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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Collisions between energetic heavy ions result in the
emission of molecular orbital (MO) radiation when the nuclei of
the ions are close to each other. Current theory predicts that
MO radiation should be polarized but experimental verification has
posed a formidable task. Recent experiments, however, have been
successful in showing that MO radiation is indeed polarized and
thus add further evidence supporting the theory.

The cross-sections of materials for stopping heavy ions
are required in work on radiation damage, channeling, etc.
However, the published data are often of questionable accuracy and
to help remove this deficiency some important stopping powers are
being remeasured. Recent results for heavy ions in carbon are
in reasonable accord with a popular data compilation and increase
our confidence in its use.

Electron microscopy and heavy ion channeling are both
established techniques for studying radiation damage but in the
past have usually been used independently and there is little
information about the consistency of results from these methods.
Preliminary experiments on the annealing of damage from silicon
are encouraging because the two methods give concordant results.

Heavy ion scattering yields from within crystals are
different, in computer simulations of the process, depending on
whether the atoms in the crystal are assumed to vibrate
independently or in a correlated fashion. The difference is
large enough to suggest that this effect should be considered in
comparison of calculated and experimental yields and in nuclear
lifetime measurements usixig the blocking technique.

Radiation Chemistry

Further experiments with both nitrogen-nitrous oxide
and nitrogen-oxygen mixtures have failed to resolve the
discrepancy in the yield of excited nitrogen atoms formed in the
radiolysis of nitrogen.
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Progress is being made, through computer modelling,
with the quantification of the primary reactions and equilibria
involved in the dissolution of alkali metals in non-aqueous
solvents, in particular with the formation of Na~ in solutions
containing both sodium and potassium.

Laser Photochemistry

An equation describing the observed relationship between
the average number of photons absorbed by a molecule in a laser
field and the energy fluence of the laser has been derived.

The possibility that an inert gas can increase the yield
of multiphoton absorptions in a reagent molecule in a laser field
has been tentatively co,.^ rmed.

In parallel with improvements to the laser magnetic
resonance spectrometer designed to increase the signal to noise
ratio, luminescence measurements are being made to obtain
estimates of free radical production in the multiphoton
dissociation of molecules of interest.

Hydrogen Isotope Exchange

The rate of stirring of hydrogen-cyclohexylamine (CHA)
deuterium exchange reactions catalysed by the sodium salt of CHA
has been extended to 22000 rpm. Under certain circumstances
mass transfer effects are still present, although the observed
rate constant is independent of stirring rate above 13000 rpm.
Thus, for reliable isotope effect measurements it may not be
sufficient to demonstrate the absence of a stirring rate
dependence.

Deuterium exchange catalysed by Li CHA goes at about one
tenth the rate of the Na CHA-catalysed exchange just mentioned.
This result suggests that the process is simpler.

A computer program is being written jointly with R.G.C.
McElroy of the Neutron and Solid State Physics Branch which
calculates nuclear magnetic resonance spectrometer lineshapes for
intermolecular hydrogen isotope exchange. This will find
immediate application to the interpretation of methanol-H2S spectra.

Surface Chemistry

Two absorption states of oxygen on the (111) crystal face
of platinum have been observed and characterized by changes in
work function and thermal desorption spectroscopy. The weakly
bound state appears to be a chemisorbed species, which is
unusual and suggests that this state may be an important
intermediate in platinum catalysed reactions of oxygen.
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Analytical Chemistry

The advantages of inductively coupled plasma (ICP)
emission spectroscopy are being utilized in the total sample
analysis of XL-alloy, a zirconium-tin-niobium-molybdenum alloy
for which no certified standard exists. Because it
accommodates a large concentration range this type of spectros-
copy determines major, minor and trace constituents in the same
sample with equal facility.

The chemistry hot-cells in Bldg. 250 have been shut
down and decontaminated. Plant forces have begun to renovate
them and bring them up to the safety standards required for the
analysis of irradiated plutonium-uranium and plutonium-thorium
fuel samples.

The analytical chemistry facilities set up to support
the mixed oxide fuel fabrication line are functioning satis-
factorily. The difficulties encountered are no more than
would be expected considering that procedures with plutonium
could not be finally tested until plutonium was introduced into
the fabrication line.

Materials Science

The existence of a high velocity hydrogen induced crack-
ing process has been confirmed for zirconium alloys exposed to
gaseous hydrogen at room temperature. For Zr-2.5 wt.% Nb the
peak velocity is greater than 10"11 m/s.

Accelerated local oxidation ("nodular corrosion") of
Zircaloy-2 in high pressure steam cannot be related to high
negative electrical potentials developed on the alloy, as suggested
by workers elsewhere. No simple relation between the rest
potential during oxidation and susceptibility to localized
oxidation has been found.

The epitaxial relationships between zirconium and its
surface oxide film cannot be explained on the theory of coinci-
dent lattice sites, which has been applied extensively to studies
of grain boundary structure.

Improvements to the electron beam zone melting apparatus
now ensure the routine production of good-quality zirconium
single crystals 10 cm or more in length. We are the only source
of such crystals in the world, to our knowledge.

Positron annihilation studies on neutron-irradiated
zirconium have been interpreted as implying that radiation
damage at 375 K is in the form of isolated crystal lattice
vacancies rather than vacancy clusters.
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SOLID STATE SCIENCE BRANCH

1.1 STAFF

Branch Head

Secretary

F. Brown (D

Miss D. McConnell

Professional Staff Technical Staff

J.A.
L.M.
H. I
D.P.
W.N.
W.D.
I.V.
P.H.
J.R.
J.P.
D.C.
M.L.

Davies
Howe

Jackson
Lennard
Mackintosh
MitchelL
Mokler{3)

Parsons
S. Pringle
Santry
Swanson

G.R. Bellavance
C.W. Hoelke
D. Lanteigne
J. Lori
D. Phillips
H.H. Plattner
A.F. Quenneville
M.H. Rainville
G.A. Sims
D.A.S. Walker
R.D. Werner
O.M. Westcott

Shop

D. Dixon
B.H. McGilvray

Stores, Services

L.I. Graveline
W.M. Hartwick
J.H. Hewitt(4>

(1) Retired on 1978 December 29

(2) Attached staff, Tokyo Institute of Technology,
commenced on 1977 July 10

(3) Visiting scientist, Gesellschaft fur Schwerionenfor-
schung (GSI), Darmstadt, departed 1978 October 6

(4) New Laboratory Services Supervisor for the Chemistry
and Materials Division, commenced 19 78 December 11
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1.2 ION PENETRATION

1.2.1 Charge State Dependence of K-Ionization Cross Sections

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

We have measured the total K X-ray cross section
as a function of projectile charge, aK(q), over
9 <_ g <_ 22 for 88.2 MeV 6 3Cu(3+ •+" Zn (vapour) using the
metal vapour target assembly described in PR-CMa-46,
section 1.2.4; AECL-6401. Figure 1.2.1.1 shows the
relative cross sections as a function of the projectile
charge, q. A preliminary analysis of the data indicates
reasonable agreement with the rotational coupling
prediction, including 2p-vacancy sharing, valid for
q > 19, i.e. when the projectile carries one or more
2p vacancies.

We have also measured oK(q) for 55 MeV
 63Cu<3+ + Kr

collisions, 7 <_ q £ 22, using the GSI gas cell which is
on loan from Gesellschaft fur Schwerionenforschung.
These and the complementary 88.2 MeV data will provide
the first information about the velocity dependence of
aK(q > 19) in Cu<J+ -»• Kr collisions. It should now be
possible to test more precisely the appropriateness of
the rotational coupling model for nearly-symmetric
heavy ion-atom collisions where the 2p shell is opened.
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Figure 1.2.1.1

Plot of the relative K-ionization cross section for
88.2 MeV 63Cu"+ •*• Zn collisions under single collision
conditions as a function of the projectile charge, q.
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1.2.2 Quenching of Projectile Charge States for Highly-
Stripped Projectiles in Gas Targets

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

Earlier progress reports have described the marked
q-dependence of the K X-ray cross section for 88.2 MeV
C u ^ -+• Kr collisions. This effect could be used to
determine the limiting target gas pressure which still
satisfies single collision conditions for K-vacancy
production in each of the two gas cells we are using.

Figure 1.2.2.1 shows o\ir results for the ratio of
K-ionization cross sections n ->asured with magnet-
selected Cu 1 7 + and Cu 2 1 +. The ratio aK(21

+)/aK(17
+) is

plotted as a function of Kr gas target pressure,
monitored in the central chamber. The open and closed
symbols indicate measurements made in the GSI and CRNL
gas target cella, respectively. The dotted curve is to
guide the eye. At high pressures, p £ 130 Pa, the
ratio aR(21:'")/aK(17

+) approaches unity. This indicates
that at these pressures sufficient gas is effusing up-
stream from both cells to convert the 17+ and 21+ beams to
near-equilibrium charge state distributions. For
88.2 MeV 63Cu ions in gas, < q > ^ ll^1'.

At a pressure of ^ 4 Pa (30 mtorr) significant
quenching of the initial charge state is still occurring
with the GSI gas cell. This pressure is typical of
those used in the original GSI measurements. By contrast,
the CRNL gas target chamber could be operated up to
^ 19 Pa without a quenching penalty. We believe that
the greater effective pumping available to the latter
system is responsible for the greater dynamic ranges.
The discrepancy between ajç-values measured on the two
gas cells for 88.2 MeV Cucï+ ->• Kr is thus removed (see
Progress Report PR-CMa-46, section 1.2.1; AECL-6401) and
explained.

(1) H.D. Betz, Rev. Mod. Phys. 44, 465 (1972).

1.2.3 Polarization of the Isa MO Radiation

- P. Mokler, W.N. Lennard and I.V. Mitchell

We have continued work with the X-ray polarimeter
described in PR-CMa-46, section 1.2.2; AECL-6401). The
importance of very good beam spot stability has been
recognized and beams of 1-3 yA can now be delivered
routinely into a 2 mm diameter spot with less than
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0.5 mm spot movement. This results in highly reproducible
intensity contours as the polarimeter is swung the full
360° around the (vertical) rotation axis. The contours
have the requisite fore-aft and left-right symmetry.

We have measured the polarization of continuum
X-radiation emitted in 1.7 MeV P -> Si and 1.3 MeV Mg ->• Mg
collisions in thick (̂  0.5 mm) targets. Measurements
were made at three discrete X-ray energies (2.70, 4.38
and 6.17 keV) selected by Bragg reflection from Ge(lll),
LiF(200) and LiF(220) crystals, respectively. Preliminary
analysis of the data yields the results shown in
Table 1.2.3.1. (No correction has been made for target
thickness.)

The Mg-Mg results are consistent with measurements
of the angular distribution of X-radiation from other
near-symmetric collision systems. C. Stoller, et al. '1)
found that the anisotropy of X-rays of energy E x,
selected from any one X-ray spectrum, increases mono-
tonically with E x, peaking at an X-ray energy slightly
in excess of the K line energy of the united atom,

TTA T1A T1A
i.e. at E x % 1.1 E R . For Mg •> Mg (Zurt = 24) , E K = 5.4 keV
so that our measurements at E x = 6.17 keV correspond to
a test of the polarization at close to the (predicted)
peak in the anisotropy.

In the Mg -»• Mg system, all three X-ray energies
represent windows in the Isa MO radiation spectrum.
While th.i s is also true in the P -> Si system for the two
higher energy cuts, the 2.70 keV data are dominated
by 2pcr MO radiation contributions. Qualitatively, the
enhanced polarization we observe at this X-ray energy
is consistent with angular distribution measurements
reported by Frank, et al A2' for 67 MeV Nb •*• Nb
collisions. In the latter work, a secondary maximum in
the X~ray anisotropy was observed at Ex(2pa) ^ 1.4 E R .
In the P •+ Si system, this X-ray energy transforms to
^ 2.8 keV, just above the energy at which we indeed
observe an increase in the polarization. Measurements
are continuing.

(1) C. Stoller, W. Wolfli, G. Bonani, M. StOckli, and
M. Suter, J. Phys. BIO, L347 (1977).

(2) W. Frank, K.H. Kaun, P. Manfrass, N.V. Pronin and
Yu.P. Tretyakov, Zeit, f. Phys. A279, 213 (1976).
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Table 1.2.3.1

Polarization of molecular orbital (MO) continuum X-
radiation as a function of X-ray energy, Ex. The
polarization is defined, as P = (In- Ix)/In + Ij.)
where Ij] and Ij. are the X-ray intensities polarized
parallel to and perpendicular to the beam axis.

E (keV) Collisions System

2

4

6

. 7 0

. 38

. 1 7

1 . 7

0

0

0

MeV P

. 1 4 ±

. 083 ±

.25 ±

->

0

0

0

S i

,02

.03

.08

1 . 3

0

0

0

MeV

.082

.19

. 4 0

Mg

+

±
+

- > •

0.

0 .

0.

Mg

02

02

(a) Preliminary data only.

1.2.4 Heavy Ion Ranges in Ge

- H. Ishiwara and W.D. Mackintosh

In the previous report, PR-CMa-46, section 1.2.5;
AECL-6401, we described the anomalous spread of Bi ions
in the Ge substrate and the discolouration of the
implanted area. The following experiments have been
added in order to ascertain the origin of these
phenomena.

(a) Measurements of the ion ranges of 2 0 8Pb and 2 0 9Bi
in Ge and GaAs at various doses.

(b) Observations of the discolouration of the Ge and
GaAs substrates when implanted with Ar, Xe, Pb and
Bi ions.

The main results obtained are as follows.

(1) There is no pronounced difference between the ion
ranges of Pb and Bi, and the standard deviation of
the ion range rapidly increases with increasino
dose (from 1 x 10 1 5 cm"2 to 2 x 10 1 6 cm"2) when
they are implanted into the Ge substrate.

(2) Even at a dose of 1 x 10 1 6 cm"2, there is no
anomalous spread in the ion range, nor discolouration,
in the GaAs substrate, which has nearly the same
stopping power as Ge but has a higher melting point.



- 9 -

(3) No discolouration of Ge is observed when Ar ions
up to a dose of 3 x 10 1 6 cnT2 are implanted. The
discolouration caused by Xe ions at a dose of
5 x 10 1 5 cm""2 is weaker than that for Pb or Bi
ions at the same dose.

From these results we thought it likely that the
thermal spikes produced by heavy ion-bombardment would
partially melt the surface of the Ge substrates and form
craters which could have caused the anomalous spread and
discolouration. We hence presumed that keeping the
lattice temperature very low during the implantation
would be effective for avoiding these phenomena.

In order to check this hypothesis, the Ge substrates
were cooled to temperatures of 50 to 150 K during the Bi
implantation at energies of 110 and 500 keV and at a
dose of 5 x 10 1 5 cm"2. It was found that there was
neither an anomalous spread in the ion range, nor dis-
colouration of the implanted area in this case. The
heavy ion ranges in Ge are now being investigated in
wider ranges of energies and doses using the cold
implantation technique.

1.2.5 Stopping Power for Heavy Ions

- D.C. Santry, R.D. Werner and P. Brown

We have completed our data analysis for the
stopping values of carbon for various heavy ions.
Measurements were made on carbon foils of thicknesses
28 feo 126 ug/cm2 at 50 to 100 keV intervals. Least
squares fits to the data are shown as the curves in
figures 1.2.5.1 and 1.2.5.2. Our results with defined
errors of approximately 4% are compared with the semi-
empirical tabulations of Northcliffe and Schilling^).
We have shown that the tabulated stopping values for
7Li, 1 2C, 1^N and 160 ions in carbon are reasonably
good approximations. This work has been submitted for
publication. Additional data are now being processed
for other target materials.

(1) L.C. Northcliffe and R.P. Schilling, Nucl. Data
Tables 7, 233 (1970).
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Figure 1.2-5.1

Stopping Cross Sections of Carbon for 7Li and 12C ions.
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Stopping Cross Sections of Carbon for llfN and 16O ions.
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1.2.6 De pendence of Stopping Cross Sections on Foil Thickness

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

A paper by Meyer, et at. '•*-' suggests that stopping
cioss sections were thickness-dependent for very low
er argy heavy^ ions (̂  33 keV N + or Ne+) in carbon foils
(' 15 ug/cm^) when measured at small forward angles.

Our measurements of stopping values for energies
giaater than 200 keV in films greater than 28 yg/cm2

gëve no indication of such an effect. Additional
me asurements were made under our normal experimental
cceditions with an apertured detector in the forward
direction subtending a half angle of 1.9°. By measuring
slopping values for carbon and aluminum foils of
di fferent thicknesses at two energies which differed by
8{ keV, we were able to obtain an interpolated value
fc >-• comparison at a common average energy. The results
given in Table 1.2.6.1 indicate that for our experimental
ç<nditions and within our 4% experimental error, we
oi serve no target thickness dependence of stopping
cioss sections.

