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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Recent advances have been reported in the theory of K-shell ionization
by light ions of atomic number l\ traversing targets of atomic number Z2,
to the point where K-excitation cross-sections may be calculated. To test the
theory as the Z-| ,Z2 ratio increases, measurements have been made using
2H + , ^He+ and *>Li+ projectiles on targets ranging in atomic number
from 9 to ?.Z. The agreement observed between measured and predicted values
up to the highest Z] ,Zg ratio studied provides further evidence for the
reliability of the theoretical approach.

In research on the modification of chemical composition of near-surface
layers by ion beam irradiation, the effect of 400-keV Xe-ion bombardment on
the distribution of thin layers of platinum on amorphous silicon substrates
has been studied. The compositions were determined by the Rutherford
backscattering method using 1-MeV He-ions. Both the xenon bombardment and
the helium ion anal./sis were done in a specially-constructed target chamber on
the High Voltage Mass Separator without breaking the vacuum. By using
another deeper layer of platinum as a reference marker, reliable mixing data
were obtained.

Radiation Chemistry

Pulse radiolysis studies of dilute mixtures of NO in argon have been
completed. Consistent results have been obtained for the complex processes
involved and the apparent discrepancy between CRNL results and others reported
in the literature are now judged to be within the experimental errors of the
methods used.

Isotope Separation

(a) Photochemical Processes

Our CO2 laser has been converted to operate on l^cog and is
being used to study multiphoton absorption and decomposition of CDCI3.
Preliminary results indicate that chloroform may be a suitable candidate for
use in either tr i t ium or deuterium laser isotope separation.

(b) Chemical Exchange Processes

In view of the encouraging preliminary results obtained with CDCI3
for laser isotope separation, studies of the chemical exchange of deuterium
between liquid chloroform and water have commenced. A favourable exchange



rate is a prerequisite for a practical process based on the laser isotope
separation.

Research on isotope exchange between fluoroform and water confirms
that the deuterium is significantly favoured in the fluoroform compared to
the water species. This is an advantage for redeuteration of a depleted
fluoroform in a heavy water process based on laser isotope separation.

Zirconium diketonates have been chosen for initial studies of potential
isotope effects in zirconium complexes. Preliminary studies will begin
shortly by renting time on the McMaster University NMR facilities.

Surface Science

The existence of temporal oscillations in the steady state rate of
certain heterogeneousiy catalysed reactions is currently attracting a good
deal of attention. One such reaction is the platinum-catalysed oxidation of
carbon monoxide, where there is some practical relevance because CO is a
notorious catalyst poison. The current hypothesis for the oscillations is
based on an adsorbate-induced oscillation of the underlying Pt surface, back
and forth between structures designed (lxl) and hex. A test of the
hypothesis was made by monitoring the oscillations through changes in the
work function of the surface, while simultaneously determining the platinum
surface structure by Rutheford backscattering methods. The latter
measurements showed negligible change between (lxl) and hex structures
throughout many oscillations. The hypothesis therefore seems untenable,
although some final experimental tests remain to be done.

Further progress has been made in the measurement of nuclear reaction
cross sections for nitrogen and oxygen under conditions used for nuclear
microanalysis and in the intercomparison of standards for Rutherford
backscattering analysis. The advances in these areas are giving added
confidence to absolute determinations of the surface coverages of adsorbates
and the intercomparison of such data between laboratories.

For research on catalysts and other surface science studies using ion
beam techniques coupled with LEED and other more conventional surface science
techniques, a new goniometer has been constructed for use in the two-level UHV
target chamber being assembled. The performance of the goniometer is
excellent; it has a high degree of angular precision (<0.1°) and minimal
backlash in the azimuthal drive (<0.1°).

The slow positron emission from clean and CO-covered Pt(lOO) surfaces
has been measured and was found to be very sensitive to the surface
structures, determined by LEED and Auger data. This is the first measurement
of slow positron behaviour for well-characterized surfaces, and shows that
the positron technique has potential for surface studies.
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A high speed algorithm has been devised and is now being tested which
permits efficient calculation of the sputtering yields from metals due to
light ions with energies in the 10-100 keV range. This work has particular
application to neutral beam injection heating devices in fusion and to the
beam spill problem in accelerator development. For the latter reasons, it has
been given a high priority.

Analytical Chemistry

In research aimed at improving the methods used to determine the
burn-up of irradiated fuels containing uranium and thorium, a new procedure
has been developed which reduces the quantity of sample required, thus
reducing radiation exposures to personnel, and achieves good precision, with
standard deviations of typically 0.2%. The procedure consists of two
stages: equilibration of the Th and U in the dissolved solution with an ion
exchange resin bead, followed by back-extraction and re-adsorption of the
actinides on an ion exchange membrane disk. The disk is transferred to the
thermal-ionization mass spectrometer and U and Th are sequentially mass
analysed from the disk.

To further increase the efficiency of emission spectroscopy with the
inductively-coupled plasma source for mltielement analysis, computer
techniques are being developed. Software for fast, sequential analysis of
ten elements has been completed and tested successfully. It is planned to
increase the capacity to the full range of fifty or more elements by the
installation of additional computer memory and graphics.

A cooperative project between Metallurgical Engineering and General
Chemistry Branches has resulted in preparation and calibration (using inert
gas fusion and stable isotope dilution analysis) of three deuterided Zr-2.5%
Nb standard reference materials. Although the National Bureau of Standards
prepares and sells hydrided zirconium and titanium standards, deuterided
material is not available anywhere. Commercial Operations has accepted these
analytical standards for marketing.

Materials Science

Fracture surfaces of Zircaloy-2 cracked in hydrogen gas show large
planar cleavage features not unlike those resulting from SCC. A distinction
between the two was desired for mechanistic distinction between SCC and
hydride induced cracking and has been found in the micro-topography of
"river-patterns" crossing the cleavage facets. These are stepped for
hydride cracking (hydride is tetragonal) and cusped for SCC by other species
(Zr is hexagonal).

Comparison on oxide films formed in concentrated LiOH solution with
those formed in dilute LiOH shows that the former develop porosity from the
beginning of oxidation. Electrical properties measured at 300"C also show
major differences between the two types of oxide.
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The electrotransport apparatus for the preparation of ultrahigh purity
zirconium has been working well for some time and the parameters of operation
which will give the best improvement in purity are being progressively
optimized. Specimens of sufficiently high purity for a variety of materials
science programs are being produced.

Collaborative experiments with the Lawrence Livermore National
Laboratory using their Rotating Target Neutron Source for irradiations at a
temperature of 4 K of high purity zirconium prepared at CRNL are giving us
our first good measurement of defect production rates in zirconium.

The first precision measurement of the partial molal volume of
deuterium in solution in zirconium (V) has been made using the IPNS (Intense
Pulsed Neutron Source) facility at the Argonne National Laboratory. The
quantity in question was found to be larger than expected and significantly
greater than V^, the partial molal volume associated with hydride
precipitation. Thus the previous expectations that dilational stress would
cause an increase in terminal solid solubility (TSS) of hydrogen in zirconium
is shown to be incorrect. The effect will be either zero or a very small
reduction in TSS for all isotopes of hydrogen.

