacancy loops has therefore been initiated, using Ti, Zr and
Hf, which have the same crystal structure (hep) and similar c/a
ratios. Ion bombardment is being employed rather than neutron
irradiation since the contrast characteristics of small dislo-
cation loops, observed using electron microscopy, can be
readily interpreted. This is because the depths of the defects
in the irradiated thin foils are well-known from ion-range
data.

Initially, specimens of Ti and Hf have been bombarded
with Bi+ ions with energies in the range 60 to 100 keV to
doses of 1.05 x 10̂ -̂  ions/m^, using the mass separator.
These metals have been chosen because they yield thin foils
with less tendency for oxide film or hydride formation during
foil preparation than with zirconium. Transmission electron
microscopy has revealed small defects with sizes within the
range 2 to 7 nm showing contrast characteristic of dislocation
loops. A more detailed assessment of the contrast behaviour is
in progress.

4.3.5 <c>-Component Dislocations in zirconium Alloys

- O.T. Woo, G.J.C. Carpenter and S.R. MacEwen

A crystal-bar zirconium specimen, hydrided to 30 ppm
hydrogen at 10 73 K and homogenized at 673 K for 24 hours, was
found to contain twins vithin which <c>-component dislocations
have been observed.

One twin under extensive investigation has been identi-
fied to be of the {1122} type and has interacted with grain
boundaries and other twins along its entire length. By means

*G.J.C. Carpenter, to be published
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of TEM contrast experiments, both <c> and <c+a> dislocations
have been identified; Figures 4.3.5.1(a) and (b).

The single <c+a> dislocations, labelled A, were rather
jogged and predominantly screw in character. Jog dragging and
double-cross-slipping under thermal activation by a Gilman-
Johnston type* of mechanism was thought to produce dipole
loops, labelled B, as shown and visible in both Figures 4.3.5.1
(a) and (b). Both edge and screw type <c>-dislocations were
present, labelled Ci and C2. <c>-dislocatior loops (at
D) were also observed. The jogged nature of at least some of
the screws, and mixed, <c>'s, at C , suggests that the Gilman-
Johnston method is applicable to the formation of <c>-loops.

4.4 METAL PHYSICS

4.4.1 Mechanical Testing

(a) Computerized Instron

- F. Santone, T. Trottier and S.R. MacEwen

The new vacuum system for the computerized Instron has
been assembled, and repairs to the computer system have been
completed. Only three items remain outstanding in the effort
to refurbish the computer hardware: a repaired memory board
failed after about three weeks use and has been returned to the
supplier; the interface between the Alpha-16 and the new
Decwriter is not complete; the new paper tape reader/punch has
not yet arrived. Problems with the reproducibility of the
temperature at the center of a test specimen have been identi-
fied as resulting from slight misalignment of the mini-furnace,
and have been rectified by minor modifications to the arms
which locate the furnace in the vacuum chamber. Modifications
in the design of the remote extensometer have been completed,
and a new unit is now being constructed.

Experiments have been done to determine the influence of
a flowing argon atmosphere on the cooling rate of a tensile
(creep) specimen cooled from 900 K to 500 K. In vacuum, it was

*J.J. Gilman and W.G. Johnston, (1962) Solid State Physics 13,
148.
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Figure 4.3.5.1 Dislocation arrangement in hydrided crystal-bar
zirconium (a) g = 0002 (b) g = 1210
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found that the average cooling rate for the first 200 K
decrease in temperature was 1.33 K.s~l; in argon, the
specimen temperature rose initially by about 5 K, and then
decreased at an average rate of 1.74 K.s"1 for the initial
200 K drop. In vacuum, the computer control maintained the
stress at the desired value during the cooling except for a
short, initial increase of 0.3 l:ii>&. In argon, the computer
system was not able to maintain the required stress on the
specimen as a result of the change in the output of the load
cell which resulted from the change in pressure in the test
chamber.