It may be that the reasoning of Meyer, et al.d)
ajplies only to very low energy ions and very thin films.

(3) L. Meyer, M. Klein and R. Wedell, Phys. Stat. Sol.
B83, 451 (1977).

Table 1.2.6.1

Stopping cross section at an average energy of 400 keV
fee foils of different thicknesses.

Target thickness Stopping cross section
(keV per gg cm"2)

(yg cm"2)

C 28.8
C 46.9

Al 55.0
Al 62.8
Al 75.8
Al 88.8
Al 100.2

caroon ions
3.64
3.63

2.54
2.59
2.54
2.51
2.53

oxygen ions

2.72
2.78
2.75
2.73
2.71
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1.2.7 Measurements of the Thickness of Thin Films

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

Energy loss measurements of alpha particles from
radioactive sources are being used to measure the
thickness of thin self-supported films. Calibration of
the technique involves measuring stopping cross
sections. We have extended our studies to include most
elemental materials used as thin films. A description
of this work has been submitted for publication and a
summary of our results is given in Table 1.2.7.1

Table 1.2.7.1

Stopping Cross Sec t ion (keV per ug cm"2) for ll<8Gd and
21tlAm Alpha P a r t i c l e s

Element 1 I | 8Gd(3.183 MeV) 21t lAm(5.486 MeV)

Be

C
Al

Si

Ni

Ag

Au

0.917

1.07

0-839

0.788

0.568

0.450

0.285

± 0.027

± 0.032

± 0.039

± 0.045

± 0.017

± 0.013

± 0.019

0.609 ± 0.018
0.747 ± 0.022
0.592 ± 0-038

0.585 ± 0.032
0.432 ± 0.014
0.327 ± 0.010
0.228 ± 0.015

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

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

Lateral reconstruction of the Pt(100) surface under
ultra-clean conditions and the subsequent transformation
back to the bulk ( l x l ) structure during CO and H2
adsorption is being investigated in order to test
thoroughly all features of the new UHV chamber for LEED
Auger, and RBS measurements. Preliminary RBS data are
in reasonable agreement with our earlier work (PR-CMa-43,
section 1.2.4; AECL-6090), but indicate that the
behaviour of the Pt(100) surface is considerably more
complex than was previously recognized in the literature.
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Symptoms of severe backlash have been encountered
with the azimuthal rotation drive of the goniometer and
several minor modifications have been required in order
to achieve adequate angular precision for the RBS/
channeling measurements.

1.2.9 H-igh Velocity DSAM Lifetime Measurements of the
1.9 82 MeV, 2+ Level in 1 80

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

See Progress Report PR-P-120, section 2.13?
AECL-6452.

1.2.10 High Velocity DSAM Lifetime Measurements of Levels in
3"Si and 3 0P~

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

See Progress Report PR-P-120, section 2.14;
AECL-6452.

1.2.11 The Velocity Dependence of Low Energy Stopping Powers

- H.R. Andrews, D. Ward (Nuclear Physics Branch),
W.N. Lennard and I.V. Mitchell

See Progress Report PR-P-120, section 2.22;
AECL-6452.
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1.2.12 2.5 MV Positive Ion Van de Graaff

- J. Lori

The accelerator operation was satisfactory during
the past three months, with the following schedule.

Month Operating Time Maintenance Failure
(hours) (days) (days)

September

October

November

143

175

161 2 1*

Gas select motor

1.2.13 High Voltage Mass Separator

- G.A. Sims

Excessive current drain from the terminal was
observed over a period of weeks and a shutdown was
scheduled in order to locate the cause or causes.

The following factors appear to have been the main
contributors to the problem.

(1) Sparking and current leaking in the mechanism
that provides remote control of the corona needle
position; all insulators were replaced and sharp
edges removed.

(2) Excessive electrical conductivity of the column
structure and/or tank gas (SFg); The column
structure was cleaned with solvents and the gas
was dried by recirculating it through the blower-
dryer system. A considerable improvement has been
achieved.

Another shutdown was scheduled to replace a
defective bellows-bonnet in the terminal gate-valve.
During the subsequent bake-out of the accelerator tube
the decoupling ring between numbers 2 and 3 tube sections
developed a serious leak; this has been repaired
temporarily using epoxy glue.
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A third shutdown was required to make optical
re-alignments of the ion source and a beam profile
monitor (BPM number 1).

The 'beam-on' time during the three month period
was 211 hours.

1.3 ELECTRON MICROSCOPY

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

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

Electron microscope observations on thin foils of
Zr-2.5% Nb have shown that the surface oxide, whether it
is 8.0 ran of thermal oxide or 30 nm of anodized oxide,
is converted to an epitaxic1 f.c.c. structure by 100 keV
ion irradiation. A redistribution of stress in the
oxide film accompanies this transformation and the foils
become visibly bent as shown in PR-CMa-46, section 1.3.1;
AECL-6401. An estimate of the film stress responsible
for this bending was obtained by considering the bent
foil to approximate a bent cantilever beam. The stress
S in the oxide film of thickness d is then related to
the foil curvature r and foil thickness h by

[il s = E h 2

6rd(i-v)

where v is Poisson's ratio for the Zr foil and E its
Young's modulus» The observed bending corresponds to a
compressive oxide stress of 2 76 MPa assuming a uniform
foil thickness of 80 nm.

A more accurate determination of S is anticipated
from the apparatus shown in Figure 1.3.1.1 in which two,
100 um thick, 4 cm long Zr foils have been clamped. The
upper foil in the figure has 30 nm of anodized oxide
and the lower foil has approximately 8.0 nm of thermal
oxide. Both foils will be simultaneously irradiated with
100 keV ions. The deflection <5 of their undamped ends
should differ by a factor of 4 because in equation [1]
r = l2/2& and 1-4 cm. The apparatus permits two
independent measurements of <5. After irradiation <5 can
be determined by the reflection of a laser beam from the
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mirrors, seen in Figure 1.3.1.1, which have been glued
to the undamped end of each Zr foil. During irradiation
6 can be determined from the change in electrical
capacitance between the foils and the adjustable
pedestals seen below each undamped foil end in
Figure 1.3.1.1.

1.3.2 Discharges in the Electron Gun of the Elmiskop 101

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

Electron microscope high voltage guns are prone to
arcing at irregular intervals. With conventional hair-
pin filaments this is a minor irritation as no damage
is done unless an arc occurs during the exposure of a
photomicrograph. However, with the sharply pointed
filaments used for high resolution work, an arc
frequently destroys the sharp point and randers the
filament useless.

A program has been started to investigate the
causes of arcing so that they might be reduced or
eliminated. Parameters being studied are, quality of
the vacuum in the gun chamber, methods of cleaning gun
components, anode to grid spacing and geometry of the
grid.

Figure 1.3.1.1

Test rig for measuring irradiation induced oxide film
stress.
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1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Backscattering Measurements of the Trapping Efficiencies
of Ag Atoms for Al Self-Interstitial Atoms in Irradiated
Al-0".l% Ag and Al-0.01% Ag Crystals

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

Tne backscattering yields of 1 MeV He+ ions from
Al crystals doped with 0.1 and 0.01% Ag were measured
as a function of irradiation fluence and temperature, in
order to determine the rate at which Al self-interstitials
were trapped at Ag atoms (PR-CMa-40, section 1.4.2;
AECL-5808). The quantity measured was

r i l f<no> _ fx<no> _ <no> _ <no>.
11j fdAg " (XAg XA1 ) / ( 1 XA1 >>

the apparent displaced fraction cf Ag atoms into <110>

channels. The normalized yields X* > and X* > from

Al and Ag atoms were determined for a dê jth increment of
70-300 rim assuming that aligned and random stopping powers

were equal. It has been shown previously that f-,,. is

due almost entirely to the presence of Al-Ag <100> mixed
dumbbells. Thus the concentration of mixed dumbbells is
equal to the concentration of displaced Ag atoms, which
is given by

m c = f<110> c / F < 1 1 0 >

m CdAg fdAg CAg ' Fi

where C^g is the concentration of Ag atoms and

F^ >=1.15 is the calculated enhancement of the ion

flux in <110> channels at the position of those Ag atoms
which are incorporated into the mixed dumbbells.

In Figure 1.4.1.1, the displacement of Ag atoms
into <110> channels is shown as a function of the random
fluence f of 1 MeV He + ions at temperatures 25, 70 and
150 K for an Al-0.10% Ag crystal. By comparing the
production rate of mixed dumbbells at zero fluence
(dC,. /d<j)) , _ Q with the production rate of Frenkel pairs

which was determined from resistivity measurementsd), it
was concluded that at 70 or 150 K, every freely mobile
self-interstitial Al atom was trapped by a Ag atom in
the mixed dumbbell configuration. At 25 K, where Al
interstitials are not mobile, the production rate of
mixed dumbbells was a factor of 20 less. This indicates
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Figure 1.4.1.1

The fraction of Ag atoms which form mixed dumbbells
fdAg > i > i n a n A 1" 0- 1 0* A9 crystal as a function

of the irradiation fluence of 1 MeV He + ions at 25, 70

and 150 K. The measurements were taken at 25 K in the

first case and 35 K in the others. f
dAg

is the

apparent fraction of displaced Ag atoms in a <110>

channel, and the calculated ion flux F. > at the
displaced Ag atoms is 1.15.

that the spontaneous capture of interstitials by Ag
atoms, which could be caused by dynamic events or by
short range interaction within the capture volume of a
Ag atom, was very small.
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The rate at which the production rate dC». /d<J>

decreases with fluence is a direct measure of the ratio
ev/eAq o f t h e capture efficiency e v of vacancies to the
capture efficiency e&g of Ag atoms for self-interstitials.
This ratio was ev/e^ = 4.6 at 70 K and 3.6 at 150 K.
This means that when fdAq/1•15 = 0.5, about four times
as many newly created mterstitials are annihilated at
vacancies as are trapped by Ag atoms.

Similar results for an Al-0.010% Ag crystal have
indicated that the production rate of mixed dumbbells
by 70 or 150 K irradiation is considerably less than
for the £1-0.10% Ag crystal. This could indicate that
shallow trapping configurations exist in addition to
the deep, mixed dumbbell configuration.

(1) K.L. Merkle and L.R. Singer, Appl. Phys. Lett. 11̂ ,
35 (1967).

1.4.2 Backscattering Measurements of the Interaction of
Irradiation-Induced Defects with Sn atoms in an Al-0.04%
Sn Crystal

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

The backscattering yields of 1 MeV He+ ions at
35 K were measured for an Al-0.04% Sn crystal in <110>
and <111> channels. Initially, the apparent displaced
fractions of Sn atoms in both directions were

^ = f^o = 0.45 + 0.05. A large irradiation ofdSn dSn ^
1 MeV He+ ions in a random crystallographic direction at
35 K did not alter these values appreciably. Angular
scans through both <110> and <111> showed no peaking
effects or narrowing for Sn yields.

After annealing at 240 K for 10 min, f^g* =1-0

while fj S
 > = 0.51. Some peaking in the Sn yield was

observed for a <110> angular scan after the 240 K anneal.

Subsequent irradiation at 35 K reduced £,„ > to 0.66,
<111>while fâSn was unchanged. The rate of the reduction in

fjg- > was somewhat faster during 70 K irradiation than

during 35 K irradiation.
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These results indicate that -v. 50% of the Sn
atoms which were initially displaced from lattice sites
were in the form of precipitates. Irradiation at low
temperatures did not affect the displaced fraction of
Sn atoms in either the <110> or <111> channels because
Al-Sn mixed dumbbells were not created. However, annealing
at 240 K, where vacancies become mobile, caused a dis-
placement of Sn atoms from lattice sites into positions
close to the body-centered site. It is concluded that
this displacement was due to small vacancy clusters at
the Sn atoms. During subsequent irradiation at 70 K,
where only interstitials are mobile, the vacancies were
annihilated by the migrating Al interstitials. The rate
of vacancy annihilation was smaller for irradiations at
35 K than at 70 K because of the redvtced interstitial
mobility at 35 K.

1.4.3 B-'ickscattering Measurements of the Diffusion of Aq in

sic
- M.L. Swanson and A.p. Quenneville, with P. Offermann

(Hahn-Meitner-Institut, Berlin)

Slices of polycrystalline SiC have been implanted
with 2 x 10 1 5 Ag ions/cm2 at an energy of 1 MeV
(PR-CMa-46, section 1.4.4; AECL-6401). The Ag profiles
were measured by backscattering analysis of 2.5 MeV He+,
after various annealing treatments, in order to determine
the diffusion coefficient of Ag in SiC. Since an anneal
of 97 h at 1363 K caused no appreciable change in the Ag
profile, it can b>° concluded that the diffusion
coefficient at that temperature was less than
10"1G cm^s" 1.

1.4.4 Measurement of the Displacement of B atoms in Si Crystals
Using the 11§"(p,a)8Be Reaction

- M.L. Swanson, L.M. Howe, A.F. Quenneville with
P.W. Saris (POM Institute, Amsterdam)

A Si crystal was implanted with 10 1 6 B ions/cm2

and annealed for one hour at 1373 K to give an
approximately uniform concentration of B in the surface
region. The yields of alpha particles from the
11B(p,a)8Be reaction were compared with the backscattering
yields of 0.7 MeV protons at 35 K for <100>, <211> and
<110> channels in order to determine the lattice
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position of the B atoms. Initially, 93% of B atoms were
on lattice sites, and irradiation to saturation at 35 K
caused the apparent displaced fraction f^g to increase
to approximately 0.20 for each of these channels.

Isochronal 10 min anneals were carried out at 100,
150, 200 and 300 K. No change in f^B occurred until the

300 K anneal, when f"^11* and f^i°0> increased to 0.42
<110>

and f-jR increased to 0.31. The irradiation-induced

dechanneling increment decreased during the 200 and 300 K
anneals, indicating that recovery of point defects
occurred then.

The displacement of B atoms from lattice sites by
irradiation at 35 K is probably due to the trapping of
Si interstitials by B atoms, since Si interstitials, but
not vacancies, are mobile at that temperature. Vacancies
become mobile at ^ 180 K, causing recovery of dechanneling.
The further increase of f^g during annealing at 300 K
could be due to migration of vacancy-B or Si interstitial
-B pairs. Before definite conclusions can be made,
further investigations are required, in which the yields
from Si and from B atoms can be compared at the same
depth, to eliminate possible spurious effects of
dechanneling on

1.4.5 Dechanneling of Protons in Gold

- L.M. Howe, J. Moore (Brock University) and
N. Matsunami (Nagoya University)

We have started to investigate the energy and
temperature dependence of dechanneling of protons in Au
crystals. In order to achieve a high degree of
crystalline perfection, considerable care was taken in
preparing the surfaces of the crystals using spark-
cutting, mechanical polishing, electropolishing and
annealing procedures. As a result, Au crystals having
minimum yield values as low as 0.007 were obtained for
1.0 - 2.0 MeV H + incident along <110> at 35 K.
Dechanneling data has been obtained for the energy regime
0.5 - 2.0 MeV and for the temperature range 35 to 275 K.
The temperature dependence is particularly interesting
since there is approximately a six fold increase in the
dechanneling rate in increasing the crystal temperature
from 35 to 275 K. This is consistent with the relatively
low Debye temperature (©p ^ 170 K) for Au. Theoretical
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calculations of the dechanneling rate are now in
progress employing a procedure similar to that used
previously for dechanneling in Si and Ge (see PR-CMa-42,
section 1.5.3; AECL-59 71).

1.4.6 Collision Cascades in Si

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

Previous channeling studies at McMaster and at CRNL
(see PR-CMa-45r section 1.3.3; AECL-6327) indicated that
the annealing out of the individual damaged regions
produced during bombardment of Si at low ion fluences is
quite complex. This behaviour has now been investigated
in more detail using Si crystals which were bombarded
with various ions at 50 K in the McMaster 300 keV
accelerator and then annealed and analyzed in the 2.5 MV
Van de Graaff accelerator at CRNL. The ion fluences used
were in the 10 1 2 - 10 1 3 ions/cm2 range which enable a
reliable determination of the number of displaced atoms
NQ from the damage peaks present in the 1 MeV He + back-
scattering spectra, but which were low enough to prevent
appreciable overlap of the damage cascades. Shown in
Figure 1.4.6.1 is a plot of the fractional disorder
(i.e. N D

a n n #/ND i r r â*) as a function of annealing
temperature. The differences in annealing behaviour of
the damage resulting from implanting with various ions
is quite pronounced; note, in particular, the differences
between the atomic and molecular ion implant pairs
(i.e. 15 keV Sb - 30 keV Sb2 and 15 keV Bi - 30 keV Bi 2)•

Electron microscope studies have also been under-
taken to try to correlate the annealing behaviour of the
observed damaged regions with the channeling results.
In this case the ion fluences were about 10 times lower
than for the channeling investigations, which assured
good separation between the individual damage regions
in the electron micrographs. The initial damaged regions
had diameters in the 1 - 1 0 nm range. Prom the size
distributions of the damaged regions before and after
annealing, a damage parameter D = Z F(d)3 was obtained
where F is the product of the fraction of defects having
a particular diameter d times the defect number density.
This procedure was adopted in order to obtain some .
indication of the relative change in volume oann.^pxrrd.
of the damaged regions occuring during the annealing,
and thus to compare with the channeling measurements of
the change in the total number of displaced atoms. As
shown in Figure 1.4.6.2 there is good consistency between
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ann'/NDlrrd') and transmission electron
microscopy (fractional disorder = D a n n ' / D l r r d " ) .