An unexpected effect of crystal orientation on positron annihilation
in zirconium, irradiated with electrons, has been observed. This suggests
that either the damage, or the annihilation processes are anisotropic. This
is important for our theoretical understanding of irradiation damage and its
effects on creep and growth, where anisotropic effects are now thought to be
major contributors to the mechanism.



- 1 -

REPORT OF THE SOLID STATE SCIENCE BRANCH

(Editors - W.N. Lennard and J.A. Davies)

Page

1.1 STAFF 3

1.2 ION PENETRATION 4

1.2.1 Influence of 1.3 MeV *He Post-Bombardment on the Depth 4
Pro f i les of 35 keV 3He Ions Implanted in to Nb and Au

1-2.2 3ne Range Measurements in Various Metals 7
1.2.3 Absolute Measurement of Implanted ^He Concentrations 7
1.2.4 K-Shell X-Ray Cross-Section Ratios for 9 < Z2 < 22 Using 8

! n , 4He and °L i Pro jec t i les
1.2.5 T ime-of -F l ight (TOF) Chamber (High Voltage Mass Separator) 9
1.2.6 Xe Implantation Prof . les in Si and Al g

1.3 SURFACE PHENOMENA 10

1.3.1 An Ion Beam Study of the Pt(lOO) Surface During the 10
Catalytic Oxidation of CO

1.3.2 Absolute Coverage Determination of CO on Pt(111) n '
1.3.3 Auger Electron Emission Induced by MeV H+ and He+ Ions 12
1.3.4 Nuclear Reaction Analysis for ̂ N 13
1.3.5 Intercomparison of Absolute Standards for RBS Studies 15
1.3.6 RBS ani NMA Studies of the Oxide Layer on Stainless 15

•teel 304
1.3.7 CcMbration Standards for SIMS Analysis of Hydrogen in 17

Hydrogenated Amorphous Silicon
1.3.8 New Surface Phases Associated with Oxygen Adsorption on 17

Pt(lOO)
1.3.9 Progress on the Construction of the New Ultra-High Vacuum ]g

(UHV) System
1.3.10 Construction and Fitting of a UHV Sample Preparation Chamber ]Q
1.3.11 Preparation of Thin Monocrystalline Silicon Windows 19
1.3.12 Positron Emission from the Pt(lOO) Surface 19
1.3.13 Sputtering of Frozen Xe by MeV 14N Ions 19
1.3.14 Stoichiometry of Thin TixN Films Using RBS and Nuclear 20

Reaction Analysis

1.4 RADIATION DAMAGE 21

1.4.1 The Creation of Vacancy-Solute Complexes During I r rad ia t i on 21
of a Hi{Au) Crystal

1.4.? I n t e r s t i t i a l Trapping in Fe-Implanted Aluminum Af ter 24
Excimer Laser Annealing

1.4.3 Perturbed Angular Corre lat ion Studies of Defect Trapping at 25
l i l l n Atoms in Metals

1.4.4 Ion Beam Analysis of Nitrogen Implanted in to Stainless Steel 26
1.4.5 Co l l i s i on Cascades in Ge 27



- 2 -

Page

1.5 ION BEAM MODIFICATION OF MATERIALS 28

1.5.1 Ion-Beam Mixing of Metal l ic Films on Si 28
1.5.2 Ion-Beam Mixinq of Thin Impuritv Layer? (Markers) in 29

Sil icon
l.r>.3 Sample Preparation for Ion-Beam-Mixing Experiments 30
l. r i .4 Annealing Behaviour of 160+-implanted Si{111) 30

1.5 INTERDISCIPLINARY RESEARCH 31

1.6.1 Bendinq of GeV Enerqy Particle Beans by Bent Sinqla Crystals 31
of Sil icon

1.6.2 Radiation-Induced Defects in a Bent Si Crystal 31
1.6.3 Crystal Blocking Lifetime Measurements for Fission Fragments 32

from 19F Bombardment of a Thin Ta Crystal
1.6.4 Measurements of 3-Delayed Gamma Rays Following 16O 33

Bombardment of 182W and lfi3W
1.6.5 Measurement of the Absolute Cross-Section of the 34

3He(4He,r)7-3e

1.7 COMPUTATIONS 34

1.7.1 The Sca t te r ing of keV Ions from CU3AU 34
1.7.2 Computer Simulat ion of Sput ter ing 35
1.7.3 Ca lcu la t ion of 3He Ranges in Metals 35
1.7.4 F e a s i b i l i t y of the Metropolis Alqori thm in Non-Linear 35

Least-Squares F i t t i n g

1.8 ACCELERATOR OPERATION 36

1.8.1 2.5 MV Van de Graaff 36
1.R.2 High Voltage Mass Separator 36
1.8.3 70 kV Mass Separator 37
1.8.4 HVMS Instrumentation 37
1.8.5 Data Acquisition and Analysis System Installation 38

1.9 PUBLICATIONS, REPORTS AND LECTURES 38

1.9.1 Publications and Reports 38
1.9.2 Lectures 40



- 3 -

SOLID STATE SCIENCE BRANCH

1.1 STAFF

Branch Head

Secretary

I.V. Mitchell (1)
M.L. Swanson (2)
M.V. Boland (3)
D.A. McConnell (4)

Professional Staff Technical Staff

J.A. Davies
J.S. Forster

H. Geissei
(5)
(6)

K. Griffiths (7)
L.M. Howe
T.E. Jackman
D.P. Jackson
H.H. Jorch (8)
J.A. Kennedy
W.N. Lennard

T. Wiehert

(9)

(10)

G.K.
J.
D.

H.H.
A.F.
M.H.
G.A.
C.W.

D.A.S.
R.D.
O.M.

Kyle
Lori
Phillips
Plattner
Quenneville
Rainville
Sims
Sitter
Waiker
Werner
Westcott

Shop

R. Klatt (11)
B.M. McGilvray

Summer Student

R. Hill (13)

Laboratory Services

L.A. Cliche (12)
W.M. Hartwick
J.H. Hewitt

(1) On leave of absence, effective 1983 February 1.
(2) Acting Branch Head, effective 1983 January 4.
(3) Transferred from Fuels and Materials Division 1983 February 14.
(4) Transferred to Protective Services Branch 1983 February 16.
(5) Transferred from Nuclear Physics Branch 1983 January 4.
(6) Visiting Scientist.
(7) Visiting Scientist.
(8) NSERC Post-doctoral Fellow.
(9) Attached Staff, commenced 1983 May 16.
(10) Visiting Scientist: commenced 1983 June 1, terminated 1983 June 13.
(11) Transferred from Accelerator Physics Branch 1983 February 28.
(12) Transferred from Technical Information Branch 1983 February 1.
(13) National Summer Student, commenced 1983 May 11.