(b) Numerical analysis

- F. Santone and S.R. MacEwen

Analysis of data from tensile, creep, or stress relaxa-
tion experiments invariably requires determining the first
derivative of the raw stress or strain data with respect to
time. Often this derivative is subsequently plotted as a
function of stress or strain, and a second derivative is
obtained. Over the past 4 years, a programme, DERIV3, has been
developed to differentiate digitized, numerical, test data.
The program first attempts to fit a straight line or a parabola
to the entire data set on either a linear-linear, linear-log,
or log-log basis. If these attempts are unsatisfactory, as
determined by the error bars associated with each data point,
cubic spline fitting with a limited number of knots is
attempted. The maximum number of knots is a function of the
size of the data set. If this procedure is also unsatisfactory,
a smoothing cubic spline routine, HDERIV, is employed to obtain
the derivative of the data. A major problem with cubic spline
fits is uieir notorious inability to give an accurate deriva-
tive at the beginning and/or end of the data set. This is
of particular concern in the analysis of mechanical test data
where one often requires the first derivative extrapolated to
the beginning (t=0) of a particular test sequence. Here, we
describe an addition to the DERIV3 programme which attempts to
alleviate the problems encountered when cubic splines are used
to fit data.

Many experiments in mechanical testing yield data which
can be described qualitatively ar a transient, followed by
steady state, with a monotonie first derivative. Stress/time
during stress relaxation tests or following a strain rate
change, and strain/time during a creep test are but three
examples. To obtain a fit to such data, the following function
is suggested:

[1] y = A(2-exp(-x/C) - exp(-x/D)) + Bx
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Computer library programs, such as ZXSSQ and MLSQQ, exist to
determine the optimum values for the constants A, B, C, and D,
However, these routines depend sensitively on the initial,
input values given to the A, B, C, D parameters, and fail if
the initial values are not reasonable approximations to the
optimum values. A subroutine TRANS has been written to:

1. Estimate the initial trial values for the four parameters

2. Optimize the parameters using regression analysis
routines.

The parameters A and B are estimated from linear regression
analysis of the long-time tail of the data set. Given A and B,
a new data set is formed,y* = abs(y-2A-Bx). From a linear
regression analysis of the long-time tail of log y* vs x, a
trial value for C is obtained. The final parameter, D, is
estimated from the maximum initial slope of the data set and
the trial values of A, B, and C. If one attempts to optimize
all four parameters, A-D, simultaneously using either ZXSSQ or
MLSQQ, the program fails almost immediately. Consequently, an
iterative procedure has been developed, using MLSQQ, to
optimize A-D in subsets of (A,C,D) and (A,B).

To evaluate the program TRANS, a simulated creep curve
was generated using (1) with A = 3 x 10~4, B = 6 x 10"',
C = 250 and D = 40; Figure 4.4.1.1 shows the e-t and é-t
curves. These data, and a second set in which a random noise
of ± < 5 x 10~6 was added to each point, were analyzed
using TRANS and HDERIV. Table 4.4.1.1 compares the values of
A-D obtained by TRANS with those used to generate the data.

TABLE 4.4.1.1

Transient Function Parameter

Simulation

Analysis of data
with no noise

Analysis of
with +5x10-6

data
noise

2.

2.

A

3 x 10"4

998 x 10"4

97 x 10~4

6

6

6 x

.00

.00

B

10

X

X

-7

10"7

10"7

c
250

249.

251.

4

9

D

40

40.0

41.0
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Figure 4.4.1.2 plots the strain rate obtained by the various
methods and data sets. With the data set with + 5 x 10~6
random noisef TRANS gave values of i which were about 2% low
at the first data point and when extrapolated to x=0, and which
became indistinguishable from the analytical solution after
about 60 s. The smoothing cubic spline fit, HDERIV, gave
initial values which were 13% low at the extrapolated x=0
point, and 11% low at x=10. Subsequent values fluctuated about
the correct value for more than 200 s before the error became
negligible.

4.4.2 Irradiation Creep and Growth

(a) NRX Text Program

- M. Miller and S.R. MacEwen

Experiment RX-60C, consisting of a growth rig, modified
as described in PR-CMa-49, Section 4.4.2(a), and containing an
Al specimen, was inserted into facility #6 on July 24. The
principle experimental problem is now poor temperature control.
The controllers, which are supposed to maintain the specimen
temperature at 573 K, exhibit a regular, 24 hour, 1.5 K ripple
and discontinuities of up to 5 K following changes in reactor
power.

Perturbation tests have been done to determine the
proportionality constants used for data analysis. Kpa -- 9Pv/^p

was found to be 0.030, and Kpp was found to be 0.340 at 573
K with the reactor down, in good agreement with out reactor
tests.