- 25 -

the electron microscope observations and the channeling
observations for those cases which have been examined
to date.

The contrast features of the damaged regions, as
observed in the electron microscope, indicated that all
of the regions were 'amorphous1 in nature. However the
annealing results indicate that the extent of damage
existing within each of the amorphous-like regions varies
considerably depending upon the specifics of the ion
bombardment with a trend for the highest energy density
cascades to be the more resistive to annealing (this is
particularly true for the atomic-molecular ion implant
pairs).

1.4.7 The Irradiation Behaviour of Zr3Al

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

Various experiments have now been performed on the
effect of irradiation temperature and ion flux on the
irradiation-induced crystalline to amorphous transition
in Zr3Al. One aspect of particular interest is the
observed behaviour in the region 30 - 300 K where
appreciable vacancy mobility is not expected. In
Figure 1.4.7.1 (a) to (f), the damage levels resulting
from bombardment with 1 X 10 1 5 Ar + ions/cm2 are compared
at various temperatures with the ion flux held constant.
From 30 to 90 K the irradiation resulted in a completely
amorphous structure. At 110 K there was an indication
of a few small crystalline regions within the amorphous
region (Figure 1.4.7.1 (a)) and the diffraction pattern
consisted of diffuse rings concentric with the trans-
mitted beam plus some very weak diffraction spots arising
from the crystalline regions (Figure 1.4.7.1 (b)). An
appreciable fraction of each grain contained crystalline
regions within the amorphous structure after the 130 K
bombardment (Figures 1.4.7.1 (c) and (d)). From 160 to
300 K small amorphous regions were present within a
highly damaged crystalline matrix (Figures 1.4.7.1 (e)
and (f)). Hence a fairly rapid transition in behaviour
occurred in the region 110 - 160 K. In the temperature
range 110 - 160 K, increasing the ion flux resulted in
a more rapid transition to the amorphous state. For
example, Figures 1.4.7.1 (g) and (h) were taken from
Zr3Al irradiated at 160 K with 1 x 10

1 5 Ar+ ions/cm2

but with the ion flux increased by a factor of 25 over
that used for Figures 1.4.7.1. (e) and (f). Now small
crystalline regions are dispersed throughout an amorphous
matrix. Complete conversion to the amorphous state
occurred at 110 and 130 K for this higher ion flux.
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Figure 1.4.7.1

Electron micrographs and diffraction patterns from Zr3Al
bombarded with 1 x 10 1 5 Ar+ ions/cm2 at 110 K (a,b) ,
130 K (c,d) and 160 K (e to h). The ion flux was identical
for a to f but was increased by a factor of 25 for g and
h. Arrows indicate the crystalline regions.
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The above results indicate that the stage at which
the amorphous state is reached is quite dependent upon
the amount of annealing occurring in the displacement
cascade at the temperature of the bombardment. Previously,
it was proposedd) that the irradiation-induced
amorphicity in Zr3Al occurs at a critical defect con-
centration. Consequently the observed annealing
behaviour is attributed to the migration of interstitial
atoms above approximately 110 K thus resulting in the
annihilation of some of the vacancy-type defects and
consequently a reduction in the concentration of defects.

(1) L.M. Howe and M.H. Rainville, J. Nucl. Mat. 68, 215
(1977).

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 Movement of Implanted Ions in Porous Aluminum Oxides

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

In PR-CMa-46, section 1.5.1; AECL-6401, we noted
that Xe ions implanted in Al remained near the surface
when the specimens were anodized in either oxalic or
sulphuric acid to produce porous oxide films. This
behaviour is consistent with the model for oxide forma-
tion given in Reference 1. In this model oxidation is
considered to take place between the base of the pores
and the metal substrate. Further, the thin oxide between
the base of the pores and the substrate is considered
to be of the "barrier type" i.e. similar to that formed
in ammonium pentaborate. If this model is correct then
impurity ions implanted in metal which are known to
retreat before the advancing oxide front during anodiza-
tion in a borate electrolyte should also do so during
formation in an acid electrolyte. In contrast, ions
known to move outwards when implanted in preformed oxides
would remain stationary when acid electrolytes are used
because the outer porous layer is thought to be inert,
taking no part in the oxidation process. Experiments
with Ag, Bi and In implanted into both metal and preformed
oxides and subsequently anodized in an acid electrolyte
confirmed these expectations; implants into the metal
retreated before the advancing oxide front, implants
into preformed oxides remained stationary.



- 28 -

During these experiments another effect came to
iight. In the previously reported experiments with Xe
=it doses of 4 x 101"2* atoms/cm2 (incorrectly reported
-is 2 x 10 1 5 in PR-CMa-46, section 1.5.1; AECL-6401) the
oxide thickness was reasonably close to that grown on
mimplanted species under the same conditions. However
at larger doses (> 1 x 1015) all species implanted into
preformed oxide inhibited further oxide growth. This
.nhibition was studied further by implanting In at
doses of 1 x 10 1 3 to 1 x 10 1 6 atoms/cm2 into preformed
oxides formed in an electrolyte of H2SO4. During
-.implantation part of the surface was masked. We then
anodized again in the same electrolyte and the same
:onstant current density as had been used for preforming.
nhe oxide thickness on both the implanted area and non-
.mplanted area were measured by Rutherford backscattering
malysis. In this case, doses <_ 5 x 10 1 4 atoms/cm2

produced no differences in oxide thickness between the
:wo areas. At doses of 1 x 10 1 5 or more, no additional
oxide was found on the implanted area. Further experi-
ments are planned.

(1) J. Siejka, J.P. Nadai, G. Amsel, J. Electrochem.
Soc. 118, 727 (1978).

1.5.2 '.'he Anodization of Superimposed Metallic Layers

• J.P.S. Pringle

In PR-CMa-46, section 1.5.3; AECL-6401, experimental
observations by Perrière, Rigo and Siejkad> on the
anodization of superimposed layers of niobium and
tantalum were interpreted on the basis of the known
properties of the anodization of the individual metals.
The resulting hypothesis has now been generalized, and
..pplied with complete success to all available information
un the anodization of superimposed layers; the main points
; re as follows.

Anodization of superimposed metal layers is governed
]>y several factors, of which the most important is the
resistivity difference between the resulting oxides.
Uhen the oxide of the superimposed metal is the less
resistive, the metal order is conserved, the oxygen order
:.s conserved, and the final voltage under constant current
< onditions is just the sum of the component potentials
iiCi"oss the two oxide layers. When the superimposed oxide
:.s the more resistive, however, fingers of the substrate
oxide force their way through it after the manner of the
:;ayleigh-Taylor effect in superimposed liquid layers;
'.he metal order is then partially inverted, the oxygen
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order likewise, and the final voltage is less than the
sum of the components. Such evidence as is available on
the anodic oxidation of superimposed systems of aluminum,
niobium and tantalum is in entire agreement with the
increasing oxide resistivity order of Nb2Og, Ta2Os and
A1 2O 3.

These phenomena due to oxide resistivity differences
will however be modified by effects due to transport
numbers, relative metal migration rate, oxide structure
and Pilling-Bedworth ratio. If the transport numbers
during the anodization of the individual metals are
different, for example, there must be some accommodation
in superimposed systems; either the formation or
elimination of oxide at the interface between the two,
or a compromise on some set of transport numbers different
from those of either individual oxides. Results by
Perrière, et al.^) on the aluminum-niobium system
suggest the latter.

(1) J. Perrière, S. Rigo and J. Siejka, J. Electrochem.
Soc. 12Jj, 1549-1557 (1978).

(2) J. Perrière, S. Rigo and J. Siejka, ELectrochem. Soc.
Extended Abstracts 78-1, Abstracts 194 (1978).

1.6 COMPUTATIONS

1.6.1 Correlated Thermal Vibrations and the Minimum Yield

- D.P. Jackson and J.H. Barrett (Oak Ridge National
Laboratory [ORNL])

Continuing the work reported in PR-CMa-46, section
1.6.1; AECL-6401, further calculations were done to
investigate the influence of thermal displacement
correlations on ion backscattering. Since the surface
yields arise essentially from the first few layers of
the crystal, it is possible that modified correlations
at the surface might be important. However this is not
the case for the minimum yield along a channeling
direction (Xmi.n) since in this case most of the back-
scattering occurs deep within the crystal and hence 'bulk'
correlations should be applicable without modification.
Preliminary calculations of x

m j _ n as a function of
temperature, for 2 MeV He + along a Mo <111> axis, show
that a reduction of approximately 10% is present for a
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correlated lattice versus an uncorrelated one. This
indicates that correlations should be taken into account
when comparing calculated and observed xmin' s a^d also
that the correlation effect may be observable through
studies of Xmin- Another significant aspect of this
initial result is the possible role of correlations in
the interpretation of experiments that obtain nuclear
lifetimes from channeling and blocking because in essence
they involve determinations of Xmin- These calculations
are continuing.

1.7 PUBLICATIONS, LECTURES AND REPORTS

1.7.1 Publications

The Determination of Solute Atom Displacements in Mixed
Dumbbell Interstitials for the Face-Centered-Cubic
tiattice
-• N. Matsunami, M.L. Swanson and L.M. Howe

Can. J. Phys. 5j5, 1057 (1978); AECL-6145.

Measurement of Direct and 2p-Vacancy Transfer Contributions
to K-Shell Ionization Cross-Sections
- I.V. Mitchell, W.N. Lennard, J.S. Forster and F.W. Saris

Proc. Int. Conf. on Physics of Electronic and Atomic
Collisions, Paris, France, July 21-27 (1977) p.324.

1.7.2 Lectures

The following lectures were presented at the 5th
Conference on the Use of Small Accelerators, Denton,
Texas, November 6-8, 1978.

1) Stopping Powers for Heavy Ions in Carbon Over the
Energy Region 200 to 2000 keV
- D.C. Santry and R.D. Werner

2) The Range of 120 keV Heavy Ions in Solids
- D.C. Santry, R.D. Werner and O.M. Westcott

3) Low Energy Stopping Powers Determined by Time-of-
Flight Techniques
- H.R. Andrews, W.N. Lennard, I.V. Mitchell, D. Ward,

D. Phillips, R.B. Walker and N. Rud

4) Double K-Vacancy Sharing in Heavy Ion-Atom Collisions
- W.N. Lennard and I.V. Mitchell
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The following lecture was presented to the Kansas State
Physics Department, Kansas State University, November 9,
1978

1) Universal Scaling Law for K-Ionization Cross
Sections in Heavy Ion-Atom Collisions
- W.N. Lennard

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

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

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

Monitoring of metallic impurity levels in PuO2/UO2

fuel pellets has commenced by the procedure described in
PR-CMa-46: 2.2.1.1, AECL-6401. With the exception of
four elements, detection limits are well below lower
specification levels for fuels. Cadmium can be detected
at the specification level, i.e. 0.2 mg/kg. Dysprosium
and gadolinium are detectable at 0.4 and 0.3 mg/kg
respectively. The method is very insensitive to Samarium
and this element can only be detected at 2 mg/kg.
Typical results for a U02 and U02/Pu02 sample are shown
in Table 2.2.1.1.

This technique is also being applied to the analysis
of reactor waste materials prior to their treatment for
storage. Here, ensuring a 'safe' level of radioactivity
commensurate with adequate sample load on the electrodes
is a major consideration. Once again the principal
constituent, uranium, is removed and the residue
examined for metallic impurities. Notwithstanding the
very high dilution required to keep down the level of
activity, the impurities are readily detected using
waterproofed rod type graphite electrodes.

Experience with both fuel and waste samples has
shown that the activity containment facilities are
working very well. In general the spread of activity has
been restricted to the secondary arc/spark chamber.
Immediate disposal of used electrodes and frequent
swabbing of the electrode loading/unloading area will
ensure minimal residual contamination.
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TABLE 2.2.1.1

Analysis Results for Fuel Impurities

Sample 1 - 1 g U02 in 5 cm
3 1:1 HNO3

Sample 2 - 1 g PuO2/UO2 in 5 cm
3 1:1 HNO3

Results expressed as mg/kg of oxide.

Elements Sample 1 Sample 2

Ag
Al
B
Be
Ca
Cd
Co
Cr
Cu
Dy
EU
Fe
Gd
K
Mg
Mn
Mo
Na
Ni
Pb
Si
Sm
Sn
Ti
V
W
Zn

0.1
<1
2
0.3
<1
3

<1
<0.4
<0.1
20
<0.3
<5
2

<5
2
<2
6

<2

<5

0.1
<1
2
0.3

<1
4

<1
<0.4
<0.1
20
<0.3
10
4

<5
4

<2
6

<2

<5
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2.2.2 Analytical Support for Heavy Water Production Plants

- R.M. Cassidy, S. Elchuk, R. Harpur, T. Longhurst

2.2.3 Atomic Absorption Spectrometry

- D. Bellavance, J.P. Mislan

2.2.3.1 Analysis of Pt/C Catalyst (Powder) for Pt

The results of sealed bomb acid digestion experiments
intended to provide improved recovery of Pt from carbon
catalyst substrates were inconclusive. Various digestion
media in Parr Bombs yielded different recovery efficiencies.
For this reason attempts are being made to obtain the
required data by ignition weight loss techniques.

Low temperature, RF ashing using an oxygen plasma
holds promise for permitting Pt analysis of active Pt/C
material by weight loss measurement. A commercial
instrument is being prepared for this purpose.

2.2.4 Inductively Coupled Plasma/Atomic Emission Spectrometry

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

2.2.4.1 Spectrographic Examination of ICP Spectral Lines

The Plasmatherm ICP source consisting of a 27.5 MHz,
2.5 kW generator and concentric-glass pneumatic nebulizer
was interfaced with the Jarrell Ash 3.4 m spectrograph
for the purpose of recording characteristic ICP spectra
of 27 common elements. These spectra will be used for
reference purposes. As yet there is no publication which
provides a comprehensive listing of ICP spectra. ICP
spectra of metals originate from electronic transitions
within excited ions. Arc and spark spectra consist of
atom and ion spectra.

2.2.4.2 Determination of B and Gd in D20 (Reactor Moderator)

The use of boron as a soluble poison (10B effective
isotope) for reactivity control and gadolinium (155Gd and
157Gd effective isotopes) as a soluble poison for shut-
down purposes, has necessitated the development of chemical
methods for total B and Gd which together with isotopic
abundance measurements by mass spectrometry have
permitted the quantitative determination of the neutron
absorbing isotopes.
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ICP-emission spectrometry should permit rapid,
sensitive determination of B and Gd on either a manual or
continuous analysis basis. We are investigating analysis
parameters for B and Gd with the JY 38 emission spectro-
analyzer in the concentration range 0.001 to 10 mg/kg.
Initial results indicate a detection limit of 0.5 yg/kg
for B.

2.2.4.3 Analysis of Zirconium Alloys for Alloying Elements

Optical emission spectrometry performed with an
argon ICP source has been used extensively for analysis
of unalloyed metals in aqueous solution at low
concentration levels. There is a trend toward application
of ICP-spectrometry to the total sample analysis of alloys
because the desired working concentration range for major
components can be conveniently achieved by dilution and
the use of a low sensitivity emission line.

We are currently applying ICP-emission spectrometry
to the comprehensive analysis of XL-alloy, a relatively
new zirconium alloy for which there is no certified
standard. The components of this alloy fall into three
categories: alloying elements in the percent range,
namely Sn, Nb, Mo; major impurities in the mg/kg range,
namely Cr, Cu, Fe, Ni; and trace impurities such as B
and Cd which must be kept in the sub-mg/kg concentration
range because of high neutron absorption cross-sections.

We have analyzed two groups of zirconium XL alloy
samples for alloying elements: Sn, Nb, Mo and zirconium
to permit a check of the mass balance. The values for
each component in one group were found to differ by
about 15% from those in the second group. This
difference appears to be the result of a matrix effect
caused by the presence of different amounts of HF in the
acid mixture used for dissolution of both sample groups.
The method of standard additions will be used to
investigate the possibility of a matrix effect.