- 4 -

1.2 ION PENETRATION'

1.2.1 Influence of 1.3 MeV 4He Post-Bombardment on the Depth Profiles of
35 keV ^He Ions Implanted into Nb and Au

- H. Geissel, W.N. Lennard, J.S. Forster and D. Phillips, in collabo-
ration with T.K. Alexander and G.C. Ball (Nuclear Physics Branch), and
M.A. Lone and L. Mil am" (Neutron and Solid State Phyrics branch)

In an attempt to circumvent the experimental difficulties Associated
with absolute Y-ray yield measurements using gas targets (see PR-P-137), we have
fabricated ^He targets of moderate thickness by implantation into retal:..
Polycrystalline Au and Nb targets with a thickness of 0.02 cm were annealed at
800°C in high vacuum before being implanted with 35 keV ^He at the Chalk River
70 kV isotope separator using beam current densities of 10 pA.cm"2. Ourinq the
implantation to fluences of 6 x 1 0 ^ 3ne ions.cr

2, the targets were held at
room temperature in a vacuum better than 10~5 Pa.

For detection and depth profiling of the implanted ^He atoms, we used
two different nuclear reactions. The absolute concentration of ^He was deter-
mined via the ^He(d,p)^He reaction using a 500 keV D+ beam. The corresponding
absolute cross-section is known to within 2-3% (1). We derived the ^He concen-
tration from the number of 13.6 MeV protons detected at 150° to the beam. The
depth profiles have been measured using the ^Hefn.^-H)^ thermal neutron
reaction (2). A flux of ~ 3 x 107 neutrons.cm"2.s"1 from the Chalk River NRU
reactor bombarded the ^He implanted targets. A silicon detector (100 um
sensitive depth, 50 mm2 active area) placed 10 cm from the target at 90° to the
neutron beam measured the energy distribution of the protons and tritons
(initial energies are 573 keV and 191 keV, respectively).

A typical depth profile for a Au target implanted with 2.2 x
ions.cm"2, together with the corresponding calibration peak from the surface
implant (glow discharge), is shown in Fig. 1.2.1.1. The measured depth profile
has not been deconvoluted from the minor contributions caused by the detector
resolution, the energy loss straggling and the angular scattering of the
protons (2).

Au and Mb targets, implanted with high fluences of 35 keV ^He ions
(4.6 x lol? 3ne ions.cm"

2 and 6 x 10*7 -^He ions.cm"2, respectively) were post-
bombarded with 1.3 MeV 4He particles. The ^He concentration was near the
critical dose for blistering, confirmed by investigations using a scanning
electron microscope. The measured depth profiles for both materials before
post-bombardment were single-peaked and showed no anomalies. During ^He post-
bombardment at ~7.5 uA/cm2, we measured simultaneously the Y-ray yield from
the 3He(4He,y)7Be reaction using a Ge(Li) detector. For Au, we clearly
observed a double-peaked distribution, whereas Nb showed no indication for this
post-ir^adiation-induced phenomenon. The change of the Y-rav rate for the Au
target suggested a sudden ^He gas release correlated with the formation of the
double-peaked structure. For Nb, the gas release was much slower under the
same ^He post-bombardment conditions.
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The depth profiles of ^He, measured via the energy loss spectra of
protons emitted from the 3He(n,lH)3H reaction, corroborated the evidence
deduced from the Y-ray analysis. The depth profile for the Au target demon-
strated clearly the double-peaked structure, whereas the profile from the Nb
target was single- peaked and identical to the distribution obtained before
post-bombardment.

Our data for Au are consistent with the following interpretation,
suggested in ref. 4: there is a sudden gas release via fissures that originate
at the depth at which the blister l id separates from the bulk; this character-
is t ic depth corresponds approximately to the mean of the projected ^He range
distribution. We attribute the absence of post-bombardment redistribution in
Nb to the different macroscopic properties of the two materials.

(1) W. Moller and F. Besenbacher, Nucl. Instr. Meth. 168 (1980) 111.

(2) J.P. Biersack, D. Fink, R. Henkelnann and K. Miiller, Nucl. Instr. Meth.
149 (1978) 93.

(3) J.F. Ziegler, "Helium: Stopping Powers and Ranges in All Elements",
Pergamon Press, 1977.

(4) a) B. Terrault, J.G. Martel, R.G. St.-Jacques, G. Veilleux, J. L'Ecuyer,
C. Brassard, C. Cardinal, L. Deschenes and J.P. Labrie, J. Nucl. Mat.
68 (1977) 334.

b) G. Ross and B. Terrault, J . Nucl. Mat. 89 (1980) 383.
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1.2.2 Ĥe Range Measurements in Various Metals

- R.J. H i l l , D. Phil l ips, H. Geissel and W.N. Lennard

We have begun measurements of 3He depth Drofiles in 14 metals in order
to search for possible Zg-oscillations and dose-dependences of the 3He depth
distributions. The 3He is profiled using the ^Hefn.^Hl^H nuclear reaction and
the experimental set-up described in Section 1.2.1 of this report. Preliminary
results for 3He in Nb are not in agreement with the previously published
results of Roth et a l . (1), which indicate a dose-dependence of the range for
3He in Nb.

(1) J. Roth, B.M.U. Scherzer, R. Behrisch and P. Borgesen, Nucl. Instr. Meth.
149 (1978) 53.

1.2.3 Absolute Measurement of Implanted 3He Concentrations

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

An earlier report (PR-CMa-63, AECL-7987, Section 1.2.1) outlined
preliminary measurements of the absolute concentration of 3He ions implanted
at 35 keV into Au and Nb polycrystalline fo i l s . We have modified the beam
current integration system, and have measured the angular dependence of
elastic scattering to determine our detector angle more precisely. We have
also observed beam contamination effects using D2+ beams. Using absolute
counting techniques (as determined by RBS measurements using a Harwell
Series I I Bi-implanted Si wafer of precisely known implant dose), we are now
satisfied that several techniques yield the same absolute concentration for the
3He fluence within ~4%. The following methods have been used to determine a
mean absolute concentration:

(1) comparison of the proton yield from the 3He(d.p)^He reaction (cross-
section known) to the proton yield from the 1°O(d,p)17O reaction (cross-
section known) using a Ta2C>5 target whose areal density was precisely
measured;

(2) comparison of the proton yield from the 3He(d,p)4He reaction to the
Au(d,d)Au elastic scattering yield from a ~90 yg.cm~2 Au target whose
thickness was measured separately by Ĥe energy loss using t ime-of-f l ight;

(3) measurement of the proton yield from the 3He(d,p)^He reaction relative to
the thick target elastic scattering yield of deuterons (no f i l t e r on the
silicon detector, depletion depth = 2 mm).

The above techniques yielded a 3He concentration of 4.61 x 10.17
for our Au standard, with an experimental variance of ~ 6% that includes the
effect of the non-uniformity of the implant. This value is in good agreement
with the nominal implanted dose of 6.0 x 10*7 atoms.cm"2, when the correction
for the reflection of 3He ions during the implantation is included (1).