Figure 4.4.2.1 shows the gap of the pneumatic gauge,
corrected with the constants obtained from the perturbation
tests, as a function of time for the data to date. The four
segments of data which lie above the general trend are data
obtained during reactor shutdown periods. Since all of the
data set has been corrected using constants appropriate for
full power conditions, these four segments are not valid data.
From the full power data, it is seen that the nozzle gap
increased during the first 2.4 x 10^s of operation (̂  28 days).
The initial rate was 1.9 x 10" 1 1 m-s"1; from 4.8 x 105 to
1.4 x 106 s the average rate was 4.2 x 10~ 1 2 m-s~l, and
from 1.8 x 106 s to 2.2 x 106 s the rate had decreased further
to 2.75 x 10"12 m-s"1. For times greater than 2.4 x 106 s
the rate appears to be near zero, but a precise value has not
yet been obtained.

Since the Al specimen of this experiment should show no
irradiation induced dimensional change (D.J. Mazey et al. UKAEA
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report AERE-8344), the change in the nozzle gap originates from
dimensional changes in the stainless steel growth rig. If one
were to interpret the data of Figure 4.4.2.1 as originating
from the specimen (that is, to assume the rig to be perfectly
stable during irradiation) the growth rate of a 2.54 cm
specimen would be -7.5 x 10~10 s"1 (-2.7 x 10"6 h"1) initially,
and about -1,08 x 10"10 s"1 (-3.9 x 10"7 h"1) after 1.9 x 106 s.

(b) Theoretical calculations

- S.R. MacEwen

The programme ZEUS uses numerical integration to
calculate, as a function of time, the deformation rate of a
specimen subjected to stress, temperature, and a fast neutron
flux. The analysis considers the migration of vacancies,
interstitials, and divacancies to sinks such as dislocation
loops (aligned or non-aligned, vacancy or interstitial),
network dislocations (edge and screw), voids, and grain bounda-
ries. It allows for anisotropy in grain shape and dislocation
distribution and calculates the strain rate based on one of two
models: model-1 in which screw dislocations act as perfect
sinks, annihilating point defects and forming helices, or
model-2 in which the screws are assumed to act as short circuit
diffusion paths which transport vacancies to the grain boundaries.
Any or all of the loop sizes and number densities, void sizes and
number densities, edge and screw dislocation densities, flux or
temperature may be time dependent according to the net point
defect fluxes to various sinks or according to a model for loop
nucleation.

In several cases in the literature, the steady-state,
irradiation growth rate has been expressed in terms of the
network dislocation density and grain size only. For these
restrictive conditions, the general expressions in ZEUS reduce
to:

[la]

for model-1 in which the screws act as sinks and form helices,
and
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for model-2 in which the screws act as short-circuit diffusion
paths. The different,:; between the two models of irradiation
growth is then:

The terms PGB, ot£ and av are defined by

PGB

-1/2where XQ = pT
subject to rGB/io * xc s rQ
and ai = vi(Ci-Ci th)i ii

a = v (c -C thj + 2\> (c -c ï
v vv v ̂ v ' 2Vl 2V 2V '

The definitions of all symbols are given in Table 1.

Fainstein-Pedraza et al. (J. Nucl. Mat. T3., 1978, 151)
have recently derived an expression for irradiation growth in
Zr:

[4]

To provide a comparison of (4) with the ZEUS formulation, [la]
will be written for an equiaxed grain of side d (3GB=l/3) in
terms of the point defect diffusivities D rather than jump
frequencies, v, for rce/io < (Xc=pT~a) <

PAED(ZiDiCi " Z o D v ( C v ^
th.
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TABLE 4.4.2.1

Definition of Parameters

Cx steady-state concentration of point defect x.

3 G B grain shape factor

PGB grain boundary annihilation probability

b Burgers vector

p dislocation density; AED - aligned edge dislocation, ASD
- aligned screw dislocation, T - total; etc.

d length of a side of a rectangular grain.

rGB equivalent grain radius

vv jump frequency of point defect x.

fA fraction of Burgers vectors in measuring direction.

ZQ zero stress bias factor defect x.