2.2.5 Chromatography

- R.M. Cassidy, S. Elchuk, R. Harpur, T. Longhurst

2 » 2.5.1 Low Level Metal Ion Analysis

Previously it was shown (PR-CMa-46, AECL-6401) that
ion-exchange chromatography coupled with detection after
a post-column reaction could be used for the determination
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of small concentrations of metal ions. Recent work has
shown that background levels of cobalt from dissolution
of pump components can cause peak areas to vary by as
much as 50% for the analysis of cobalt (II) at the
40 pg'mL""1 level. Several improvements in the equipment
have virtually eliminated these background interferences
and the present detection limit (twice peak to peak noise)
obtained for Co(II) in a 60 mL sample is 6 pg^mL"1. To
date, 45 metal ions have been tested and 25 do not react
with the reagent used for detection. Of the 20 metal ions
that do react the following have been tested and were
found not to interfere: Fe(II), Pe(III), Ni(II), Pb(II),
Cu(II) and Mn(II). This system will be applied to the
analysis of Co(II) in heavy-water heat-transfer systems;
accurate measurements of low levels of Co(II) are
important in activity-transport studies.

One of the main improvements made to the equipment
has been the development of an inert off-line sampling
system. This system consists of a chemically inert pump,
Teflon tubing, and a 3 x 3 mm sampling cartridge which
is packed with a 13 ym cation exchange resin; the sampling
cartridge is interfaced with the liquid chromatograph via
a high-pressure sampling valve. With this arrangement
samples can be preconcentrated on the cartridge while the
chromatograph is used for other analyses; the preconcentrated
metal ions are swept onto the column for analysis with a
change in the position of the interfacing valve. This
system is quantitative for Ni(II), Co(II), Pb(II) and
Fe(III) in the concentration ranges studied; 0.1 to
18 ng-mL"1. Other concentration ranges and other metal
ions will be tested.

Studies of column efficiency for bonded phases and
styrene-divinylbenzene resins have shown that the column
wall can affect column-bed stability. Column beds of
Aminex resins packed in glass lined columns are unstable
and will compress under pressure; the result is a
catastrophic decrease in column efficiency. Column
stability is good however, for stainless steel; the
difference in stability can be attributed to the
rougher surface of the steel column which immobilizes
the column bed. For the rigid bonded phases, glass-
lined columns give slightly better efficiencies, possibly
due to the formation of a more homogeneous bed near the
column wall.

2.2.5.2 Analysis of CAN-DECON Solutions

Gas chromatography (GC) has been investigated as a
technique for the assessment of the radiolytic stability
of CAN-DECON reagents. The potential advantages of GC
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over conventional wet chemical methods are:

(1) simultaneous analysis of all main components plus
many of the decomposition products,

(2) reduced interference,

(3) good sensitivity, and

(4) faster analysis time.

Derivatization is prerequisite for GC determination
of CAN-DECON components and a number of reagents have been
tested. Quantitative results have been obtained for only
two of the three main components in the CAN-DECON
formulation (oxalates and citrates). Currently the
derivatization reagent BF3 (in methanol) is being tested;
it has been reported [Water Research, 6_, 871 (1972)] that
this reagent will derivatize EDTA and consequently,
should give quantitative results for all three CAN-DECON
components and also decomposition products.

This procedure could also be applied to the
determination of EDTA and its decomposition products in
ground waters from waste disposal areas; it has been
shown that EDTA may contribute to the mobilization of
radionuclides from burial sites [Science, 200, 1477 (1978)].

2.2.S.3 Analysis of SF6 for S 2F 1 0

Disulfurdecafluoride is a toxic gas and it is often
present as an impurity in SF 6. Gas chromatography with
electron capture detection has been investigated as a
method for the determination of small quantities of S 2Fi 0
in SF6. A number of columns have been tested but the
results are inconclusive due to a number of factors such
as:

(1) the poor thermal stability of S2F10,

(2) the unknown differences in the sensitivity of the
electron capture detector for different fluorosulfur
compounds, and

(3) syringe contamination due to diffusion and/or
adsorption of fluorosulfur compounds into the Teflon
seals used in the syringes.
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2.2.6 Mass Spectrometric (Magnetic Sector) Analysis of
Gas Mixtures

- J.P. MisIan, H. Herrington, L. Junop

2.2.6.1 On-Line Data Acquisition and Processing

Problems have been encountered with the application
of the HP 3352B Lab Data System and software to mass
spectrometry of gas mixtures. It is not clear whether
the intermittent system-fault is electronic in origin
or induced by software incompatibilities. A demonstrator
computer system has been supplied by the manufacturer to
assist in fault finding.

The Micromass 601 mass spectrometer was reconditioned
during the quarter. Vacuum system components were
disassembled, solvent cleaned, reassembled and leak
tested. Sample transfer lines were wrapped with heating
tape to minimize absorption of polar molecules like NH3

and NO2. The spectrometer has been calibrated with 11
pure gases and interfaced with the HP model 3352B Lab
Data System by a Hewlett Packard A/D converter.

2.2.6.2 Analysis of Impurities in ' 3 3Xe

Analysis of non-active impurities in commercial grade
133Xe prepared by Atomic Energy of Canada Radiochemical
Company (AECRC), Isotopes Group has been curtailed by
mass spectrometer system faults and high fields caused by
13 3Xe contamination of organic components (pump oil
and rubber tubing) in the vacuum system. AECRC personnel
have agreed to accept a 21 day delay period (̂  4 half-lives)
as a measure to control the risk of over-exposure of
analysis staff to *3 3Xe gamma radiation.

2.2.7 Quadrupole Mass Spectrometry

- T. Longhurst, R.M. Cassidy

2.2.7.1 Mass Spectrometric Analysis of Computer Magnetic Tape

Computer magnetic tape used at GBHWP fouls the
rollers on the tape feed mechanism of the CRNL computers
much more rapidly than does tape used by CRNL. Two
samples of GBHWP tape and two similar tapes used at CRNL
were analyzed by mass spectrometry in an attempt to
identify the reason for the rapid fouling with the GBHWP
tapes.
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Mass spectral analysis of compounds released from
the magnetic tapes showed differences with respect to
both the kinds and amounts of species released. However,
due to the uncertain history of the tapes, it could not
be concluded whether the observed differences were due
to variations in the composition of the original tapes
or the result of differences between the conditions
under which the tapes were used.

2.2.7.2 Gas Chromatograph-Mass Spectrometer Modifications

The guadrupole mass spectrometer has been shut down
for about a month for a number of modifications, and
general clean-up and maintenance.

The alignment of the ionizer shroud with the GC and
solids probe inlets was adjusted to increase the amount
of sample delivered to the ionizer; this should produce
a higher sensitivity.

The electron multiplier detector previously used had
deteriorated and this unit was replaced; preliminary
results indicate that this new multiplier should improve
sensitivity by factors up to 103.

The original "0" ring seal between the MS vacuum
container and the diffusion pump permitted the diffusion
of atmospheric gases into the vacuum chamber and also
collected and periodically released air bubbles from a
thin oil layer inside the "0" ring; these effects
produced unstable backgrounds. Replacement of the 0-ring
by a metal seal system is partially completed. As an
interim measure, the "0" ring has been replaced by a
Teflon gasket.

Due to the toxic nature of some materials analyzed
by the GC-MS, the total exhaust from the system is now
vented to a fume hood.

2 - 2„8 Analytical Support for NRX Calandria (Corrosion)
Working Party

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

Calandria tube E-ll was plugged and removed from
reactor service after detection of tube penetration with
He leak detection apparatus. Tube failure was detected
near the end of a 21-day test_to determine the effect of
positive air flow at 20 L-min"1 on the accumulation rate
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of Al(NO3)3*XH20. No corrosion data were derived from
this test.

A NO analyzer has been ordered to permit long term
monitoring of NO and NO2 in NRX calandria tubes. Other
remedial actions proposed are an induced air purge or
the use of a C02 blanket gas.



2.2.9 Analysis Requests

Received
from

System
Materials

Metallurgical
Engineering

Fuel
Engineering

General
Chemistry

Chemical
Engineering

Type of Sample

Evaporator solutions
Bitumen leach rate tests
Process Cruds
Valve bellows from GBHWP
Zr-2.5% Nb pressure tube material
Deloro alloy specimens
Fuel decrudding solutions

Kewaunee N.P.P. scale

Stainless steel specimens

Zirconium XL alloy
Zr-4
Zr-2.5% Nb
Zr-1.5% Y alloy
403 stainless steel

Fuel elements

ZED-2, CECE-rig process water
Zirconium alloy standards
Inconel X750
Electrolysis gas

PuO2

PUO2/UO2

Millipore filters from H2/H2O
exchange apparatus

GS Pilot Plant process water

No. Of
Samples

234
48
7
2
22
6
13

4

14

3
145
1
4

NO. Of
Determinations

234
48
7
8
44
6
65

8

765

7
330
4
12

Type of Analysis Done

Na
Na
Zn
Fe, Ni, Cr, Co
H
Ni
Fe, Ni, Cu, Co, Cr
Na, K, Ca, Mg, Fe, Ni
Cu, Cr, Si, Mn, Al, P0
C

Nb, 0, H, Quantitative
Spectrographic
0
0, N, C
0
0, N

20

12
4
1
2

4

2

2

82

20
16
3
6

288

144

50

246

Cu, K, pH, "-UV
Fe, Ni, Cr, Sn
Fe, Ni, Cr
Quantitative mass
spectrometry
Quantitative
spectrographic
Quantitative
spectrographic
Qualitative
Spectrographic

Fe, Al, 25"UV



Received
from

Fuel
Materials

Nuclear and
Solid State
Physics

NRX
Reactor

Reactor
Physics

Chemical
Operations

Type of Sample No. of
Samples

No. of Type of Analysis Done
Determinations

U02

Residue from magnet coolant line

Rb2Ptl6 Powder

SF6 Gas

D20

Process systom crud

A12O3 from
 99Mo processing equipment

NRU process airline crud

Steam trap crud

Boiler scale

9 9Mo process product

TOTAL

1

1

1

2

6

2

3

1

2

1

12

76

22

2

10

6

50

7!5

25

25

25

53

O/U, Fe, Ni, F~
Quantitative spectro-
graphic

Qualitative spectro-
graphic
Rb, Pt

Quantitative mass
spectrometry

B

Qualitative
spectrographic
Qualitative
spectrographic
Qualitative
spec trographic
Qualitative
spectrographic
Qualitative
spectrographic
Quantitative mass
spectrometry

1

-j

1

652 2700



- 48 -

2.3 RADIOACTIVITY MEASUREMENTS

2-3nl Fission Product Deposition - Laboratory Studies

- W.J. Edwards

A series of additional batches of magnetite have been
prepared by hydrothermal synthesis (PR-CMa-46, AECL-6401)
and are being tested as adsorption substrates.

2.3.2 Neutron Activation Analyses of Zirconium Alloys

- W.J. Edwards

The use of the method of Instrumental Neutron
Activation Analysis (INAA) for the measurement of impurity
levels in zirconium and its alloys has been described
previously (PR-CMa-45, AECL-6327; PR-CMa-46, AECL-64 01).
Ten elements can be determined by this technique at present.
Table 2.3.2.1 illustrates the results obtained with three
zirconium reference materials by this technique.

The bracketed numbers in the first column of Table
2.3.2.1 refer to the mass numbers of the (n,y) activation
products. In general the table shows that the technique
is accurate to within approximately 10 ppm or 10%. In
addition to the elements in Table 2.3.2.1, hafnium can
also be measured from the y-spectra but has not yet been
calibrated.

Table 2.3.2.2 provides the results of INAA on samples
of pressure tube material from existing power reactors. A
comparison of the measurements with the AECL specifications
in the final column shows generally good compliance with
standards by the manufacturer.

INAA of zirconium but not the 2.5% niobium alloy have
been reported by Eddy et al (1). His results are similar
to those in the current work and in addition he determined
nickel from the (n,p) reaction product, 58Co. The CRNL
reactors are too well thermalized to produce adequate
sensitivity for this reaction.

(1) B.T. Eddy, D.C.G. Pearton, J.J. Wutherson, National
Institute for Metallurgy, Johannesburg, South Africa,
Report No. NIM-1861 (1976).



TABLE 2.3.2.1

INAA of Zirconium Reference Standards*

Standard

Element

Al (28)

Ti (51)

V (52)

Mn (56)
II

Cu (66)

Sn (125)

Sn (123)

W (187)

Cr (51)

Fe (59)

Co (60)

EY
(kev)

1778

320

1434

846

1811

1039

331

160

480

685

320

1099

1175

1332

EZ-7

Concentration
OBS.

22

55

26

17

17.5

40

9200

8600

37

31

540

1170

13

10

STD.

23

52

24

17

17

27

9900

9900

37

37

600

800

11

11

(ppm)
DIFF.

-1

+3

+2

0

0.5

+13

-700

-1300

0

-6

-60

+ 370

+2

-1

EZ-8

Concentration
OBS.

37

69

53

37

34

56

13950

13560

70

69

1210

1880

22

23

STD.

39

62

52
28

28

64

13800

13800

75

75

1900

1800

20

20

(ppm)
DIFF.

-2

+7

+1

+11

+6

-8

+150

-240

-5

-6

-680

+80

+2

+3

EZ-10

Concentration
OBS.

69

123

92

47

49

78

17390

16900

151

143

1740

2990

49

50

STD.

72

125

98

52

52

112

17300

17300

140

140

1900

2800

52

52

(ppm)
DIFF.

-3

-2

-6

-5

-3

-24

+90

-400

+11

+3

-160

+190

-3

-2

U3

I

•Prepared by "Reactive Materials Inc.1



TABLE 2.3.2.2

INAA of Zirconium - 2.5% Niobium Pressure Tube Samples

ELEMENT

Al (28)

Ti (51)

V (52)

Mn (56)

Cu (66)

Sn (125)

W (187)

Cr (51)

Fe (59)

Co (60)

Ey (keV)

1778

320

1434

846

1811

1039

331

480

320

1094

1175

1332

G174F
ppm

37

21

1.4

1.6

1.7

11

51

N.D.

75

650

2

—

G175F
ppm

37

12

1.4

1.0

1.0

14

73

N.D.

68

820

<1

1

G176F
ppm

39

N.D.

1.4

1.2

1.2

13

54

N.D.

51

1400

1

<1

G177F
ppm

53

N.D.

1.8

1.4

1.6

14

93

N.D.

27

800

<1

<1

G178F
ppm

39

N.D.

1.4

1.5

1.5

22

53

N.D.

76

1300

1

1

G179F
ppm

41

N.D.

1.2

1.1

1.1

12

46

N.D.

44

293

<1

<1

G180F
ppm

42

N.D.

1.2

3.6

3.8

17

46

N.D.

-

-

-

—

G181F
ppm

36

N.D.

1.3

1.1

1.3

12

N.D.

-

-

-

—

AECL SPEC.
ppm

75

50

50

50

-

50

100

100

200

1500

20

©

I
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2.3.3 Fast Neutron Measurements in the NRU J-Rod Anriulus

- W.J. Edwards

Irradiations of large diameter ingots of single-crystal
silicon are currently being performed in a facility in the
NRU J-Rod annulus. These irradiations are being carried
out by the NRU Reactor Branch to test the feasibility of
"doping" silicon by nuclear transformation to produce a
product of very high uniformity, useful for various
electronic power devices. The reaction involved is the
30Si (n,y) Si reaction which produces phosphorus on beta
decay of 3 ' Si.

An undesirable side effect of this method of doping
silicon is the possibility of crystal damage from the fast
neutron fraction of the flux. A series of measurements is
therefore being carried out to determine the fast component
of the NRU J-rod flux. This is being done both by the
conventional cadmium ratio technique and by measuring the
relative rate of production of 2 9A1 from the fast reaction
29Si (n,p) 29A1 vs the 31Si production rate.

To date we have obtained the following results for
position JR-1;

Cd Ratio 31Si/29Al Production Rate
(using 60Co) (atoms/s)

4950 ± 300 2.06
 ± 0.2 x 10"

These ratios indicate an extremely well thermalized flux in
the annulus. The thermal flux varies with reactor loading
in the range of (1 - 1.5) x 10 1 3 n/cm2/s.

Current measurements are aimed at reducing the standard
deviations in the preceding figures, by using improved
experimental conditions.

2.3.4 y-Spectrometry Laboratory

- P-A. Robinson

A total of 237 samples was received during the period
1978 September 11 - December 1. These were analyzed as
follows:
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Na(.I) spectra
Ge (Li.) spectra

decay curves beta
gross beta

12
187

199

19
84

103

DISTRIBUTION OF BKTA ANALYSIS

Loop

Decay

Gross

X-1

1

4

X-2

2

X-3

2

11

X-4

-

8

X-5

-

4

X-6

2

12

U-1

5

16

U-2

3

14

U-5

2

16

Special
Analysis

-

1

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-2

2

X-3

8

X-4

1

X-6

2

U-1

9

U-2

6

U-5

2

Special
Analysis

145

NRU

12

WNRE

6

NPD

6

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 1978 September 6 - December 4.
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No. of Samples Branch

6140 General Chemistry

Program

Electrolysis-Catalyst
Exchange

35

49740

36

7

General Chemistry

Physical Chemistry

BHWP, GBHWP, PHHWP
DPGS & Barringer
Research

Pickering GS

Density Monitor
Testing

H2-H2O Exchange

Interlaboratory
Comparisons and
Standards Calibration

D2O Inventory Program

55958

2.4.2 The Absolute Determination of the Deuterium Content
of H2O

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

This program has been delayed due to higher priority
commitments of time and instrumentation. The reassessment
of our absolute D2O values is expected to resume shortly
depending on the D2O analysis support requirements of the
ZED-2 upgrader program.