(1) J. Btfttiger and N. Rud, Inst. of Phys. Conf. Ser. 28 (1976) 224.
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1.2.4 K-Shell X~Ray Cross-Section Ratios for 9 £ Z2 < 22 Using ' H , ^ i,,d
6Li Project i les

- W.N. Lennard, J.S. Forster, H. Geissel, 0. Ph i l l ips and Keitn Barfoot
(Queen's University)

Considerable attention has focused on K-shell ionization by l i gh t ions
(2\ = 1,2) in recent years. By now, the theory of th is process has advanced to
the point where K-excitation cross-sections may be re l iab ly calculated,
including the binding, Coulomb def lect ion, electron capture a r i «-P1-t iv is t ic
correction e f fec ts . I t seems appropriate to test experimentally the theory for
heavier p ro jec t i les , i .e . for increasing Z^/Zg values.

In order to circumvent the inherent problems in determining absolute
X-ray detector ef f ic iencies for Ex <, 3 keV, the rat ios of K-ionization cross-
sections oyj can be rel iably measured for d i f ferent project i les on th * same
target . Such measurements provide useful insights into the systematic^ of the
exci tat ion mechanism.

Usinq 2H + , ^He+ and ^ L i + p ro jec t i les , we have measured the rat ios
R21 = aKX(4He)/4aKX( *H) a n d R32 = 4aKj((6Li)/9aKX(4He) for nine target elements
in the range 9 < Z2 ^ 22 at low ve loc i ty , using a th in window Si (Li) X-ray
detector. The re la t ive beam current integration was performed by counting the
y ie ld of pro ject i les e las t ica l ly scattered to 150° using a s i l i con detector.

We show in F ig. 1.2.4.1 some typical results for R21 at 400 keV/amu as a
function of the target atomic number, Z?. The sol id curve is the theoretical
prediction using the so-called ECPSSREC "theory (1-4). The classical PWBA
resul t would y ie ld a^-values that vary according to Z\?-, even JL low pro jec t i le
ve loc i t ies . I t is apparent that the corrections to classical tnecry a^e neces-
sary to y ie ld agreement with the experimental resul ts .

Our values for R32 reveal the same general trend, i .e . t.h=: data l i »
s l i gh t l y be'low the theoretical results in the Z2 =*• 10 - 20 region. However,
the f a i r agreement between the measured and predicted values is evidence for
the r e l i a b i l i t y of the ECPSSREC approach even for Z1/Z2 ~ 1/3 C>Li v l^F). Our
data may be used to derive absolute K-ionization cross-sections, pending a
precise absolute measurement of the proton-induced y ie ld at F. - 400 '-.cV.

(1) G. Basbas, W. Brandt and R. Laubert, Phys. Rev. A 1_ (1973) 983.

(2) G. Basbas, W. Brandt and R. Laubert, Phys. Rev. A J7 (1978) 1655.

(3) K'. Brandt and G. Lapicki, Phys. Rev. A 20 (.1979) 465.

(4) V J . Brandt and G. Lapicki, Phys. Rev. A 23 (1981) 1717.

(5) R.K. Rice, T.M. Button, J.L. Duggan and F.D. McUanM IECIE Trans. Nucl.
Sci. 26 (1979) 1150.
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1.2.5 Time-of-Flight (TOF) Chamber (High Voltage Mass Separator)

- G.A. Sims

Fabrication of the new TOF chamber was completed in early May. Upon
completion, vacuum tests were carried out in the Bldg 466 machine shop and
in Bldg 320. Extensive vacuum tests were performed on the chamber welds and no
detectable leaks were found. The next major step was the conversion of the
Viton O-rings to copper gaskets (Crumflat). The f ina l vacuum tests w i l l be
conducted before the ins ta l la t ion of the internal mechanisms.

The TOF beam l i n e , quadrupole lens and associated equipment is also
presently being ins ta l l ed , aligned and tested. During th is a l terat ion to the
beam l i n e , an Ortec chamber, Series 600, has been adapted into the system
between the target box and the TOF chamber.

1.2.6 Xe Implantation Prof i les in Si and Al

- H.H. Jorch and R.D. Werner

Rutherford backscattering of 1 MeV 4He+ ions has been used to measure Xe
implantation pro f i les as a check on the background subtraction techniques used
in the analysis of ion-beam mixing data. Implantations of 132Xe+ in the 400 to
1000 keV range were done in Si and Al for random orientations of the samples.
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The results for the mean range are in agreement with previous data from this
laboratory (1) and with a theoretical calculation. The scatter in the range
straggling data suqgests that further refinements in the analysis are required,
although the agreement with theory is satisfactory at this point.

(1) D.C. Santry and R.D. Werner, Mucl. Instr. Meth. 139 (1976) 135.

1.3 SURFACE PHENOMENA

1.3.1 An Ion Beam Study of the Pt(lOO) Surface During the Catalytic Oxidation
of CO

- K. Griffiths, T.E, Jackman, C.w. Sitter and J.A. Davies, in collabo-
ration with P.R. Norton, P.E. Bindner and E.B. Selkirk (Physical
Chemistry Branch)

The existence of large, temporal oscillations in the steady state rate
of certain heterogeneously catalyzed reactions is currently generating consi-
derable interest. One such reaction is the platinum catalyzed oxidation of CO
where oscillations have been observed on both polycrystalline and sinnle-
crystal surfaces (1).

For the Pt(lOO) surface, Ertl et al. (1) have shown that the conditions
for production of stable oscillations lie wthin rather narrow limits that
appear to parallel the phase boundary between the bulk-like (lxl) surface, and
the hexagonaily reconstructed (5x20) or hex surface. This observation led Ertl
et al. (1) to propose a novel mechanism to explain the oscillations based on an
adsorbate-induced oscillation of the underlying Pt surface structure (i.e.
(lxl) •» hex).

This transition, which involves significant displacement of platinum
atoms in the surface, has been thoroughly characterized for both CO (see
PR-CMa-63, AECL-7987, Section 1.3.1) and oxygen (see Section 1.3.8) adsorption
by RBS, NMA, work function (A<j>), and LEED. In addition, Ertl et al. (1)
demonstrated that the oscillations in the oxidation rate are mirrored by £<f>
oscillations of identical period and phase.

Simultaneous measurement of the work function and the RBS yield was
achieved by placing the vibrating reed of our Kelvin probe near the upper half
of the crystal and aligning the incident ion beam with the lower half of the
crystal. In a typical RBS study, however, a single measurement takes about
five minutes to collect enough data to achieve acceptable statistical
precision. Hence, in the present investigation (where the period was about two
minutes), a procedure was developed where the surface peak data and current
were collected for short intervals but continuously over many oscillation
cycles while the A<J> was being monitored constantly. After each short countinq
interval, the surface peak data and integrated current were recorded and a time
marker was sent to the strip chart recorder monitoring A<J>. Subsequently, it.
was possible to correlate the RBS data with any part of the oscillation.
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Within our counting statistics (_+ 2%) no significant change in the
surface peak yield was observed during the oscillation cycle. This indicates a
negligible fraction (< 5$) of the underlying surface is oscillating back and
forth between reconstructed hex and (lxl) surfaces. However, the observed
surface peak yield (i.e. the average over the cycle) would require that ~ 30%
of the surface is reconstructed to the hex phase throughout the entire cycle.