Clearly if the network is assumed to consist entirely of edge
dislocations (ps=0) and if half of these have Burgers vectors
in the measuring direction (PAED = JPT* ^A = 2) t^] and [lb]
differ only as a result of the choice of PRR. In [lb] , PX B=
PGB =PGB'- i n I4] PG*B = /z2 PGB' a n d PGB = ^ PGB«

The calculations of Fainstein-Pedraza et aL predict irra-
diation growth rates in Zr which are significantly higher than
those calculated in ZEUS, for identical conditions of tempera-
ture, point defect production rate and dislocation density.
The two differ not only in the definition of the grain boundary
annihilation probability, but also in the constants which
define the vacancy-interstitial recombination volume, av,
the vacancy jump frequency, v , and the zero-stress intersti-
tial bias coefficient, Z_- . In ZEUS a^ is usually taken to
be 30, although a value as high as 150 may be more justified;
Fainstein-Pedraza et al. choose a recombination coefficient
which gives ai=3.5. In ZEUS the vacancy migration energy
is taken to be 1.3 eV and vv is calculated to be 1.88 x 10

3

at 573 K; Fainstein-Pedraza et al. choose the vacancy migration
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energy to be 1,2 eV and calculate vv to be 6.23 x 10
4 at 573 K.

The value of Zj is not at all well-defined theoretically;
values ranging from 1.01 to 1.20 have been used in the litera-
ture. Fainstein-Pedraza et al. choose ZQ=1.2; for most recent
calculations in ZEUS we have taken ZQ=1.175. In Figure 4.4.2.2
the irradiation growth rate, as a function of the network
dislocation density, has been calculated using Fainstein-Pedraza
et al.'s formulation (equation [4]) with various combinations of the
input constants a^, vv and ZQ, and the results are compared with
results from ZEUS obtained assuming Ps=0 and fA=l/3. All calcu-
lations have been done for an equiaxea grain, d = 10 ym, with
the point defect production rate 1.125 x 10"' s"1 and T = 573 K.
Curve 1 has been calculated (using equation [4]) but with the
/fcQi and /Z_i factors removed. The results are identical with
those calculated numerically in ZEUS or using [lb] for pT< 10̂ -2
ra~2. For higher PT values, the results from ZEUS are lower
than those from [4], and are essentially independent of P^-
The difference is a result of the choice of the grain boundary
annihilation probability. In Fainstein-Pedraza et al. PQB a/p
for all p; in ZEUS we define Xc=l//p~ but subject to X c s
rgg/lO. Thus, in Fainstein-Pedraza et al. PQB increases indefinitely
with P while in ZEUS it reaches an upper limit. Curve 2 is
calculated using [4] precisely, with identical input constants
as for the ZEUS curve. At low p, ê is about a factor of 2
lower than predicted by ZEUS, as a result of the / Z Q 1 factor in
PGB1' used by Fainstein-Pedraza et al. The remaining curves
show that reducing the amount of recombination by decreasing a
from 30 to 3.5 (curve 3) or by increasing vv (by decreasing E^
from 1.3 to 1.2 eV, curve 4) increases t by roughly an order
of magnitude at low p and by nearly 102 at.the maxima of
equation [4].
has but a small effect on é .The effect of increasing ZQ

X from 1.175 to 1.20
é

(c) Effect of solute on irradiation creep and growth

- S.R. MacEwen

The analysis of the effects of solute segregation on
irradiation creep and growth, which were initiated during a
four-month attachment to the Argonne National Laboratory, is
continuing. Equations have been derived to define the solute
profiles at dislocations and spherical precipitates, but these
have not yet been incorporated into ZEUS.

(d) Fission gas release

- S.R. MacEwen, I.J. Hastings (Fuel Materials Branch) and
G.V. Kidson (WNRE)

A recent analysis by Kidson, (submitted to J. Nucl. Mat.)
calculates the cumulative fractional release of the m t h

member of a radioactive decay chain. The general solution.
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while in closed form, is expressed in terms of nested, finite
series, dependent on the number of elements in the chain, and
an infinite series. A computer programme is being developed to
evaluate the fission gas release for each member of specified
decay chains. Initial results indicate that Kidson's analysis,
in its present form, is not suitable for numerical evaluation.
The general equations are currently being rewritten in a form
more acceptable for numerical evaluation.