2.4.3 Heavy Water Analysis - Cooperation with Production Plants

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

2.4.4 D/H Analyses by Density

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

2.5 ELECTROCHEMISTRY

2.5.1 Evaluation of the Ag/Pd Method for Removing Hydrogen
from the Pressure Tube Annulus Gas

- M. Hammerli, W.J. 01mstead

The effect of wall thickness on the hydrogen removal
rates was determined in two 25% Ag - 75% Pd (by weight)
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test sections each 3.18 mm in diameter, 30.5 cm in length
and having wall thicknesses of 0.127 mm and 0.254 mm
respectively. The hydrogen removal rates on a nominal
1% H2 in N2 standard were determined mass spectrometrically.
Good agreement was obtained between present results and
earlier results on the 0,127 mm thick tube. Results are
shown in Fig. 2.5.1.1 for the above tubes as well as for the
6.36 mm in diameter, 30.5 cm long tubing having a wall
thickness of 0.254 mm. Results for the latter were
obtained previously.

From Fig. 2.5.1.1 it is clear that the wall thickness
affects the rate of hydrogen removal over the whole pressure
range studied. Within experimental error, the slopes of
the lines for the 3.18 mm diameter tubes are identical.
Furthermore, at any given average hydrogen concentration
along the length of the tube (e.g. at 70% hydrogen removed),
the ratio of the gas pressures for these two tubes is
within 10% of the thickness ratio when corrected for the
difference in the gas residence time. Therefore, the
hydrogen removal rate is directly dependent on the wall
thickness within experimental error.

When the ratio of the inlet gas pressure for the
6.36 mm diameter and the 3.18 mm diameter tubes is
compared at any fixed removal rate to the ratio of the
gas residence times for these tubes, one finds the
residence time accounts for about 75% at 70% hydrogen
removed.

It is very likely that when differences in gas flow
patterns are taken into account, the hydrogen removal rates
in tubes with the same wall thickness will correlate with
the gas pressure. These calculations have not yet been
made but we consider that the experimental work on this
project is now complete.

2.5.2 Effect of NH3 on Catalyst Activity

- M. Hammerli, A.S. Denovan

2.5.3 The Effect of KNO3 on the Electrolysis of KOH Solutions

- M. Hmmerli, W.J. Olmstead

2.5.4 Dissolved Gases in the Burner Condensate from the ZED-2 Rig

- M. Hammerli, W.J. Olmstead
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2.5.5 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan

2.5.6 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

We are continuing to study the factors affecting the
response of the fluoroborate (BF~) selective electrode,
with the aim of developing procedures for the direct
determination of boron in water using ion-selective
electrodes (PR-CMa-46, AECL-6401).

In order to use the BFi» electrode, boron in aqueous
samples must be converted to the BF^ ion by reaction with
HF; the rate of this conversion increases with increasing
temperature and increasing HF concentration. The time
required to convert B07 to BF1T decreases from 300 to 20
minutes as the temperature is increased from 300 to 3 35 K,
at 0-28 mol-L"1 HF; the conversion time also decreases
from > 360 to 20 min at 335 K, as the HF concentration is
increased from 0.028 to 0.28 mol'L"1. The use of
concentrated HF for rapid conversion at elevated temperatures
appears advisable; however, the limit of detection of the
fluoroborate electrode changes from ^ 5 x 10"5 to 5 x 10"6

mol «I/"1 BFl̂  as the HF concentration is decreased from 0.28
to 0.028 mol'L"1, respectively.

One possible way to overcome these opposing requirements
of high acid concentration for rate effects versus low
acid concentration for increased electrode sensitivity
woaid be to perform the conversion at high HF levels,
followed by neutralization of the excess acid. However, it
was not clear whether the interference at the low BFlT levels
was due to the presence of HF or F~. To this end, the
electrode response to varying F~ and H+ concentrations was
studied. In the range pH 7-12, electrode response, in the
absence of added BF~, was independent of F~ concentration
over the range 10~3 to 5 x 10 mol'L"1. At lower pH values,
the electrode response was a complex function of both F~
and H+ concentrations; the interference observed at low BF̂ *
levels thus appears to be present only in acidic solutions
and appears to be due to either the HF or HFJ species.
Work is continuing to elucidate the mechanism of response
in this pH range (pH 2-6) . On this basis, it appeared
possible to extend electrode response to lower BF^ levels
in the presence of high F~ levels provided that the solution
was maintained at pH 8 or higher.
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The following experiments were performed to test this
possibility. A calibration curve was obtained by the
addition of NaBFi, solution (prepared from the salt) to a
0.28 mol-L"1 NaF solution adjusted to pH 8. Standard
solution of H3BO3 were adjusted to contain 0.28 mol'L"1

HF, reacted at 335 K for 20 minutes, cooled, and then
neutralized at pH 8 via the addition of NaOH solution; the
resultant NaBFi, solutions were then used to calibrate the
electrode. Calibration curves from both sets of solutions
were indistinguishable; the limit of Nernstian response
was ^ 2 x 10 mol'L"1 BFT (0.2 mg'L"1, B), but the limit
of detection in both solutions was ^ 3 x 10~6 mol«IT1

BF^ (0.03 mg'IT1, B).

2.5.7 H2S-in-rtater Monitors

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

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.5.1 Spark Source Mass Spectrometry

- I.H. Crocker, S.V. Armstrong

Requests for cooperative analysis by spark source mass
spectrometry were quite limited in the past quarter, and
this provided an opportunity to catch up on needed maintenance
and tuning of the AEI-MS-702 instrument. A careful
refocussing marginally improved the resolution of the
instrument to 3150 at mass number 207 with photoplate
detection. When the instrument was first installed,
beginning 1969, January 22, a resolution of 3200 was
achieved (PR-CMa-8: 2.8.1). Thus a decade later the
instrument is performing reasonably well. However, a best
resolution of 4000 was reached in 1973 (PR-CMa-26: 2.7.1)
as a result of a visit by a field engineer from AEI
Scientific Apparatus Department so that some degradation of
performance has occurred since then. Attempts will be made
to cnce again reach this level by parts replacement and
further tuning.

Aside from the above, two quite diverse analyses were
done for Solid State Science Branch on accelerator materials.
One was a relative isotopic abundance measurement on
electromagnetically enriched tin-120, the other a complete
trace impurity analysis of a magnesium Pelletron target in
which 30 elements were determined down to the 10"6 g/g level.
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During a twelve day period about 400 mL of high-
purity nitric acid were produced by the sub-boiling
distillation procedure described in PR-CMa-35: 2.7.1.3,
AECL-5381.

2.6.2 Thermionic Emission Mass Spectrometry

- I.H. Crocker, J.A. Schruder, C.H. Knight, S.R. Bokwa

The usual routine of reactor materials isotopic
analyses has been disrupted by the need to upgrade the quality
of the Bldg. 250 hot cells. These have been shut down and
decontaminated in preparation for remodelling to permit
analysis of irradiated plutonium-uranium and plutonium-
thorium fuel samples. The start of the remodelling has
been rescheduled from July past to mid-December.

As a result, no irradiated fuel pellets have been
dissolved for mass spectrometric analyses. However, other
work has continued. Several sets of stable isotope dilution
analyses have been done involving x ** 8Nd spikes and natural
neodymium, natural uranium spikes and 2 3 5U, and 2 3 3u spikes
and natural uranium. These analyses were done in cooperation
with the Atomic Energy Control Board, Nuclear Materials
Control Branch and General Chemistry Branch.

The above work has been done in the normal way on the
Nuclide 15-90-SU 2.2 mass spectrometer. A considerable
amount of time has been spent in testing and calibrating
the old CEC MS-703 mass spectrometer for plutonium isotopic
analyses which are now underway because plutonium-uranium
mixed oxide pellet fabrication has begun in the pilot line.

2.6.3 The Anion Exchange Separation of Uranium,
Plutonium, Rare Earths and Americium

- S.R. Bokv;a

Trial separations of synthetic fuel solutions containing
rare earths, americium, uranium and plutonium have been
completed. Using 0.5 x 6.0 cm columns of BioRad AGMP-1
anion exchange resin and the operating parameters listed
below, good separations of the rare earths, americium,
uranium and plutonium have been obtained. Figure 2.6.3.1
shows an elution profile of the separation.
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TABLE 2.6.3.1

Separation parameters

Column Dimensions: 0.5 x 6.0 cm

Resin: BioRad AGMP-1 Batch #12927 Cl" form
200 - 400 mesh

Ion Elution Solution Elution
Volume

Re(III)

Am(III)

U(VI)

Pu(IV)

75% (CH3)2CO-25% HC1 (by volume)

Concentrated HC1

1:1 HNO 3 (by volume)

0.36 mol-lT1 HCl-0.01 mol-L"1 HF

5 mL

5 mL

10 mL

5 mL

Natural neodymium and the radioactive isotopes ^''Ce and
15''Eu were used to determine the elution position and
recoveries of the rare earths. 2 3 3 U f

 2 3 9Pu and 2 ** 1Am were
used to determine the elution behaviour and recoveries of
these elements. The recoveries obtained during column runs
are listed in Table 2.6.3.2.

TABLE 2.6.3.2

Recoveries

Element Average Recovery No. of Column
(Percent) Runs

Method of
Determination

Nd 96

111 *Ce
15 *Eu

Am
2 3 3 O

Pu

95

97

99
97

100

6

2

2

6

4

5

spec trophotorne try;
isotope dilution

Y

Y
a

a

a

spectrometry

spectrometry

counting

counting

counting

Separations on irradiated fuel solutions are now in progress.
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2.6.4 Uranium Separation Chemistry

- C.H. Knight, S.R. Bokwa, I.H. Crocker

2.6.4.1 A New Chromatographic Support Material

We reported eighteen months ago (PR-CMa-42: 2.6.4,
AECL-5971) that our standard procedure for purification of
uranium from fission products in irradiated fuel pellet
solution could no longer be used because the special Kel-F
support material always used in these column separations
was not available. A similar separation procedure for
uranium had been adopted for the molybdenum-99 recovery
plant.

Since then Fluoropak 80 has been used in place of
Kel-F because it was the best substitute that we could
find. However, it has a lower capacity for tributyl
phosphate (TBP) and thus a lower specific retention value
for uranium than the special Kel-F had.

A promising new substitute now has been found. It is
Chromosorb-W (inert diatomaceous silica) treated with
dimethyldichlorosilane (DMCS). Preliminary tests show
that it is superior to Fluoropak 80 for our purpose and is
similar to the special Kel-F in retention value.
Quantitative studies are being done, and its possible use
in the 99Mo process will be evaluated.

2.6.4.2 Highly Active Waste Preparation

- S.R. Bokwa (in cooperation with System Materials Branch)

In order to have a supply of highly active fuel waste
solution available for forthcoming studies on waste
disposal methods, uranium was separated from fission
products and other impurities in three separate samples.
The method used was extraction chromatography of nitric
acid solutions of the wastes on columns of Chromosorb-W
treated with DMCS and impregnated with TBP.

2.6.5 Analytical Support - Plutonium Fuel Fabrication Line

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

2.6.5.1 Routine Analyses

The first addition of plutonium to the fabrication
line occurred this quarter with a start being made on fuel
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fabrication for Experiment BDL-419.
analyses were carried out:

Plutonium isotopic - 3

Plutonium content - 5

Uranium content - 2

Carbon - 6

The following

Fluoride

Nitrogen

0/M

Hydrogen

Total moisture

- 2

- 16

- 11

- 6

3 Metallic impurities - 8

2.6.5.2 Coulometric Determination of Uranium and Plutonium

With the addition of plutonium to the analytical
chemistry glovebox line in Bldg. 375, testing of the
analytical methods for quantitative plutonium determinations
was begun. A standard solution of plutonium was prepared
from an NBS-949 plutonium metal standard and analysed on
the controlled potential coulometer. The average value
(100.2 ± 0.4 wt.%) of seven determinations showed that a
small positive bias existed, and the standard deviation
was larger than expected. Work is continuing to improve
the precision of the method and to determine if its bias
is consistent.

Three samples of PuO2 powder from three separate
cans of the same lot of PuC>2 were analysed for wt.% Pu
with the following results:

P-18 85.84 + 0.2 wt.%
P-19 85.92 + 0.2 wt.%
P-33 85.92 ± 0.2 wt.%

To calculate a mass balance between plutonium entering
the line and plutonium (in the fabricated fuel elements)
leaving the line, precise determinations of the plutonium
and uranium in the sintered pellets are necessary. The
determination of plutonium without prior separation from
uranium is made difficult by the fact that its
concentration in the fuel pellet is only 0.5 wt.%. Thus
even pg/g concentrations of impurity elements in the
uranium may interfere in the coulometric determination of
plutonium and must be eliminated or corrected for. To
estimate the extent of the interference, especially from
iron which has a usual concentration of 10 to 30 pg/g in
UO2, 800 mg samples of the UO2 were analysed for plutonium.
It was found that the usual blank of 0.011 coulombs was
thereby increased to 0.058 + 0.004 coulombs.
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Plutonium and uranium determinations on production
pellets were done with the following results:

K-22-1

K-28-1

Pu
U

Pu
U

Calculated
Concentration

0.550
87.60

0.546
87.60

Analysis

0.540 ±
87.1 +

0.548 +
87.5 +

Value

0.005
0.3

0.003
0.6

These results have been compared to those obtained by
non-destructive assay by Fuel Materials Branch personnel.
The latter indicated a possible pellet-to-pellet variation
of 1.2% from the nominal value of 0.550 wt.% plutonium.
Work is continuing to improve the precision of the analyses
and to eliminate a probable negative bias in the uranium
determination.

2.6.5.3 Waste Solidification

It is proposed that all liquid wastes from the
analytical chemistry glovebox line be disposed of by
encapsulation in polyester resins. Work on actual waste
solutions has now been done in the analytical chemistry
glovebox line. Although some difficulty was experienced
in pH adjustment due to higher than anticipated acidity
of some of the solutions, all liquid wastes from two
months operation of the line have been successfully
solidified and are being sent for disposal. The disposal
of organic wastes (i.e. tributyl phosphate, carbon
tetrachloride) was not tried in the original assessment.
However, it was found that in limited amounts, (i.e. up
to 10% of liquid volume) they can be encapsulated along
with the normal liquid wastes.

2.7 REPORTS, PUBLICATIONS, LECTURES

2.7.1 Lectures

The following lectures were presented at the 6th
CRNL-WNRE Analysis Information Exchange Meeting, Pinawa,
4-5 October 1978.

Influence of Redox Environments on the Mobility of
Arsenic in Ground Water
Presented by J. Gulens
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'The Application of High-Performance Liquid Chromatography
to the Separation and, Analysis of Metal Ions
Presented by R.M. Cassîdy

The Anion Exchange Separation of Rare Earths,
Anericium, Uranium, and Plutonium
Presented by S.R. Bokwa

4RX Calandria-Tube Corrosion: An Analytical Chemistry
•Study
Presented by J.P. Mislan

Removal of Hydrogen from Inert Gas Streams Using Ag-Pd
'Cubing
Presented by W.J. Olmstead

Heutron Activation Analysis of Zirconium and Zircalloy
Presented by W.J. Edwards

The lectures listed above may not be available in print.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry
- A.W. Boyd and O.A. Miller

(a) NO2 and O2 Yields in the Radiolysis of N2-N2O Mixtures

Values have now been obtained for the yields of N02

and 0 2 in N2-N2O both with and without the addition of SF6-
These are shown in Figure 3.2.1.1. The 02 yields which were
determined by measuring the increase in N02 on the addition
of excess NO are lower and more precise than obtained
previously by mass spectrometry (PR-CMa-44, AECL-6179).
The yields of N02 are much higher than those predicted from
the yield of N(2D) atoms determined from the NH formed in
N2-H2 mixtures (see PR-CMa-46, AECL-6401). As some anomalous
values have been obtained in Febetron irradiations(1) measure-
ments were made using the Gammacell and at reduced dose rates
with the Febetron. The results were not significantly
different from those obtained previously (i.e., at ^ 2 x 10 2 7

eV-g-^s"1) .