A similar nuclear microanalysis measurement was planned but the larger
beam diameter and current necessary created an unacceptable amount of noise on
the Kelvin probe. In this case,the stability of the oscillations was estab-
lished using the Kelvin probe, which was then withdrawn. The absolute coverage
of 0 and C, averaqed over the entire oscillation cycle, was measured using the
160(d,p)170 and 12c(d,p)13c nuclear reactions. The Kelvin probe was then moved
back into position to establish that the oscillations were still in progress.
The amount of 0 was ~ 4.1 x 10 1 4 atoms.cm"2 and the carbon was
~2.4 x 1014 atoms.cm"2. These values yield a CO coverage of ~ 0.19 monolayers
and an 0 coverage of ~ 0.13 monolayers.

These results would appear to be inconsistent with the proposed
model (1) and recent supporting video LEED measurements (2), but the amplitude
of the oscillations studied in this investigation were only 1/5 the magnitude
of those reported by Ertl (2). In an attempt to resolve this discrepancy, we
plan to make similar measurements on the Pt(lll) surface where oscillations
have also been reported.

(1) G. Ertl, P.R. Norton and J. Riistig, Phys. Rev. Lett. 49 (1982) 177.

(2) G. Ertl, J. Riistig and R. Imbihl, private communication, 1983.

1.3.2 Absolute Coverage Determination of CO on Pt(lll)

- T.E. Jackman, K. Griffiths, J.A. Davies and C.W. Sitter, in collabo-
ration with P.R. Norton (Physical Chemistry Branch)

The changes in the work function (&ej>) observed during exposure of a
Pt(lll) surface to CO are well-defined. Initially a sharp decrease of the work
function is observed. With increasing coverage, A<|> reaches a minimum. At
higher coverages, A<J> rises and passes through a broad maximum, eventually
reaching a constant value.

The coverage at which the minimum occurs has been assumed to be 1/3 of a
monolayer, based on the observation of a (/3 x /3) R 30° LEED structure by Ertl
et al. (1). Two recent measurements (2,3), both of which use the new Spinning
Rotor Gauge (4) to measure the CO exposure accurately (and absolutely), have
stated that the CO coverage is substantially less than 1/3 of a monolayer.
Steininger et al. (2) reported that the minimum and the first appearance of the
corresponding LEED pattern occurred at a coverage of ~ 1/6 monolayers.
Poelsema et al. (3) found that the minimum in A<J> occurred before the ordered
LEED pattern formed and at a coverage of < 1/10 monolayer.

We have used the 160(d,p)170 and 120(d,p)13c nuclear reactions (5) to
measure the absolute coverage of CO when A<J> reaches the minimum. This method
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does not require a measurement of the exposure or the sticking coefficient, but
measures directly the absolute coverage on the surface. At ~ 230 K, the CO
coverage at A^-fn was found to be 0.31 ± 0.03 monolayers, consistent with the
value assumed by Ertl et al. (1). In addition, the exposure required to reach
A*min was consistent with ~l/3 monolayers based on published values and our
own ion gauge calibrations based on a capacitance manometer.

We also measured the CO coverage at Hmin
 at 435 K. In this case, the

CO is reversibly adsorbed and A(j>mi-n was maintained by adjusting the CO pressure
in the chamber. The coverage was found to be 0.21 ± 0.03 monolayers. Poelsema
et al. (3) have shown that the magnitude of A<|>mi-n is a strong function of the
step density on the Pt(lll) surface. The CO coverage may also be a function of
the "perfection" of the Pt(lll) surface. Our crystal, which has a relatively
high density of steps compared with the crystal of Poelsema et al. (3), may
exhibit step-free behaviour only at elevated temperatures where site mobility
is high.

The "steps" argument outlined above is made less likely in that Poelsema
et al. also believe that the CO coverage corresponding to the Pt(lll)-c(4x2)
LEED pattern is 1/4, not 1/2, monolayers. We have previously (see PR-CMa-59,
AECL-7606, Section 1.3.2) found this coverage to be 0.47 ± 0.02 monolayers.

(1) G. Ertl, M. Neumann and K.M. Streit, Surf. Sci. 64 (1977) 393.

(2) H. Steininger, S. Lehwald and H. Ibach, Surf. Sci., to be published.

(3) B. Poelsema, R.L. Palmer and G. Comsa, Surf. Sci. 123 (1982) 152.

(4) Marketed by MKS Instruments, Burlington, MA, USA.

(5) J.A. Davies and P.R. Norton, Nucl. Instr. Meth. 168 (1980) 611.

1.3.3 Auger Electron Emission Induced by MeV H+ and He+ Ions

- J.A. Davies, K. Griffiths, T.E. Jackman, C.W. Sitter, in collaboration
with P.R. Norton (Physical Chemistry Branch), J.R. MacDonald
(University of Guelph), L.C. Feldman (Bell Labs.), and W.N. Unertl
(University of Maine)

We have previously reported (PR-CMa-62, AECL-7090, Section 1.3.1) that a
reduction of more than 50% has been observed in the Si LMM Auger electron yield
when a 2.0 MeV He+ beam was aligned in a <111> direction.

A simple model based on our knowledge of surface peak yields has been
used to predict the expected reduction for certain incident ion energy and
target combinations. Briefly, if we were to consider the case of ion
scattering for a very thin single1 crystal, the ratio (YAr,n/Y

AR) of aligned to
random yield would scale with the ratio of surface peak yield to target
thickness. The surface peak, in turn, is dependent upon P/R C, the ratio of
vibrational amplitude to shadow cone radius. However, in the present case, we
must combine this p/Rc dependence with the effect of a finite interaction
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distance and, in addition, account for the attenuation of yield through
inelastic scattering of electrons. The results of this analysis give a good
agreement between experimental and calculated values of YAcn/Y

AR, implying a
reasonable understanding of the process. This success, combined with the
observation of a substantial reduction in Auger yield under channelirg
conditions, indicates that the technique may be used to study near-surface atom
locations.

1.3.4 Nuclear Reaction Analysis for

- J.A. Davies, T.E. Jackman and H.H. Plattner, in collaboration with
I. Bubb (Royal Melbourne Institute of Technology, Melbourne,
Australia)

We previously reported (PR-CMa-63. AECL-7987, Section 1.3.2) a ca l i -
bration of the l4N(d,ct)i2c and 14N(d,p)15N reactions relative to the
16o(d,pi)17o reaction using thin (frozen) molecular gas targets. We have now
measured, at the same fixed detector geometry, the Rutherford backscattering
(RBS) yield of 2.0 MeV 4He+ from Bi atoms for a Harwell Series I implantation
standard (consisting of a Si wafer implanted with 8i) and the 16o(d,pi)17o
proton yield for 972 keV deuterons on Ta205, obtaining directly the value
(760 + 15) for the corresponding cross-section rat io. Previous results have
shown (1) that the 150° RBS cross-section for 2.0 MeV *He+ on Bi is
1.007 x 10* mb.sr"! ( i .e . 1.8% smaller than the Rutherford value). Combining
this value with the above ratio gives an absolute cross-section of 13.2 mb.sr"1

for the ^otd .p i ) 1^) reaction; thus, excellent agreement is obtained with the
value of 13.3 mb.sr~l - jn o u r previous measurement (2).