4.4.3 Irradiation Growth of Zirconium Single Crystals

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

The preparation of the additional zirconium single
crystal specimens for irradiation growth measurements is now
almost complete. All five specimens are in the deformed condi-
tion, as follows.

(a) orientation approximately perpendicular to the c-axis,
strained in tension to an elongation of 5%, slip on 1
system only,

(b) orientation as above, swaged 10% reduction in area to
give both slip and twinning,

(c) as (b) with a recovery anneal at 675 K for 1 h,

(d) as (b) with a recovery anneal (still to be determined)

(e) c-axis orientation, swaged 10% reduction in area (slip +
twinning).

A fifth specimen in the annealed condition was also made in
order to provide a standard for density measurements to be
carried out using irradiated crystals.

The purpose of these experiments is to attempt to charac-
terize the important parameters that govern irradiation growth
in zirconium and its alloys. In particular, it should be
possible to distinguish the relative contributions of <a>-type
dislocations, grain boundaries, <c+a> dislocations plus twins,
and vacancies in solution.

In addition to the single crystals, a polycrystalline
specimen has also been prepared for irradiation. This has been
made from rod, subjected to a similar zone melting behaviour
as the single crystal specimens, followed by swaging. The rod
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was finally annealed to give a recryfstallized structure with a
texture. It will be used to check whether the small changes in
impurity levels that result from zone melting have a strong
influence on the growth beiiaviour of polycrystalline zirconium.
This is essential in order to make a meaningful comparison
between single crystal and polycrystalline specimens.

4.4.4 Positron Annihilation in Neutron-Irradiated Zirconium

- G.J.C. Carpenter, B.T.A. McKee & H. Easterday (Queen's
University)

It was reported previously (PR-CMa-47, section 4.3.4)
that an increase in the mean lifetime was observed for
positrons annihilating in neutron-irradiated zirconium. In
specimens irradiated at 375 K, deconvolution of the lifetime
spectra has revealed a long-lived component (̂  270 ps),
probably caused by vacancy (and .perhaps divacancy) trapping,
and a shorter component, believed to be caused by trapping at
dislocation loops. The vacancy component was weak in a
specimen irradiated at 575 K and was absent after irradiation
at 725 K. This is consistent with the expectation that
vacancies in zirconium should show appreciable mobility at
temperatures of 575 K and above» annihilating at dislocations
and grain boundaries during irradiation.

Further information on the nature of the irradiation
damage has been sought by studying the recovery of a specimen
irradiated at 375 K during subsequent isochronal annealing.
Lifetime spectra were measured in situ on increasing the
temperature in 50 K intervals from room temperature up to
975 K. The mean lifetime began to fall at temperatures above
'x. 375 K, reaching a steady value at above ^ 775 K. Analysis of
the lifetime spectra indicated that the recovery over this
broad temperature range was caused by two processes. At the
lower temperatures, recovery was due to a decrease in the
intensity of the vacancy component and a corresponding increase
in the component of trapping due to dislocations. Recovery at
the higher temperatures could be ascribed to a decrease in the
intensity of the dislocation component . This is consistent
with the expected behaviour, with vacancies becoming mobile at
moderate temperatures and forming dislocation loops, which then
anneal out at the higher temperatures.

The damage structures are also being examined using
transmission electron microscopy.

4,4.5 Positron Annihilation Spectroscopy

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

The high resolution photon spectrometer - for Doppler-
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broadening studies of positron annihilation characteristics in
solids is being upgraded.

New methods for the preparation and deposition of
positron sources are being investigated.

High and low temperature facilities for positron annihi-
lation spectroscopy studies are being tested and evaluated.

4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Publications

The Layered Nature of ZrO2 on Zr
R.A. Ploc
Proceedings of the Electron Microscope Society of America, 37th
Annual Meeting, San Antonio, Texas, 1979 August 13-17.

Proc. of the Conference on Fundamental Mechanisms of Radiation
Induced Creep and Growth, CRNL, 1979 May 8-10 (J. Nucl. Mater.):

(i) Calculations of Radiation Growth in Zirconium Alloys
S.R. MacEwen and G.J.C. Carpenter

(ii) In-Reactor Stress Relaxation of Selected Metals and
Alloys at Low Temperatures
A.R. Causey, G.J.C. Carpenter and S.R. MacEwen

4.5.2 Lectures

The Layered Nature of ZrO2 on Zr
R.A. Ploc
Presented at the 37th Annual Meeting of the Electron Microscope
Society of America, San Antonio, Texas, 1979 August 13-17.