Another method of determining G(N(2D)) in N2 is the
measurement of 0 3 at less than. 1 ms in the pulse radiolysis
of N2-O2-SF6 mixtures. At low concentrations of 02 the 03
formed at these times should result only from reaction
[1] (followed by [2] and [3])

[1] N(2D) + 0 2 ->• NO + 0

ki = 1.5 x 109 L-mol-'-s-1

[2] N(**S) + NO •+ N2 + 0

k2 = 1.3 x 10
1 0 L ' 1

[3] O + 2O 2 •*• 0 3 + O 2

k3 = 1.3 x 108 I^

as reaction of N(**S) atoms with 0 2 is too slow.



o 3 1 -

00

I

VOLUME % N20 IN N2

Figure 3.2.1.1 - N02 and O2 yields in the Febetron irradiation of
20 1 1N2-N2O mixtures. Dose 1 x 10:

Dose rate ^ 2 x 10 2 7 eV-g
"1

-1 ,-1
eV-g"1 pulse"1.

Top solid line
- N02 yields (from PR-CMa-46, AECL-6401); 0 -
N02 yields with 1 mol % SF6; D ~ °2 yields;
X - 02 yields with 1 mol % SF6.
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[4] N("S) + 0 2 -> NO + O

ki» = 6 x 10"

Preliminary values obtained using this method are in
reasonable agreement with the yield of G(N(2D)) = 0.8 ± 0.1
from the N2-H2 irradiations. Work with this method is
continuing.

(1) A.W. Boyd, D.A. Armstrong, C. Willis and O.A. Miller,
Radiation Research 4£, 255 (1969) .

3.2.2 Pulse Radiolysis of Liquid Systems
- W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn

(a) Flash Photolysis of Alkali Metal Solutions in Ethers

Although the general features discussed previously
(PR-CMa-46, AECL-6401) are not in doubt the overall photolysis
process is complex. Using a fast computer program developed
by M. Carver (Math and Computation Branch) extensive
calculations have been performed in an effort to elucidate
the reaction mechanism leading to the formation of Na~ in
mixed-metal solutions. Utilizing the measured optical
parameters for the principal species M~ and (M+, es~) , it
has been possible to simulate the experimental results over
a wide range of wavelengths for Na/K solutions. Although
not yet complete, such calculations considerably expand
our understanding of the primary reactions and equilibrium
processes involved in the dissolution of alkali metals.
Such reactions, together with the best estimates of the
rate constants to date are listed below.

Process Rate Constant

[1] e " + K+ = ^ (K+, e ") ki = 4.6X1011 L-mol-'-s"1
s s k_x= l.OxlO

5 s"1

[2] e " + (K+, e "•) = ^ K~ k2 = 2.6xlO
10 L-m

' k_2= 1.52X101 s"1

[3] (K+, e ") + (K+, e ~) ^ K~ + K +

k3 = 3.6xlO9

k_3= 7.25xlO6
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Process Rate Constant

[4] e " + Na+ *=* (Na+, e ") ki, = 8.0X1011 L-
k_i,= 8.0xl05 s"1

[5] e " + (Na + , e ") ^ = ^ Na~ k 5 = 5 . 0 x l 0 1 0 L-m
s k_ 5 = 9 . 0 x l 0 ~ 2 s " 1

[6] (Na + , e ~ ) + (Na + , e ~) > Na~ + Na+

S 5

k6 = 2 . 5 x l O 1 0 L-

[7] (Na + , e ~) + (K+ , e ~) >Na" + K+

S o

k 7 = 8 .0xJ .0 1 0 L-

[8] (Na + , e ") + K+ * (K+ , e_~) + Na+

S S

k e = 5 . 0 x l 0 1 0 L -

[ 9 ] K " + N a + > ( K + , e ~ ) + ( N a + , e~)
5 5

k9 = 7 .0x l0 7

[10] (K+
r e ") + Na+ * (Na+, e e") + K+

5 5
kio=1.39xl010

(b) Optical Properties of Dilute Alkali Metal Solutions
- J.W. Fletcher, W.A. Seddon and L.W. Thomson
A review of the optical properties of dilute metal

solutions has been initiated in preparation for the Colloque
Weyl V conference to be held in 19 79. Although there is
often good agreement in band maxima for the different species,
considerable discrepancies in band shape and extinction
coefficients exist in the literature. In other cases optical
bands are incorrectly identified, and continue to be reported
as such, thereby adding to the confusion. The role of pulse
radiolysis and flash photolysis in resolving such difficulties
is a significant feature of the review.

3.2.3 Radiolytic Decomposition of CAN-DECON Reagent
- W.A. Seddon, J.W. Fletcher and L.W. Thomson
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3.2.4 Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans, F.K. McClusky and E.B. Selkirk
with S.L. Chin (University of Laval)

Multiphoton Absorption in Methanol

Spectrophone measurements of absorption of the HF Pi(6)
line by CH3OH were first reported in PR-CMa-46, AECL-6401.
Measurements have now been refined and extended to pressures
as low as 4.2 Pa (̂  0.08 kinetic collisions during the pulse
time of the laser). The goal of these studies is to
elucidate the role played by collisions in the multiphoton
absorption process.

For detailed study it is necessary to convert the
microphone response to an absolute quantity such as photons
absorbed or absorption cross section. We have obtained a
microphone calibration, at a pressure of 2.7 kPa, by comparing
spectrophone results and the results obtained using "two beam"
transmission spectroscopy. We assume that the same calibration
factor can be used for lower pressures. This assumption is
believed to be valid for the following reasons:

(1) The microphone used (General Radio model 1961-9601)
has a polymer diaphragm which, at high pressures, is
effectively air damped. At low pressures the amount
of damping (in this case internal damping of the
diaphragm) is small but is pressure independent.

(2) Methanol undergoes rapid V-T transfer in a time which
is much less than one-half the period of the microphone.

(3) The proportion of the absorbed energy which goes into
a pressure wave is unchanged with pressure. That is,
for the pressures and intensities studied, the energy
loss due to decomposition and fluorescence may be
neglected.

A model has been developed (W.N. Selander, Math and
Computations Branch (PR-P-120, AECL-6452) which incorporates
the above features and which predicts no change in microphone
calibrations for low pressures. Additional experiments are
being planned to test this model.

The function < n > (average number of photons absorbed/
molecule) is defined by [1].

where &afrs is the energy absorbed and N is the number of
absorber molecules in the beam. From the Beer Lambert law and
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the assumption that the cross section, a, may be a function
of the radiant energy fluence E, it can be shown that when
c(E) <

where I is the absorption path length seen by the microphone.

Both < n > and a(E) have been obtained over a wide
range of pressures and intensities. Two typical sets of
results are displayed in Fig. 3.2.4.1. Empirically we find
that the a(E) data fit well to the form:

[3] a(E) = KEb

Substitution of [3] into [2] gives:

[4] - - ^ - K E

This is of the same form as was used earlier for the
formic acid studies(D where C = K/hcv and a = 1 + b.

Absorption results are given in Table 3.2.4.1. For
pressures > 150 Pa, b = 0, while for pressures < 150 Pa, b
decreases as pressure decreases. In addition absorption
cross sections (for fixed E) decrease, with decreasing
pressure. These results were used to calculate the fluence
required to give < n > = 0 . 5 , 1, 5, 10 for various methanol
pressures. These values are plotted in Fig. 3.2.4.2. As
pressure decreases higher fluences are required to achieve
a particular value of < n >. This means that, for fixed
beam geometry and intensity, collisions are effective in
increasing the degree of multiphoton absorption and con-
sequently also multiphoton dissociation.

In order to determine if collisions with an inert gas
will also increase multiphoton excitation, we studied
26 7 Pa of CH3OH with the"addition of 2.4 kPa of Ar. For
the mixture a = 5.7 x 10~20 cm2 (independent of E) compared
to only 1.6 x 10~20 cm2 for 26 3 Pa of CH3OH alone.

For intensities > 0.1 J/cm2 power broadening (which
for this transition of methanol is given by the Rabi
frequency VR = 2.4 x 10~2 /Ë) is larger than the Doppler
line width (8 x 10~3 cm" 1). For sufficiently low pressures,
colVisional broadening can be neglected and VR is the
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Table 3.2.4.1

Multiphoton Absorption Results for the HF Pi(6) Laser Line.
The Constants K, and b are Obtained From a

Fit of the Data to Equation [3].

Pressure

4
5
13
28
51
67
132
263
676
1
2

(Pa)

.20

.97

.5

.3

.4

.4

.0

.0

.0

.35x103

. 75x103

K

(4.3±0.5)xKT21

(3.6±0.5)xl0-21

(6.9±0.4)xHT21

(7.5±0.5)xl0~21

(1.25±O.O3)xlO-20

(1.9±0.1)xl0-20

(2.0±0.1)xl0-20

(1.6±0.1)xl0-20

(3.2±0.4)xl0-20

(4.2±0.3)xl0"20

(5.1±0.2)xl0-20

-0
-0
-0
-0
-0
-0
-0

-0

b

.34±0.

.34±0.

.24+0.

.19±0.

.17±0.

.23±0.

.08+0.
0

.02+0.
0
0

05
05
03
02
01
03
02

02

K/hcv

(5.9+0.7)xlO~2

(4.9±0.4)xl0~2

(9.4+0.5)xl0-2

(1.0+O.DxlO-1

a.70±0.04)xlO-'
(2.6±a;l)xlO~]

(2.710.DX10-1

(2.2±0.1)xl0-'
(4.4±0.5)xl0-1

(5.7+0.4JX10-1

(7.0±0.2)xl0-!

1 + b

0.66±0.05
0.69±0.05
0.76±0.03
0.81±0.02
0.83+0.01
0.77+0.03
0.92±0.02
1.00
0.98+0.02
1.00
1.00

Minimum
Range

Validity
of Fit

(J/cm2)

0.7
1.0
0.2
0.03
0.04
0.03
0.01
0.07
0.001
0.006
0.01

- 48
- 46
- 42
- 49
- 39
- 40
- 38
- 37
- 32
- 15
- 6

RESULTS FOR 2-BEAM ABSORPTION STUDIES1

7.08x102

1.39x103

2.76x103

4.13x103

5.50x103

10.97xl03

0.80
0.91
0.71
0.63
0.57
0.57

1.1
0.91
0.93
0.93
0.93
0.82

1.4
1.4
1.4
1.4
1.4
1.4

- 8
- 8
- 8
- 8
- 8
- 8

Precision quoted is to 95% confidence level.

Two beam absorption measurements were discussed in PR-CMa-42,
AECL-5971. These results are based on 4 experimental points at
each pressure. Accuracy of this method is probably best at about
2.7 kPa and decreases for lower pressures due to the difficulties
of measuring I and I o accurately when absorption is small (for
a discussion of this see PR-CMa-46, AECL-6401). The 2.7 kPa
results were used for calibration of the spectrophone.
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dominant line width. However the ground state molecules
are distributed over a rotational "band" of VB (which for
CH3OH we estimate to be <v 20 cm" 1). Hence the laser can
only sample a fraction of the available molecules given
by $R/^B* ^n the absence of collisions, the laser will
"burn a hole" in the rotational distribution of width
^ R ( 2 , 3 ) . This "hole burning" will effectively reduce the
observed cross section. At higher pressures, collisions
will rotationally relax some molecules to fill the "hole"
in the distribution and the observed cross section will be
increased at this higher pressure. This mechanism also
implies that some fraction of the molecules will be much
more highly excited than < n > would indicate. [In the
limit of hole burning ntrue = < n > VB/^R](3). we interpret
the general decrease of cross section for low pressures to
be due to "hole burning".

The anharmonicity of the pumped level, (vi) of CH3OH
is very large (Bn = -86.2 cm"') and an anharmonicity bottle
neck could occur. In order for power broadening to overcome
this particular potential bottle neck, and pump the molecule
up to the onset of the "quasi-continuum", fluences as high
as 109 J/cm2 would be required. Dissociation occurs for
fluences far smaller than this, and anharmonicity bottle
necking is avoided by some other mechanism. Combination
overtone levels exist which are accidentally degenerate with
the laser field for each step up to the quasi-continuum.
Anharmonicity bottle necking could be avoided by pumping
through these levels. However since they, in general, give
rise to "forbidden" transitions, a new bottle neck (transition
probability bottle necking) can arise.

At pressures > 150 Pa, b = 0. Since a is independent
of E, each step up the ladder has an equal transition
probability and no intensity bottle necking is observed.
However, for pressures < 150 Pa, b < 0 , and a(E) decreases
with increasing E. This implies that subsequent steps up
the vibrational ladder are of lower probability than the
first step, and transition probability bottle necking is
probably being observed. Since transition probability
bottle necking appears to occur at low pressures but not
at high pressures, we conclude that collisions provide a
mechanism for overcoming this particular bottle neck.

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

(2) J.J. Steinfeld, in Optical Sciences, Vol. 3, Tunable
Lasers and Applications, Eds. A. Mooradian, et al.,
Proceedings of the Loen Conference, Norway, Springs-Verlag
1976.
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(3) R.V. Ambartzumian and V.S. Letokhov, in Chemical and
Biochemical Applications of Lasers, Vol. 3, C.B. Moore,
Ed., Academic Press, 1977.

3.2.5 Laser Magnetic Resonance (L.M.R.)
- D.R. Smith and J.D. Bonnett, with J.S. Geiger (Nuclear

Physics Branch)

During the past quarter we have concentrated our
efforts on a) the determination and understanding of
factors which limit the sensitivity of our LMR absorption
spectrometer and b) the construction and commissioning of
a small luminescence detection cell. This cell will be
used to identify molecular species giving high free radical
yields on multiphoton dissociation (MPD) and to determine
optimum irradiation conditions.

At present the sensitivity of the LMR spectrometer and
a Golay cell detector, at the ^ 20 Hz modulation frequency
we have been using for spectroscopy, is limited to a AP/P
of 'v* 10~3 (P is laser power) by laser noise originating from
room vibration. In tests performed with both the FIR and the
CO2 pump lasers on the same table this noise has been reduced
to a value of AP/P < lO"1* at 20 Hz. At present the sensitivity
of the LMR spectrometer under the wide bandwidth conditions
needed for the study of transient species is limited to
AP/P ^ 10"3 by noise in the InSb detector. In order to
improve this sensitivity the output power incident on the
detector is being increased by changing from a coupling
scheme relying on energy diffraction from the edge of a small
circular aperatured) to one in which a small portion of the
mode cross section is intercepted by a plane intracavity
mirror and reflected directly into the detector(2). it is
anticipated that the energy incident on the detector can be
increased by a factor > 10.

The performance of the spectrometer has been calculated
using a set of two coupled differential equations, one
describing the rate of change of population of laser photons
resident in the cavity and the other the rate of change of
population of molecules in the upper lasing state. The
resident sample population necessary to produce a power level
change of lO"1* has been calculated for the J = 3/2,M = -3/2-KJ = 5/2,
M = -3/2 Zeeman transition in the 2T3/2 band of OH and is
found to be ^ 2 x 101° when the laser is operated well above
threshold. It is anticipated that similar populations will
be necessary for CH and NH. Under these conditions the
calculated risetime of the spectrometer output in response to
a step function change in sample absorptivity (cavity of
Q 2L 10 S) is about 1 us. Any improvement in risetime must
come at the expense of sensitivity.
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The luminescence measurements are being undertaken in
order to obtain estimates of free radical production in the
multiphoton dissociation of various molecular species. It
must be noted that the luminescence measurements reflect
electronically excited free radical populations while the
LMR measurements seek to detect electronic ground state
free radicals in most cases -, Various measurements in the
literature indicate an excited/ground state free radical
yield ratio of 10~ 2 to 10" 3. In preliminary measurements
on trans-dichloroethylene we observe luminescence which we
attribute to CH (A2A •* X2TT) . The total number of photons in
the luminescence pulse at a sample pressure of 0.27 kPa is
£ 10 6 indicating an electronically excited free radical
population of _> 10 6 present for a mean time of ^ 2 ys.
With the uncertainties in the parameters involved in this
calculation, particularly the photomultiplier gain and the
ratio of excited radicals to ground state radicals, we can
only deduce a production rate of ground state radicals of
10 8-10 1 0 per pulse, distributed over a range of vibrational
and rotational states.

(1) T.Y. Cheng and T.J. Bridges, Opt. Commun. 1_, 423, 1970.

(2) K. Shozo, et al. , Japan J. Appl. Phys. 14_, 731, 1975.