By combining the mean normalized peak yields (PR-CMa-63, AECL-7987,
Section 1.3.2) with our absolute cross-section value of 13.3 ± 0.3 mb for the
-"O(d,pi) reaction, i t is a simple matter to convert all the 14N measured yields
into the absolute cross-sections. The resulting values are given in
Table 1.3.4.1.

Comparison with the interpolated values obtained from the graphs in
Amsel and David's pioneering study (3) shows that our measurements are consi-
derably higher than the earlier data. Even though the previous measurements
did not claim to have a high absolute accuracy, the magnitude of the discre-
pancy seems surprisinqly large ( i .e . almost 50%). On the other hand, the
relative intensities of the various peaks at 972 keV and their observed energy
dependences between 972 and 1200 keV agree extremely well between the two
studies.

There is also a 10% discrepancy with Amsel and Samuel's early
measurement (4) of 11.8 mb.sr-1 for the 160(d,pi)170 cross-section at 972 keV.
Their value was based on an anodized AI2O3 standard, prepared in aqueous
ammonium nitrate. Electrochemical studies subsequently showed that such
AI2O3 standards (prepared in aqueous ammonium hydrogen nitrate) can undergo
significant hydration and dissolution during formation. Hence, they are
probably not as reliable as the Ta205 standards currently in use.
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Table 1.3.4.1: Absolute Cross-Sections

Target
Nucleus

160

14N

Peak

Pi

po

Pl + P2

P4

P5

P6

ao
a l

(9/2 keV deuterons)

Reaction Cross-Section (mb.sr )

Our Value Other Work

13.2 ±

0.430 ±

1.034 ±

1.124 ±

6.07 ±

0.76 ±

0.107 ±

1.59 ±

: 0.3

0.012

0.030

0.030

0.15

0.05

0.002

0.02

13.3 (2)
11.8 (4)

-

0.69 (3)

0.74

4.14

-

0.08

1.09

Note that a recent intercomparison (see Section 1.3.5) of absolute
Rutherford backscattering standards between Amsel's group and ourselves has
shown excellent agreement, well wi thin the combined counting s ta t i s t i cs of
1-2%.

An additional check on the absolute accuracy of our nuclear reaction
cross-section is the very good (2%) agreement reported by Moller and
Besenbacher (5) between the i r measurement of the D(3He,p)4He cross-section and
ours (2 ) . Their value was based on a comparison with the well-known cross-
section for the D(d,p)T react ion, while ours was based on the 13.3 mb.sr-1

cross-section for the 1 6 0(d ,p i ) 1 7 0 reaction.

(1) J . L'£cuyer, J.A. Davies and N. Matsunami, Nucl. Ins t r . Meth. 160 (1979)
337.

(2) J.A. Davies and P.R. Norton, Nucl. Ins t r . Meth. j J8 (1980! 511.

(3) G. Amsel and D. David, Rev. de Phys. Appl. 4̂  (1969) 383.

(4) G. Amsel and D. Samuel, Anal. Chem. ^9 (1967) 1689. Note that their
cross-section value was incorrect ly quoted as 12.5 mb.sr-1 in
reference 2 above.

(5) W. Moller and F. Besenbacher, Nucl. Inst r . Meth. 168 (1980) 111.



- 15 -

1.3.5 Intercomparison of Absolute Standards for RBS Studies

- J.A. Davies and T.E. Jackman, in collaboration with G. Amsel, C. Cohen
and A.V. Drigo (Universite Paris)

In principle, one of the main advantages of the Rutherford back-
scattering (RBS) technique is that the ^He scattering cross-section at MeV
energies is very accurately predictable (1,2) as a function of the beam energy
and tha target atomic number; thus, calibration procedures are not required in
converting the observed scattering yield into the number of scattering
atoms.cm~2. However, the experimental complexities involved in accurately
measuring the absolute integrated beam current and the detector geometry are
quite formidable. Hence, most groups prefer to use suitable standards to
calibrate the combined geometry and current integration constant for their
experimental set-up.

A few years ago, the Chalk River group collaborated with several other
North American laboratories in calibrating the Harwell Series I Bi-implanted
silicon wafers, using absolute RBS counting techniques (2).

The Paris group developed quite a different set of RBS standards, based
on the direct deposition of a thin weighable amount of Ta on a low-Z (silicon)
substrate. Such Ta standards have the additional advantage of being
convertible quantitatively into stoichiometric Ta20s by a simple anodic
oxidation procedure (3). Thus, the same standard serves equally well for cali-
brating either RBS or nuclear reaction yield measurements.

During the Ion Beam Modification of Materials (IBMM) conference in
Grenoble (1982 September), we discussed the obvious advantages of intercom-
pan nq the two sets of RBS standards. The Paris group agreed to measure two
CRNL-calibrated Bi-implanted wafers against their own Ta standard in Paris and
at the same time the Chalk River group would measure a Paris-calibrated Ta film
against their own Bi standard in Chalk River. The results of this sample
exchange are summarized in Table 1.3.5.1. As can be seen, the agreement in all
cases is excellent and is well within the combined error limits of the two
groups. Thus, the absolute accuracy of both sets of standards is almost
certainly within the desired 1-2% range.

Table 1.3.5.1 Intercomparison of RBS Standards
(units of 10 1 5 atoms.cm"2)

Sample CRNL Value Paris Value

Ta film 30.7 ± 0.4 31.0 + 0.4

Bi-implant 4.77 ± 0.07 4.88 ± 0.05
(Harwell Series I)
Bi-implant 3.60 ± 0.05 3.65 + 0.05
(Harwell Series I I I )
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Note that the Paris values lie above the corresponding CRNL values by
1.5 ± 0.5%. This constant difference between the two data sets would appear to
be significant, since the relative accuracy of each intercomparison should be
governed almost entirely by the statistical counting errors involved (typi-
cally, 0.2 - 0.5%). It indicates a small systematic error, probably in the
measurement of the absolute detector geometry. Until further information
becomes available, the best procedure would seem to be to average the two sets
of data. Hence, the current "best value" for the Harwell Series I implant
would be (4.83 + 0.05) x 1015 Bi atoms.cnr2.

(1) H.H. Andersen, F. Besenbacher, P. Loftager and W. Moller, Phys. Rev. A 21
(1980) 1891.

(2) J. L'Ecuyer, J.A. Davies and N. Matsunami, Nucl. Instr. Meth. JjiO (1979)
337.