Presented at the TMS-AIME Fall Meeting, Milwaukee, Wisconsin,
1979 September 16-20:

(i) <c>-Component Dislocations in Zirconium Alloys
O.T. Woo, G.J.C. Carpenter and S.R. MacEwen

(ii) Electron Irradiation Damage in Zirconium
G.J.C. Carpenter
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

In the past quarter we have performed experiments
designed to improve our understanding of the effect of
reagent vibrational excitation on reaction rates, in
contrast to translational (i.e. collisional) excitation.

Experiment (1,2) and theory (3) for endothermic
reactions has yielded the result that reagent vibrational
energies, v1 (the prime is used to designate the vibrational
quantum number of reagents for endothermic reaction)
greatly in excess of the barrier energy give rise to a
steady increase in Sr(v') (reactive cross section as a
function of reagent vibrational excitation in endothermic
reactions AB(v') + C •*• A + BC) . In view of the heights
of the endothermic barriers, experimentally Sr(v') could
only be pursued to 1.5-2.Ox the barrier energy. Even so,
the vibrational excitation in the bond under attack was
so great that the bond had been excited approximately
1/3-1/2 of the way to dissociation.

It might be argued that the salient parameter in
determining the form of Sr(vreag) (where v r e ag is the
reagent quantum number for exothermic or endothermic
reaction) is the extent to which the reagent energy
exceeds that required to cross the energy barrier. In
other work under this contract we showed experimentally
that the reactive cross section in a number of isotopically
related reactions (we have so far reported in detail on H + Br2
and D + Br2; a report on H + HBr, D + HBr, H + DBr, and
D + DBr will be submitted at a later date) declined
continuously for energies in excess of that required for
barrier crossing. We extended these observation of
Sr(Treag) to Treag ^ 10 E c, where E c is the barrier height.

In the present quarter we have made a study of Sr(vreag)
for the exothermic reaction

-i[1] P + HCl(v) •* HF + Cl -AH? = 138 kJ-mol

up to v = 4, which corresponds to a reagent energy over an
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order-of-magnitude greater than the barrier energy;
vreag % 30 E c, since the activation barrier is approximately
4 kJ-mol""1. Since this is an exothermic reaction we designate
the reagent quantum number, v without the prime. (The
product of exothermic reaction, with quantum number v1

appears in equations for microscopic reversibility as the
reagent for endothermic reaction—hence the nomenclature.)

The method used for the present series of experiments
was the Chemiluminescence Depletion (CD) method. This can
be understood in terms of the apparatus diagram of Fig. 5.1.
In the figure the "pre-reagents" which constitute the
source of vibrationally excited HC1 (v = 1 - 4) are
designated A and BC. The atomic species A s Cl in the
experiments reported here. The molecular species BC = HI.
The HI is sprayed laterally into the Cl flow from a ring
of approximately 1 mm diameter orifices (indicated in the
cross-sectional view; Fig. 5.1. The source of atomic Cl
was a continuous microwave discharge in Cl2 (100 W, 2450 MHz).

The pre-reaction Cl + HI ->• HC1 (v = 1 - 4) + Cl
gives rise to different vibrational distributions, N(v),
according to the flows of reagents used and the positioning
of the ring of HI inlets with respect to the concentric Cl
in-flow pipe. The variation of N(v) is due to differing
extents of vibrational relaxation by the time that the HC1''"
(vibrationally excited HC1) emerges into the volume monitored
by the Welsh cell (indicated in the figure by the mirrors
at either end of the vessel). The distance separating the
HI inlets from the tip of the Cl inlet is recorded as "d"
in Table 5.1. The greater is d, the more the N(v) distribution
is biassed toward lower values of v. The flows of reagents
are also recorded in Table 5.1.

The vibrational population distribution for HC1
issuing from the pre-reactor is recorded for experiments
1-6 in the upper panel of Fig. 5.2. They were obtained by
recording the infrared chemiluminescence, using a grating
spectrometer. The distributions range from population
inversion with a peak at N(v = 3) to a relaxed distribution
with N(v) increasing steeply toward lower v.