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

and D.E. Clegg

3.3.2 Surface Studies by X-Ray and UV Photoelectron Spectroscopy
(XPS and UPS)
- P.R. Norton and J.W. Goodale

(a) Adsorption of O2 on Pt(lll) at Low Temperatures

The adsorption of O? on Pt(lll) has been studied at
95 K. XPS and thermal desorption spectroscopy indicate
that two adsorbed states are present, one desorbing at
^ 120 K and the other at 700-1000 K. Both states have
been examined by high resolution dynamic measurements
of the work function. Surprisingly, the weakly adsorbed
state caused an increase in work function, indicating
that it is probably not a physically adsorbed molecular
species. Consistent with this is the absence of sharp
molecular-orbital-derived bands in the UV photoelectron
spectrum. The nature of this state remains obscure but
since it is a weakly chemisorbed species it may well be
an important intermediate in platinum catalyzed reactions
involving oxygen.
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(b) Adsorption on and Reactivity of Bulk and Reconstructed
Pt(lOO) Surfaces

Considerable problems were encountered in removing a
stable oxide phase on newly-prepared Pt(100) surface. The
influence of impurities has been eliminated and studies are
underway to characterize the phase transformation that occurs
on this surface by XPS, UPS and work function measurements.
The temperature dependence of the phase transformation can
be followed by work function measurements since the displace-
ment of the surface metal atoms is expected to cause a change
in the surface dipole field and hence the work function.

3.3.3 Surface Structure Analysis by Rutherford Backscattering
and Channeling
- P.R. Norton with W.N. Unertl (University of Maine),
J.A. Davies, D.P. Jackson, C. Sitter and J. Lori (Solid
State Science Branch)

For details see PR-CMa-47, Section 1.2.8, AECL-6455.

3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and Cyclohexylamine
(CHA)/Cyclopentylamine (CPA)
- E.A. Symons and M.J. Clermont

The upper limit for the stirring rate of the reaction
cell has been extended to 22,000 r-min""1 by modifying a
router to mate with the present rotary feedthrough housing;
the speed is controlled electronically.

The rate constant data obtained for NaCHA solution at
-15°C over a wide stirring rate range are given in Figure
3.4.1 for both D2 and HD exchange. The HD data were measured
independently for runs started with 1.3 mol percent HD in
H2. For a constant kobs(sol'n) the measured kobs(gas) is
dependent a) directly on the solution volume for fixed total
solution-plus-gas volume, and b) inversely on the total
volume for fixed solution volume. Thus kobs(gas) values
have been adjusted to a common solution volume and total
volume (the five sample tube sets have slightly different
volume?) to permit comparison of results from different
runs.

In Figure 3.4.1, kobs(gas) is practically independent
of stirring rate above 15,000 r-min"1. However, computer
modelling of the kinetic data from the D2 runs as before
(PR-CMa-45, AECL-6327) shows that, even for the run at
21,000 r-min"1 the kot,s(gas) values are not independent of
mass transfer. Almost 50% direct D2 •*• H2 route (PR-CMa-46,
AECL-6401) is still required for a best fit, with this
value increasing progressively to 70% as the stirring rate
is decreased to 6,500 r^min-1. This situation leads to
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abnormally high isotope effect ratios, 2kHD/kD2, when these
are derived from single kinetic runs. In contrast, the use
of kjjD and ko2 determined independently gives a constanc,
and reasonable, isotope effect of 1.60 ± 0.02 above 13,000
r-min"1. Below this speed, the ratio again increases with
decreasing speed. The above observations suggest that some
unusually high isotope effect data in the literature, derived
from single runs with D2 may arise from an unsuspected mass
transfer component in the measured rate constants, even though
the latter were usually stated to have been independent of
stirring rate.

Kinetic measurements have also been made for D2 exchange
with 0.084 mol-L"1 LiCHA solution. The kobs(9as) values
are a factor of ten smaller than for the NaCHA catalyst at
-15°C under comparable conditions. As a result, the computer
fit of the HD values is good without invoking any "direct
route" exchange, the isotope effect falling in the range
1.75 - 1.80.

H2 desorption from inside the CEC 21-614 mass spectrometer
by HD and D2 has been confirmed indirectly as the major cause
of the rapid increase in HD and D2 response factors as the
H2 component of a sample approaches 0%. Tests with He gas
showed a rising H2 "background" signal with increasing He
inlet pressure. A separate check indicated the He sample
itself contained no mass 2 component. The use of a larger
molecule, N2 gas, did not cause a similar effect.

3.4.2 Isotopic Exchange Reactions in Protic Solvents Studied by
NMR Spectroscopy
- J.D. Halliday and P.E. Bindner with R.G.C. McElroy

{Neutron and Solid State Physics Branch)

Currently available NMR lineshape computer programs
do not provide for calculations in systems with spin-coupled
intermolecular exchange. Such a program has been written
and is undergoing final tests. Initially it will be applied
to described exchange between methanol and hydrogen sulphide.
Appropriate probability matrices W and transition matrices
ÏÏ were derived for the CH3OH/H2S system and used in the
general absorption lineshape equation given in Abragamd) [i]

[1] I (to) «

where I(w) is the absorption intensity at frequency

W is a vector containing the probabilities of each
_ transition _
A"1 is the inverse of A
A = i(w - u>E) + IT
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ai is the diagonal matrix containing the frequency
of each transition

to is the frequency sweep parameter
E is the unit matrix
T? is the transition matrix, which includes the

terms containing a, a rate characterizing the
chemical exchange

and 1 is a vector with all elements to 1.

The input parameters are the ratios of the concentrations of
the CH30H and H2S, the chemical shifts of each transition in
the absence of exchange, and the methyl-hydroxyl proton
coupling constant. Spectra are calculated as a function of
the exchange rate, a, for comparison with experimental
spectra. This program will allow us to interpret dynamic
NMR measurements made on the methanol/hydrogen sulphide
system as functions of KSH catalyst concentration and
temperature.

Multiple NMR spectra of a second, much slower, exchange
system (Methanethiol/D2S) have been recorded at intervals
over several hours. Here the forward approach to equilibrium
can be measured directly by integration of the CH3SH and
CH3SD species present. As a consequence, calculations of
exchange rates by analysis of NMR lineshapes are not required.

(1) A. Abragam, "The Principles of Nuclear Magnetism",
p. 449, Oxford University Press, 1961.

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Adsorption of CO on Pt(lll) Studies by Photoemission, Thermal
Desorption Spectroscopy and High Resolution Dynamic Measure-
ments of Work Function
- P.R. Norton, J.W. Goodale and E.B. Selkirk
Surface Science (in press).

The Equilibrium Constant for Protium-Deuterium Exchange
Between Methanol and Water
- D.E. Clegg and J.H. Rolston
Chemical Communications (in press).

Electron Spin Resonance Studies of the Interaction Between
Surface Electrons on Magnesium Oxide and Adsorbed Ammonia
or Amines
- D.R. Smith, M.C.R. Symons and P. Wardman
J. Phys. Chem. (in press).
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3.5.2 Lectures

The Use of Modem Techniques in Catalysis Research -
Reactions of CO, O2 and H2 with Single Crystal Metal
Surfaces
- P.R. Norton

Department of Chemistry, Memorial University, St. John's,
Newfoundland, 1978 October 4.

Department of Chemistry, Dalhousie University, Halifax,
Nova Scotia, 1978 October 5.

Modern Methods in Surface Science; Catalytic and Structural
Properties of Platinum
- P.R. Norton
Xerox Canada, Toronto, Ontario, 1978 October 30.

Photochemical Studies of IR Laser Induced Multiphoton
Dissociation
- D.K. Evans and R.D. McAlpine
Laser Isotope Separation Colloquium, Laval University,
Quebec City, P.Q., 1978 November 10.

CO on Pt(lll) Studied by Photoemission and High Resolution
Dynamic Measurements of Work Function
- P.R. Norton, E.B. Selkirk and J.W. Goodale
25th National Vacuum Symposium of the American Vacuum
Society, San Francisco, California, 1978 November 27 -
December 1.

Surface Structure Studies by Rutherford Backscattering and
LEED
- P.R. Norton
25th National Vacuum Symposium of the American Vacuum Society,
San Francisco, California, 1978 November 27 - December 1.

The lectures listed above may not be available in print.
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4.2 SURFACE CHEMISTRY

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

In the past, stress-corrosion cracking (SCO and delayed
hydride cracking of zirconium alloys hav.' '.>::• en considère." _i ut
two separate processes on the basis of both fractography and
kinetics (B. Cox, AECL--6181, June 1978). Stress corrosion
cracking was characterized as e fast process, with crack velo-
cities at room temperature in the range 10~^ to 10~6 m/s for
iodine, and even higher for some other environments. Delayed
hydride cracking, even with hydrogen added at the 50 ppm level,
did not exceed ^ 10~10 m/s at similar temperatures.

This simple picture has been confused, recently, by two
additional pieces of information. J.C. Scully (University of
Leeds, U.K., private communication) has observed that SCC in
methanol/HCl solutions (a "fast-process") can be affected by
removing the partially-cracked specimen from the solution, and
waiting for various lengths of time before breaking the
specimen in air. With increasing delay-time the extent of
transgranular cracking in the fracture decreases compared with
the amount for a specimen removed from the solution and broken
immediately. This effect is attributed to hydrogen, absorbed
ahead of the crack tip, which diffuses away progressively
during the delay-time. Previous attempts here to perform such
experiments were unsuccessful. Secondly, workers at NASA-Ames
Research Center (H.G. Nelson and H.F. Wachob, in EPRI Report
NP-717, March 1978) have observed a high velocity cracking
process for Zircaloy-4 in gaseous hydrogen at room temperature.
Maximum velocities were in the range 10~5 to 10~6 m/s _
although KIH values were considerably higher at > 20 MPa/m
than those observed for iodine-induced SCC at KiScc ̂ 10-
12 MPa/in. Thus the distinction between SCC and delayed hydride
cracking based on kinetics no longer appeared tenable, and some
doubts remained about whether the fractographic distinction
would continue to hold.

To test this possibility pre-cracked (by fatiguing)
double cantilever beam (DCB) specimens from cold-worked
Zircaloy-2 and Zr-2.5 wt% Nb slabs are being exposed to gaseous
hydrogen at atmospheric pressure. In the Zr-2.5 Nb case the
crack starts propagating immediately hydrogen is admitted to
the system, and the initial velocity at high K^ values is
> 10~* m/s; considerably faster than that reported for
Zircaloy-4. This crack is still moving so that no fractography
has yet been done on the specimen.

Î.2.2 Current Voltage (I-V) Characteristics of Zirconium Oxide Films
- B. Cox and V.C. Ling

Problems which occurred in the past with electrical
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noise and extraneous peaks in the I-V curves (see PR-CMa-40,
AECL-5808, 4.2.1) were'largely eliminated by electrical inter-
ference suppression and care with salt purity. However Ramasub-
ramanian showed that some of the problem was inherent in the
use of fused salt baths containing nitrite ions (see PR-CMa-42,
AECL-5971, 4.2.2). Since that time, all polarization measure-
ments have been carried out in parallel in both the ternary
nitrate/nitrite eutectic and the binary nitrate eutectic. The
data gathered should enable us to obtain information from
earlier experiments in fused nitrate/nitrite which would other-
wise have had to be repeated. Progress towards a quantitative
interpretation of these curves has been slow, but some qualita-
tive conclusions have been reached, as follows:

(i) The extraneous peaks causing trouble in the fused
nitrate/nitrite melts are not simply polarographic peaks
arising from electrochemical reactions of the nitrite
ion (or impurities) at the specimen surface. Specimens
in the same bath simultaneously do not always show the
same peaks at the same time; when they do, the peak
heights are usually very different. With time (on a
given specimen) the peak position and height usually
change? peaks appear and disappear during the exposure
of the specimen in the salt. Thus, there is apparently
some interaction between electrochemical processes in
the salt bath and the electrical conducting paths in the
oxide, which results in the peaks.

(ii) Any electrochemical currents from reactions in the
nitrate/nitrite are not simply additional to a basic I-V
curve resulting from the specimen oxidation processes,
because total currents passed in the fused nitrate
--'.itectic are often greater, at any voltage, than the
currents passed in the nitrate/nitrite eutectic on
duplicate specimens; even when the latter curve shows
one or more major peaks.

(iii) The peaks can usually be eliminated by a preliminary
rapid polarization of the specimen through the peak
region. The subsequent curve shows very little differ-
ence except for the elimination of the peak. This
suggests that peaks can be subtracted geometrically to
obtain a "peak-free" I-V curve.

(iv) Transfer of specimens, pre-oxidized in some other
medium, to a fused-salt bath often results in a transi-
ent initial period of more rapid oxidation. This may
vanish after only 3-5 hours immersion, but intances
where it persisted up to 2-3 days have been seen. Thus
rapid transfers of specimens into and out of fused salt
baths for the purpose of measuring I-V characteristics
are likely to give misleading results. Specimens should
be studied over a period of at least a week to be sure
that equilibrium has been achieved.
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(v) It appears to be possible to extract oxidation rate
versus "time in fused salt" curves from results in
either nitrate,'nitrite or nitrate melts. These curves
reveal small differences between specimens consistent
with the observed weight gains in the salt. However,
there are still one or two anomalies in these compari-
sons which prevent us concluding yet that such quanti-
tative treatment of the curves is valid.

4.2.3 Oxidation of Zirconium Alloys in High-Temperature High-Pressure
Steam
- N. Ramasubramanian and 8.B. Thomas

Oxidation experiments on Zircaloy-2 samples were conti-
nued at 773 K in low (0.5 MPa) and high (11 MPa) pressure
steam. Weight gain, potential and polarization data in a molten
binary nitrate at 773 K and optical and electron optical (SEM)
examination of the surfaces and cross-sections of the oxides
grown were carried out. Three types of oxide cracking charac-
teristics were observed, as follows:

(a) All samples following a minimum oxidation time of 2 h
had a weight gain of = 20 mg/dm^ in both low and
high pressure steam, and showed cracks emanating from
inclusions in the alloy.

(b) Fissures or microcracks in the oxide were observed on
the as-received and 0-quenched samples oxidized in both
low and high pressure steam, and on 3 slow-cooled
samples oxidized in low pressure steam. With the
3-quenched material, the cracks were lower in density
than in the other two.

(c) Accelerated oxidation was observed on 3 slow-cooled
material only in high pressure steam.

Cross-sections of the oxide grown on the 3 slow-cooled
material, in the initial stages, showed a "wavy pattern". Oxide
growth was 2 to 3 times thicker in the middle of some a plate-
lets than at the boundaries. The second-phase particles were
precipitated as stringers through the bulk of the alloy
averaging = 0.5 um in size. Cracks in the oxide were located
in the thick oxide formed on the middle portions of the
a-platelets. With increasing time of oxidation, this locally-
accelerated oxidation spread to other a-platelets and the
entire specimen was covered with cracked and crumbled oxide.
Zircaloy-2 samples were tested in two 3 slow-cooled conditions;
furnace-cooled and air-cooled. The accelerated oxidation was
more severe and occurred earlier on the former material, with a
coarser a-platelet structure, than the latter.

In the molten salt all the 3-quenched samples exhibited
a highly negative rest potential, generally at - -1.0 V, and
were very resistive to both anodic and cathodic polarizations.
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Yet their weight gains were similar to those of the as-received
material in low and high pressure steam and 3 slow-cooled
material in low pressure steam. The behaviour of the as-
received samples in the salt was similar to that of the 3
slow-cooled samples; the rest potentials were less negative, at
= ~0.2 V, and the oxide conductivity was at least an order of
magnitude higher than the 3-quenched material. However acceler-
ated oxidation was not observed on the as-received material in
either low or high pressure steam, or on the 3 slow-cooled
material in low pressure steam. The intermetallic stringers,
present only in the 3 slow-cooled material, would be expected
to impart a low negative rest potential during oxidation either
in steam or in the molten salt. Therefore, potential alone may
not determine the accelerated oxidation and any simple relation
between a high negative potential on the alloy and susceptibi-
lity to accelerated oxidation is unlikely.

Zirconium/Zirconia Epitaxy
- R.A. Ploc

Further to PR-CMa-46, Section 4.2.4, the near-coincident
cell data of Bonnet have been corrected and used to produce
theoretical selected-area diffraction patterns for oxide films
grown on an a-Zr (0001). The data were used for:

(1) a-Zr/cubic ZrO2

(2) a-Zr/a-ZrO2
(3) a-Zr/cubic ZrO2/a-ZrC>2

Several cases for each instance above were investigated. It
was concluded that near-coincident cell calculations for the
above-mentioned materials could not explain experimentally
observed metal/oxide orientational relationships.

Zirconium/3-Niobium Precipitates
- R.A, Ploc

The computer program referred to in Section 4.2.4 was
strip- _-d of unnecessary routines and rearranged to handle the
less sophisticated case of simulating SAD patterns for matrix/
second-phase particles, given their orientational growth
habits. SAD patterns were produced for 3^Nb precipitated in
3-Zr for the following a-Zr zone axes: [Ï2Ï3], [0110], [01Ï1]
and [01Î2] (for G. Carpenter).