(3) S. Rigo, C. Cohen, A. L'Hoir and E. Backelandt, Nucl. Instr. Meth. 149
(1978) 721.

1.3.6 RBS and NMA Studies of the Oxide Layer on Stainless Steel 304

- T.E. Jackman, J.A. Davies and H.H. Plattner, in collaboration with
R.L. Tapping (System Materials Branch)

Preliminary Rutherford backscattering (RBS) and nuclear microanalysis
(NMA) measurements have been completed on a set of stainless steel 304 samples
that had been autoclaved at 300°C in lithiated water in order to simulate PWR
operation conditions. Three samples have been examined: 0, 22.5 and 45 h of
oxidation. The total oxygen content in the oxide layer was measured using the
16o(d,p)17o nuclear reaction. We demonstrated that the oxide layer thickness
was ~ 30 nm for 22.5 h exposure and ~ 120 nm for the 45 h sample. Analysis of
the RBS data obtained using a 1.0 MeV He+ beam at scattering angles of 105° and
150° suggests a significant hydration of the oxide layer. In addition, there
would appear to be a change in the oxide structure in going from 22,5 to 45 h
of oxidation.

These samples subsequently were examined using scanning electron micro-
scopy and will also be examined in the scanning Auger microprobe.

In order to test the possibility of extensive hydration, additional
samples are being autoclaved in D2O. This will enable us to use the D(3He,p)4He
nuclear reaction to determine absolute amounts of deuterium in the oxide
layer.



- 17 -

1.3.7 Calibration Standards for SIMS Analysis of Hydrogen in Hydrogenated
Amorphous Si l icon

- J.A. Davies, T.E. Jackman, 0. Westcott, in collaboration with
P. Williams (Arizona State University) and K. Stika (Jet Propulsion
Laboratory)

We have used the D(He3,p)4He nuclear reaction to determine the amount
of deuterium in a series of amorphous s i l i con samples that had previously been
implanted with <~2 x 10*5 HD+ ions.CUT2 . Since the retention of deuterium and
hydrogen should be the same, these 1:1 H/D samples w i l l be used as standards
for a new SIMS approach in the determination of the hydrogen content in
s i l i con .

1.3.8 New Surface Phases Associated with Oxygen Adsorption on Pt(lOQ)

- K. G r i f f i t h s , T.E. Jackman and J.A. Davies, in collaboration with
P.R. Norton, Physical Chemistry Branch

Similar measurements to those described for the adsorption of CO on
Pt(lOO) were performed on the oxygen/Pt(100) system to provide further insight
into the mechanism of oxidation of CO on th is surface (PR-CMa-63, AECL-7987,
Sectiorj 1.3.1). The rate of oxidation of CO has been shown to osc i l la te under
certain well-defined conditions on Pt(lOO) (see Section 1.3.1).

Using Rutherford backscattering (RBS), nuclear microanalysis (NMA), work
function changes (A<J>), and low-energy electron d i f f rac t ion (LEED), we have
discovered two new surface phases on Pt(lOO) produced by the adsorption of
oxygen.

One phase (which we denote as "complex") i s produced by saturation of
the surface with oxygen (6 = 0.63 ± 0.03 monolayers =0.81 x 10*5 oxygen
atoms.cm"2); th is phase is characterized by a very complex LEED pattern and
the displacement of 0.82 x 10*5 Pt atoms.cm"2. The second phase (denoted (3x1))
is observed at an average coverage of 9 = 0.44 ± 0.05 monolayers and gives r ise
to a (3x1) LEED pattern when observed at room temperature. The number of
displacements in th is phase is 0.51 x 1015 Pt atoms.cm"2. For both phases, RBS
measurements indicate large (> 0.025 nm) Pt atom displacements.

We were also able to show that a clean ( l x l ) (bulk- l ike) surface could
be produced from the complex phase by removing the oxygen with hydrogen at room
temperature and subsequently desorbing the hydrogen at 385 K. These results
may contribute s ign i f icant ly towards understanding the osc i l l a t i ng CO oxidation
reaction.
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1.3.9 Progress on the Construction of the New Ultra-High Vacuum (UHV) System

- C.W. Sitter, T.E. Jackman, K. Griffiths and J.A. Davies, in collabo-
ration with P.R. Norton, Physical Chemistry Branch

Construction of the new goniometer for the two-level UHV system has now
been completed (PR-CMa-63, AECL-7987, Section 1.3.3).

This goniometer has been mounted on the liquid-nitrogen-cooled shaft and
installed in the existing single-level chamber for testing. A target tempa-
rature of ~102 K has been achieved, as compared with the 160 K base tempe-
rature of the old goniometer. The performance of the goniometer was examined
at 300 K and alsc at 102 K by measuring the stereogram for a Si(100) crystal
mounted on the goniometer. Results indicate a high deqree of angular precision
in both azimuthal and t i l t directions (better than 0.1*) and a negligible
(0.2°) vertical offset in the shaft. There also appears to be minimal (< 0.1°)
backlash in the azimuthal drive gears. We are therefore satisfied that the new
goniometer and associated XYZ manipulator is ready for use in UHV channeling
studies.

Installation of the two-level UHV chamber awaits delivery of some
hardware, including ion-gauges, windows and blank-off flanges. In addition,
some scaffolding work in Lab. 57 is required before this transfer can commence.

1.3.10 Construction and Fitt ing of a UHV Sample Preparation Chamber

- C.W. Sitter, K. Gri f f i ths, T.E. Jackman and J.A. Davies, in
collaboration with P.R. Norton, Physical Chemistry Branch

Cleaning of freshly-cut crystals for UHV experiments can be very
time-consuming and has, in the past, committed the experimental UHV chamber
unnecessarily for long periods (see PR-CMa-60, AECL-7692, Section 1.3.3). A
small UHV chamber, equipped with an ion-pump, has therefore been refit ted for
use as a sample preparation chamber. This required the addition of an
auxil l iary oil-diffusion pump, an ion gauge, a sputter-ion gun and gas-handling
fac i l i t ies for three separate gases.

In i t ia l testing of this new fac i l i ty has been encouraging. An Ir( l lO)
crystal was mounted on a multipin-feedthrough together with an electron gun for
sample heating. The base pressure of the chamber is ~ 2 x 10-6 pa; this may
improve further after a number of bakeouts. The sample can be heated to
^1700 K with the existing electron gun; this wi l l require modification for
future processing of higher-melting-point materials. The "home-made" argon
sputter-ion gun performs well and can deliver > 20 pA at 1 keV in an argon
pressure of 6.5 x 10"3 Pa. Using the gas handling capabilities, oxygen can be
admitted separately and independently for cleaning carbon-based impurities from
freshly-cut samples.