The relative rate constants, k(v), for reaction (1)
were obtained by measuring the decrease in population (the
so-called Chemiluminescence Depletion) when atomic fluorine
was mixed with HCl^ (v = 1 - 4) . The atomic fluorine
entered as reagent D in Fig. 5.1; i.e. through the outermost
of the three concentric inlets. The F was formed by
application of an intermittent microwave discharge
(100 W, 2450 MHz) to CFi,. By pulsing the microwave discharge,
though maintaining a continuous flow of CFi,, atomic F was
introduced into the reaction zone with an on-off cycle of
13 Hz.



- 105 -

Figure 5.1 - "Arrested relaxation apparatus" (i.e. liquid-nitrogen
cooled vessel with cold trap and 25 cm VHS NRC
diffusion pump below), with pre-reactor in place.
The pre-reagents in the present study were A E Cl and
BC = HI. The secondary reagent was D = F. Gold-coated
mirrors at either end of the vessel collected the
radiation and brought it to a focus at the sapphire
window (left end of vessel) beyond which there was
an infrared grating spectrometer (not shown).
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Figure 5.2 - Upper panel: Population distributions in
HCl(v = 1 - 4 ) formed by the pre-reactor with
six different experimental conditions (see Table 5.1)
Expt. 1,closed circles; expt. 2, open circles;
expt. 3, open triangles; expt. 4, open squares;
expt. 5, open diamonds; expt. 6, crosses. All N(v)
have been normalized to 1.00 for the most-populated
level.
Lower panel: Approximate relative rate constants
k(v) for the reaction F + HCl(v) •> HF + Cl assuming
k(v)a - AN(v)/N(v). All k(v) have been normalized
to k(v = 3) = 1.00. Note that -AN(v) for v = 1 and
v = 4 was lost in the noise for some experiments;
the fractions -AN(v)/N(v) ranged from MK005 for low
v to ^0.04 for high v.
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The change in signal intensity from individual v,J
states (vibrotational states) of the HCl due to the pulses
of F, was recorded concurrently with the HCl emission
intensity. This was achieved by having a second signal
channel which embodied a phase-sensitive amplifier locked
to the pulsing frequency of the F-atom discharge. After
correction for the radiative transition probability, and
the efficiencies of spectrometer and PbS infrared detector,
the two intensity records were transposed to records of
emitter populations, N(v,J), and change in emitter populations,
AN(v,J). For the present purpose both of these quantities
were summed over J. The approximate rate constants k(v),
on a relative scale, are given by the relative magnitudes
of the fractional depletions, -AN(v)/N(v).

This method of obtaining detailed rate constants, k(v),
is subject to significant errors.

With the F-atom discharge on, the HCl^ is involved in
a differing amount of elastic scattering than with this
discharge off. This has the effect of shifting the emitting
gas cloud within the Welsh cell, and consequently producing
a change in intensity, AIe£,, which however is not a function
of v since elastic scattering can be assumed to be insensitive
to v. In some cases we have been able to show that AIe& is
small, but in the present case we have no dependable
evidence on this point. The reaction F + HCl is fast even
for HCl (v = 0), hence, on the basis of our experience
with other reactive systems in this apparatus, it is likely
that for F = HCl^ we are observing some reactive depletion.
The upward trend in k(v), as we have noted, cannot be due
to elastic scattering effects. In drawing the best
straight line through the points for v = 1 - 4 we have
assumed that reaction is the dominant cause of depletion
in all levels, v = 1 - 4, the effect of a correction for a
(constant) contribution due to elastic scattering would
be greatest for -r = 1, diminishing toward v = 4.

A further source of error stems from what we have
termed, in previous work "spurious depletion" (1). The
F atoms may give rise to a depletion, AN(v), due to reaction
with HI that is still forming HCl''" within the Welsh cell
(rather than producing AN(v) by way of reaction [1];
F + HCl^). Spurious depletion, for reasons we have given
elsewhere, can distort the curve of -AN(v)/N(v) away from
k(v). So also can 'spurious enhancement1 due to the
formation of HCl^ by F pulses, through F = Cl2 •* FC1 + Cl
followed by Cl + HI -*• HClt + I. We have made no attempt to
correct for spurious depletion or enhancement, but we have
obtained some evidence that is of secondary importance by
making substantial changes in the amount of F + HI
reaction occurring beyond the pre-reactor. For example, by
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withdrawing the HI inlet into the concentric F atom
inlet, and lowering the HI in-flow, we decrease the
contribution from 'spurious depletion1 and 'spurious
enhancement1. Our findings survive these changes in
experimental conditions.