Anodic Oxides on Zirconium
- R.A. Ploc and J.A. Roy

Anodic oxide films were grown on zirconium samples (Be
batch) in 1 N Na2SO4 at 1 mA/cm^ to final voltages of 15 and
100 volts. The SAD patterns for the low voltage case showed a
mixture of cubic and monoclinic ZrO2 reflections ("spot"
pattern). The crystallites were less than 30 nm in thickness
and from 30 to 80 nm in projected diameter.
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The thicker film (100 V, 218 nm thick) when stripped
from its substrate revealed two separate layers - a very thin
air-formed layer and a much thicker bulk oxide. The thin layer
was cubic ZrO2 with very small crystallites (< 10 nm) and
contained a number of randomly nucleated ctZrC>2 crystallites
which were equiaxed or rectangular (18 x 65 nm) in cross-
section. The thicker bulk oxide (100 V film) was almost totally
a-ZrO2, whereas the thinner 15 V oxide film showed a
mixture of cubic and monoclinic ZrC>2 electron diffraction
reflections.

4.2.7 Breakaway Oxidation in Zirconium
- R.A. Ploc

Because of a cooling-water failure the furnace had to be
shut down and, therefore, the samples being oxidized at 623 K
(Pr-CMa-39, Section 4.2.5) were removed for weighing. As
suspected, the new weight gain data indicated that breakaway
oxidation had nucleated. Total oxidation time is now 1105
days.

4.3 METAL PHYSICS

4.3.1 Irradiation Growth of Zirconium Single Crystals
- G.J.C. Carpenter, R.A. Murgatroyd* and J.F. Watters

Some of the single crystal growth specimens, irradiated
in the DIDO reactor at 353 K, have now reached a dose of
1.6 x 1 0 " n/m2 and growth has clearly saturated. It is planned
to carry out annealing experiments to study the extent of
recovery of the growth strain and then re-irradiate these
specimens to low doses, in order to check for transient strain
effects. The specimens in orientations near the a-axis show
small positive growth strains while c-axis specimens show nega-
tive strains at 353 K and 573 K. Irradiation of most of the
specimens is continuing in order to determine whether growth
saturation occurs in each case.

4.3.2 The Electron Beam Zone Melting Equipment
- J.F. Watters and G.J.C. Carpenter

The electron beam zone melting apparatus has been
thoroughly cleaned and overhauled during this period. A poor
electrical connection to one of the heaters in the diffusion
pump was detected and repaired, resulting in an improvement of

*United Kingdom Atomic Energy Authority
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the operating vacuum by about two orders of magnitude to "» 10~6

Pa (10~8 torr). Replacement of some of the electronic
components has improved the stability of the system. The
results to date indicate that zirconium single crystals of
lengths ? 10 cm can be produced routinely. The possibility of
running the melting unit at higher power to produce high-purity
zone-refined rod of 3/8" diameter is being examined.

4.3.3 In-Reactor Stress Relaxation of Nickel, Iron and Zirconium-
Based Alloys at Low Temperatures
- A.R. Causey (Metallurgical Engineering Branch) and
G.J.C. Carpenter

4.3.4 Positron Annihilation in Neutron-Irradiated Zirconium
- G.J.C. Carpenter, B.T.A^ McKee* and G.M. Hood

Measurements of positron annihilation in iodide zirco-
nium have been made following neutron irradiation to doses in
the range 1.5 to 9 x 10 2 3 n/m2 at 375 K, 573 K and 725 K. The
mean positron lifetime was increased by irradiation in each
case, in a manner consistent with results from Doppler broaden-
ing.

Preliminary results indicate that the lifetime data can
be separated into two main components. The longest component,
T2 % 270 ps, is observed in specimens irradiated at 375 K
and is believed to correspond to the annihilation of positrons
trapped mainly in monovacancies. This is consistent with the
lack of significant vacancy mobility at this temperature and
the trapped lifetime is comparable with values obtained in
electron-irradiated zirconium.

The results contrast with measurements on neutron-
irradiated molybdenum, which give second components with very
long lifetimes, indicative of 3-dimensional vacancy clusters.
This implies that in zirconium, the displacement cascades at
375 K essentially produce isolated vacancies rather than
void-like Seeger zones. Recovery of the damage structure will
be studied using isochronal annealing.

4.3.5 Plastic Deformation of 3-Transformed Zircaloy-4
- O.T. Woo and S.R. MacEwen

The room temperature tensile behaviour of 3-transformed
Zircaloy-4 was investigated with a true strain-rate of
4.17 x 10~5 s~l. Three types of specimen orientation were

*Physics Department, Queen's University, Kingston, Ontario.
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used for the tests, namely, the longitudinal (L), the trans-
verse (T) orientations of plate stock, and the longitudinal (R)
orientation of rod stock. All specimens were of dimensions
3 mmdia. x 2.5 cm and were heated to 1423 K (1150°C) in the
3-phase field for 5 minutes and air-cooled to produce
microstructures of Widmanstatten plates.

The work-hardening analysis of the tensile-test data was
done using the method of Crussard and Jaoul (C-J)d~3)
which is based on the following equation:

a = aQ + k £ p
n

where a is the true stress, ao a friction stress, ep the true
plastic strain, and k and n are constants. From this equation

log (•££-) = log (kn) + (n-1) log ep

Thus, a plot of log(da/deD) against log ep yields a slope of (n-1)
and an intercept of log (kn) at the log ep = 0 axis. In a
typical C-J analysis, the stress-strain curve can be divided
into different stages(^), with each stage characterized by
a set of parameters o o, k and n. Microstructurally, each stage
may also be distinguished by different dislocation substruc-
tures (5).

The C-J plots for samples L and T are shown in Fig.
4.3.5.1. Except for a transition stage, single stages were
obtained, characterized by n ^ -0.18 and -0.22 for L and T
samples respectively. The corresponding plot for the R sample
was almost coincident with that of the T sample yielding
n ^ -0.16. These C-J plots compared favourably with a plot
previously obtained with a flat 0.75 mm x 4.5 mm x 2.0 cm L
sample tested at a nominal strain rate of the same magnitude
(n = 0.07, solid straight line in Fig.4.3.5.1). The difference
in n values could be attributed to a difference in cooling
rates from the $ field.

Optical microscopy revealed deformation twins in all the
deformed samples. These twins were found to be most numerous
in the T sample with the largest negative n of -0.22. We were
thus led to conclude that negative n values in Widmanstatten
structures were associated with the occurrence of deformation
twins.

Dislocations with c-component Burgers vectors have been
readily found in deformed titanium alloys (see, for example,
reference 6). Such dislocations in zirconium, however, have
been reported only once(7). The dislocation microstruc-
tures of the deformed samples containing Widmanstatten
structures revealed £ and (£ + a) dislocations rather readily
by means of contrast experiments', c dislocations were also
found in a fractured short transverse a-zirconium sample.
Experiments are in progress to analyze more c-component dislo-
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cations and to determine their distributions in the deformed
samples.
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4.3.6 Positron Interactions with Defects in Metals and Alloys
- G.M. Hood and R.J. Schultz

4.3.6.1 Zr-H_and_Ti-H_Sj;s terns

It has been established that the positron annihilation
characteristics of well-annealed ct-Zr are sensitive to the H
content of the samples (1). The samples were hydrided in the
range 700-1000 K to H contents of from 8.8 x 10~4 to
1.0 x 10~2 atom fraction of H. The positron annihilation
characteristics were determined - at 293 K - by both Doppler-
broadening and lifetime (2) measurements. The observed
decreases in the peak parameter values (L) and the measured
lifetimes (T) are judged consistent with positron annihilation
at precipitated hydrides. Increases in L and T, with respect
to the well-annealed pure a-Zr data, for the higher H concen-
tration (̂  10~2) samples, suggest positron trapping by and
annihilation at defects associated with hydrides e.g. misfit
dislocations.

Similar studies for the Ti-H system have yielded incon-
clusive results, i.e. H effects on positron annihilation in Ti
have not been established.

References:

(1) See, G.M. Hood and R.J. Schultz, J. Nucl. Mater., 6J7,
207, (1977).



(2;

4.3.6.2 Al

- 96 -

Work done in conjunction with B.T.A. McKee at Queen's
University.

The characteristic temperature dependence of positron
annihilation in well-annealed Al has been studied in the tem-
perature range 78-293 K. The results - in terms of the Doppler-
broadening parameter, L - are in agreement with earlier work,
based on data for only 78 and 293 K. An initial analysis of the
present work gives 1/L (dL/dT) ^ 23 x 10~6 (K" 1).

4.4 LECTURES, PUBLICATIONS AND REPORTS

4.4.1 Lectures

Deformation of Zirconium in the Vicinity of 0.5 T m

- S.R. MacEwen
Presented at the AIME Fall Meeting, St. Louis, Missouri
October 15-19, 1978.

Electron Radiation Damage in Ni3Al
- G.J.C. Carpenter and E.M. Schulson
Presented at the AIME Fall Meeting, St. Louis, Missouri,
October 18-21, 1978.

Irradiation-Induced Swelling of Z^Al
- G.J.C. Carpenter and E.M. Schulson
Presented at the AIME Fall Meeting, St. Louis, Missouri,
October 18-21, 1978.

Mass Transport in the Solid State. A series of three lectures
on general aspects of mass transport solids with particular
emphasis on recent developments in the understanding of atomic
migration processes in metals.
- G.M. Hood
Presented at Queen's University
December 13-15, 1978.

4.4.2 Publications

Breakaway Oxidation of Zirconium at 573 K
- R.A. Ploc
To be published in J. of Nuclear Materials.

Irradiation Swelling of Zr3Al
- E.M. Schulson, G.J.C. Carpenter and L.M. Howe
Submitted to: J. of Nuclear Materials

Mechanisms of Hydride Precipitation and Dissolution in
Zirconium and Titanium
- G.J.C. Carpenter
To be published in the CIM Quarterly.
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The Ordering and Disordering of Solid Solutions Under
Irradiation
-E.M. Schulson
Submitted to: J. of Nuclear Materials (invited paper).

Positron Diffusion in Metals and Trapping at Grain Boundaries
- B.T.A. McKee, G.J.C. Carpenter, J.F. Watters and R.J. Schultz
Submitted to: Philosophical Magazine

A Transformation-Induced Reduction in the Oxidation Rate of
Ordered Z^Al
- E.M. Schulson and T.P. Trottier
Submitted to: Metallurgical Transactions A
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

(1) In the past quarter we have performed a number
of experiments using our quadruple-beam apparatus in which
two molecular beams and two laser beams intersect at a
common point. One laser beam consists of a focussed
C02 TEA laser. This laser produces a 2-3 J per pulse
for a single spectral line. When focussed this gives a
fluence of ^ 10 J»cm~2. One of the molecular beams consists
of a bromide capable of absorbing CO2 laser radiation (approx.
10 pm). The second laser beam comes from a tunable vacuum
ultraviolet (VUV) laser which acts as a probe for atomic
bromine formed via multiphoton dissociation (MPD) of the
bromide. The 'probe' operates by inducing atomic fluorescence
in the vuv. The fluorescence is measured by a solar-blind
photomultiplier mounted directly over the crossing point
of the four beams.

In the absence of the fourth beam (i.e. the second beam
of particles) this apparatus constitutes a sensitive tool
for studying MPD under assured collision-free conditions.
In the presence of the fourth beam (termed the collision-
partner beam) the possibility exists of observing the effect
on MPD of collisions of known energy, with a known collision
partner. In our last report we noted that "there was some
evidence—as yet inconclusive—that energetic collisions
may have increased [Br]"; i.e. that inelastic encounters
between accelerated inert gas atoms coming from a heated
seeded supersonic beam were assisting MPD of CF3Br. Our
conclusion from the experiments performed in the past
quarter is that we do not, at the present time, have evidence
for such an effect. We were unable to detect a significant
increase in [Br] coming from CF3Br when we repeated the
experiments referred to above.

We subsequently attempted a variant on the experiments
described above, in which the molecule being excited by the
CO2 TEA laser was CH3Br, rather than CF3Br. In this case
MPD was not observed, despite the fact that absorption can
be expected for the CO2 (R 14) line at 10.6 urn. Failure
to observe Br suggested that there might be an anharmonic
'bottleneck' in the vibrational manifold at low v. The
'collision-partner beam1 might perhaps have assisted the
CH3Br over the bottleneck. In fact no Br was observed even



with the collision-partner beam switched on.

Next we looked for an effect of multiphoton vibrational
excitation on reaction rau. Tha system chosen for study
was F + CH2=CHBr -*- CH2CHF + Br. The reaction of atomic
fluorine (formed by microwave dissociation of CFi,) with
vinyl bromide was found to proceed :?.pidly even in the
absence of mu.ltiphoton excitation of the vinyl bromide.
Vacuum u.v. fluorescence of Br was observed as soon as
the two molecular beam were switched on. We were unable,
however, ho see any effect on the yield of Br due to
irradiation of the vinyl bromide by either the P20 line
at 10.6 uni,or the P22 line at 9.4 ym, both of which are
known to be absorbed. A further experiment in the absence
of the collision-partner beam (i.e. without F flowing)
showed that vinyl bromide did not yield Br through
collision-free MPD; presumably the dominant path for
dissociation, by far, is that giving hydrogen bromide.

Failure to observe any effect of CO2 multiphoton
excitation on the rate of the F + vinyl bromide reaction,
led us to re-examine our experimental procedure. Under
optimal experimental conditions (a) the volume being
irradiated by high-fluence CO2 laser radiation, (b) the
volume subjected to molecular collisions, and (c) the
volume being probed by the vuv diagnostic laser, would all
be identical. In fact this condition is difficult to achieve.
We are presently making design modifications which will bring
us considerably closer to achieving this desired condition.
This involves better definition of the molecular beams and
a restricted viewing angle for the solar-blind photomultiplier.

(2) Since the last reporting period a brief Communication
has appeared in the Journal of Chemical Physics (volume 48,
p. 4311 (1973)) reporting work done under this contract on
the reactive cross-section as a function of collision
energy, Sr(T) , for the pair of reactions H(D) + Brz -* HBr(DBr)
+ Br. As remarked in a previous report, this is the first
crossed molecular beam study which gives cross section
functions for reactions involving H and D—information which
is clearly fundamental to the understanding of the relative
rates of isotopically-related reactions. Our finding was
that the increased S r for D + Br2 as compared with H + Br2

coulc't be explained classically by the slower approach of
D—a circumstance that favours reaction for the kinematically
unfavourable mass combination L + ira (Light + Heavy Heavy).

We are preparing to extend this study to the isotopic
family of reactions
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H

D
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HBr

DBr

H2

D2

HD

+ Br (Br*)

The masses here are L + LH_ (Light + Light Heavy) . Kinematically
this constitutes a very different situation. The difference
can be visualised in terras of a sliding mass on an appropriately
scaled or skewed potential-energy surface. Whereas for
L + HIî scaling was marked but skewing slight, the converse
applies to the mass-combination L + LH. The consequences
for Sr(T) reiiain to be determined.

In ordfr to obtain fairly precise information regarding
Sr(T) it wiil be necessary to monitor the flux of H (or D)
concurrently with the laser-induced fluorescence measurement
of Br. A suitable differentially-pumped chamber, to house
the quadrupole mass spectrometer used to monitor H/D, is
being readied.

(3) An additional project for the coming period will
be to vary the temperature of the molecular beam of (say)
CF3Br over as wide a range as possible (a suitable oven is
being installed) and thereby obtain some information
concerning the increase in cross-section for MPD with increasing
v. As noted above, we have found for CH3Br that the probability
of MPD at 300 K is so low as to be undetectable. If this is
due to an 'anharmonic bottleneck1 in the low v-levels, then
MPD may be observable from a beam at an elevated temperature.

There exists the further interesting possibility that a
molecule may be brought into sufficient proximity with the
quasi-continuum region that MPD can be brought about using
a few photons of a short wavelength laser. We have a Nd:YAG
laser that produces a fluence comparable to our CO2 laser in
its fundamental line at 1.064 ym. This corresponds to 10 CO2
laser photons, or 3 C-H stretching quanta. A molecule such
as CFaBr would pass through the quasi-continuum region by
absorption of about 3 quanta of this wavelength. Isotopic
selectivity would still be present, since the quasi-continuum
is not a quasi-continuum of oscillator strengths, but of
energy states. Isotopic selectivity would be retained at
higher pressures than for CO2 laser excitation, since the
pulse duration is a few nanoseconds.

Still more interesting, from a fundamental standpoint,
is the possibility of achieving some control over the MPD
pathways. Beyond the dissociation limit lie two product
pathways (Br( P1/2) or Br*(2P3/2)) that we can readily
monitor. It is still an open question whether the ratio of
yields, Br*/Br, are simply given by the thsrmal ratio
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irrespective of fluence or quantum size. It is an important
part of this program to look for evidence of non-thermal
effects either at the point of dissociation, or part way
up the vibrational ladder. In this connection it will be
helpful to have the capability of heating our molecular beam
(CP3Br, CH3Br, etc.) since we can then compare the effect of
thermal excitation with multiphoton excitation, particularly
in studies of collision-induced phenomena.
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