Finally there is the question of the contribution
of vibrational deactivation in F + HC1(v) collisions
(•*• F + HC1 (v - 1)) to the observed depletions, AN(v) .
Here again we have evidence that the effect is too small
to alter our conclusions. The evidence stems from the
invariance of our findings with marked changes in N(v).
The effect of vibrational deactivation in level v on
level v - 1 will be large if the ratio N(v)/N(v - 1) is
large, and small if that ratio is small. Our initial
distributions N(v) (top panel of Fig. 5.2 encompass both
situations, yet our results (to within experimental error)
are invariant.

Taken together with our earlier work (4) our present
findings can be summarized by saying that the effect of
increased reagent vibrational excitation, up to approximately
30x the energy required to cross the activation barrier,
appears to be a modest but continual increase in the
detailed rate constant k(v) for the exothermic reaction
F + HCl(v) -»• HP + Cl. This is in marked contrast to the
steep decline in reactive cross section that we have
observed for similar reactions (e.g. F + HBr -> HF + Br)
as soon as the collision energy exceeds the energy
required to surmount the barrier to reaction. The observed
changes in reaction rate with large changes in temperature,
observed under equilibrium conditions in normal reactors,
are compounded of these opposing effects, together with the
effect of changing rotational excitation (which we shall
include in a future report).

Had there existed a similar decline in k(v) with
enhanced v as exists for k(T) (where T is translation),
this would have had serious implications for schemes
intended to exploit the high degree of selective vibrational
excitation that can today be achieved through such processes
as multiphoton vibrational excitation (MPE).

From a theoretical standpoint the contrasting functionality
of k(v) and k(T) is readily understood (once it is known to
exist). Since vibration and translation are the only
variables, on a relative scale k(v) can be replaced by the
reactive cross section as a function of reagent vibrational
energy, Sr(V), and similarly k(T) can be replaced
(qualitatively) by Sr(T). The effect of enhanced reagent
vibration, on either an endothermic or exothermic
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potential-energy surface is to foster reaction through
stretched intermediate configurations (4); the representative
point is no longer constrained to follow the minimum-energy
route across the reactive col, but can cut the corner of
the surface. This increases the number of open routes
leading from reactants to products, i.e. it increases the
reactive cross section, S r(V). The effect of enhanced
translational energy, by contrast, is to force reaction
to occur through a compressed intermediate; the
representative point is driven into the corner of the
potential-energy surface and (far from having an improved
likelihood of rounding the bend leading from the reagent
to the product valley) is likely to rebound from the corner
of the energy surface back out along the entry valley;
Sr(T) is diminished. In the language of earlier theories
of reaction rate, enhanced collision energy has decreased
the 'transmission coefficient1 for reaction. The greater
the velocity of the attacking atom the smaller the
transmission coefficient; it is this that leads to the
markedly lower reaction rate for H than for D in the
reaction H(D) + B12, even under conditions of thermal
equilibrium—as noted in a previous report from this
laboratory.

(1) D.J. Douglas, J.C. Polanyi and J.J. Sloan, Chem. Phys.
13., 15 (1976) .

(2) B.A. Blackwell, J.C. Polanyi and J.J.
Disc. Chem. Soc. 62^, 147 (1977) .

Sloan, Faraday

(3) D.S. Perry, J.C. Polanyi and C. Woodrow Wilson Jr.,
Chem. Phys. 3, 317 (1974).

(4) A.M.G. Ding, L.J. Kirsch, D.S. Perry, J.C. Polanyi and
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Table 5.1

Experimental Conditions for Experiments 1-6
Recorded in Figure 5.1

Expt. No. Background
Pressure

(Pa)

2.2 x 10"

Central Tube
"d"
(mm)

Gas Flows (ymol-s"1)

HI Cl2

14 72 90

2

3

4

5

6

2

2

2

2

1

,2 x 10"

.2 x 10"

.2 x 10"

.4 x 10"

.5 x 10"

7

16

16

5

15

28

15

30

25

72

67

67

67

205

90

85

85

85

50
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