The incorporation of a quadrupole mass spectrometer and Kelvin work
function probe are planned; this wi l l allow useful preliminary experiments and
tests for sample cleanliness to be performed in the chamber. A large-aperture
window wi l l also be f i t ted to assist in positioning of the Kelvin probe.
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1.3.11 Preparation of Thin Monocrystaliine Silicon Windows

- D. Phillips

Crystalline silicon windows approximately 450 nm thick have been
produced in order to carry out backscattering studies of solid-liquid inter-
faces. The experiments wil l involve channeling accelerated ions through the
silicon windows in order to observe the interaction with atoms at the solid-
l iquid interface.

The windows were produced using an ethylenediamine/pyrocatechol etch
that does not attack silicon when the Si is sufficiently doped with boron. The
boron-doped silicon was obtained from Cornell University. Preparations are
proceeding that wi l l enable us to dope the silicon ourselves.

1.3.12 Positron Emission from the Pt(lOO) Surface

- H.H. Jorch and T.E. Jackman, in collaboration with P.J. Schultz and
K.G. Lynn (Brookhaven National Laboratories, Upton, NY)

We have conducted an exploratory study of the interaction of low energy
(5 keV) positrons (e+) with a woli-characterized Pt(lOO) surface in order to
determine: (a) i f the positro'i-surface interactions are sensitive to the
changes induced by adsorbate? such as CO; (b) i f the measured parameters of the
positron emission process rjn be correlated with surface conditions; and
(c) i f positrons can provide new or more detailed information on surface
processes, relative to other surface probes. The positron beam fac i l i ty (1) at
BNL was used to me^ure the yield of positrons re-emitted from the Pt crystal
after implantation at 5 keV. The Pt surfaces were examined in situ with LEED
and Auger electron spectroscopy to ensure that the surface conditions were the
same as previously characterized in work at CRNL (see for example
Section 1.3.2). The results indicated that the positron emission is very
sensitive to surface conditions on Pt(lOO), primarily in the yield parameter.
Tne maintenance of clean UHV conditions was a problem in this preliminary
study. Future investigation wi l l require longer times to achieve clean and
controllable surface conditions.

(1) Positron Interactions with Surfaces, see H.H. Jorch, Ph.D. thesis (1981),
University of Guelph; some recent surface-related work, D.A. Fischer, K.G.
Lynn and W.E. Frieze, Phys. Rev. Lett. 50 (1983) 1149.

1.3.13 Sputtering of Frozen Xe by MeV U N Ions

- J.A. Davies and T.E.Jackman

In a previous investigation of the sputtering yield (S) of frozen Xe by
various MeV ion beams (H+, He+, N+ and Ar+), the N+ results exhibited an
anomalous decrease in S with increasing beam energy (1). This was attributed
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at the time to an unexpectedly large nuclear stopping contribution to the
observed sputtering yield. However, a recent study at McMaster University (2),
using 40-80 keV N+ into frozen Xe, has shown that the nuclear stopping contri-
bution is far too small to explain the earlier anomaly. We have therefore
repeated the MeV N+ (and He+) measurements, using the same accelerator and
target system as in ref. 1. Our results are summarized in Table 1.3.13.1,
together with the previous data. Also included is the predicted yield
(Scale)> estimated from the nuclear stopping contribution. Note that both sets
of He* data agree quite well. However, the present set of N+ bombardments
exhibit a completely different energy dependence from that in ref. 1; for
2.0 MeV M+, the discrepancy with the earlier data exceeds an order of magnitude.
The present set of measurements has been checked several times at each energy,
with an overall reproducibility of +_ 10%. Furthermore, the observed sputtering
yields now fit quite well to the same quadratic dependence on electronic
stopping power that is characteristic of the MeV H+ and He+ data. No expla-
nation has yet been found for the anomalously low yields reported in the
previous N+ bombardment study.

A full report of this re-investigation has been included in ref. 2.

(1) R.W. Overhead, J. Btfttiger, J.A. Davies, J. L'Ecuyer, H.K. Haugen and
N. Matsunami, Rad. Eff. 49 (1980) 203.

(2) Doris V. Stevanovic, D.A. Thompson and J.A. Davies, proceedings of the 2nd
Radiation Effects in Insulators Conference, Albuquerque, 1983 May, Nucl.
Instr. Meth., in press.

Table 1.3.13.1 S Values for Frozen Xe at MeV Energies

Energy Sca-|C Sohs S o b s
Projectile (MeV) (nuclear) (1) (present work]

14 N +

1.0
2.0

0.6
1.0
2.0

0.2
0.1

8
4
2

9
7

45
35
19

_
7

79
114
203

1.3.14 Stoichiometry of Thin TixN Films Using RBS and Nuclear Reaction
Analysis

- H. Plattner (in collaboration with F.R. Shepherd and J.P. Noel, Bell
Northern Research Ltd., Ottawa)

In the course of the 14N(d,p) and 14N(d,a) calibration study reported in
Section 1.3.4, we searched for a source of thin metal nitride films that could
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serve as stable secondary reference standards. Subsequent discussions with
F.R. Shepherd (Bell Northern Research) indicated that titanium nitride
(TixN), prepared by reactive sputtering of Ti in a N2/Ar gas mixture, might
be a satisfactory choice. The two laboratories agreed to carry out a joint
study of the stoichiometry and radiation stability of such films as - function
of the N2:Ar ratio in the sputtering chamber. A set of nine different TixN
films on carbon and a similar set on Si have been prepared at Bell Northern.
These are now being analysed for Ti and N content by RBS and nuclear reaction
methods using Bi-implanted Si and anodized Ta20s as the appropriate primary
standards for the above two analysis methods, respectively. Preliminary
results indicate that a wide stoichiometric ranqe (i.e. from x = 0.8 up to
x ~ 35) can be achieved by varying the reactive sputtering conditions. On the
carbon substrates, it was possible to estimate the 14N content also from the
^He back scattering spectra, although this involved a rather large background
correction due to the high-energy tail from the substrate. The resulting data
(Table 1.3.14.1) generally agreed within + 10% with the more accurate result
from the (d,po+ 0) analysis. ~

Table

Sample No.

1
2
3
4
5
6
7
p
9

1.3.14.1 Ti
(in

Ti Content
(RBS)

7.34
7.09
7.22
7.67
7.60
3.49
3.05
4.34
3.90

and N Analysis
units of 1017

Nitroqen
(RBS) (d

_
_
1.4
3.8
2.4
2.2
2.7
2.9

of Tix N on
atoms.cm~2)

Content
»Po + ao)

_
0.98
1.53
4.25
2.91
2.67
2.74
2.69

Carbon

(TiN) Ratio

_
7.41
5.16
1.88
1.31
1.25
1.59
1.39

1.4 RADIATION DAMAGE

1.4.1 The Creation of Vacancy-Solute Complexes During I r radiat ion of a Ni(Au)
Crystal

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

As shown previously (see PR-CMa-63, AECL-7987, Section 1.4.1), vacancy-
solute atom complexes were created in Ni(Au) crystals during annealing from
~250-400 K, fol lowing i r rad ia t ion at 35 K with 1.5 MeV 4He ions. The thermal
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stabi l i ty of the vacancy-solute atom complexes has now been investigated in a
Ni-0.12 at% Au crystal over the temperature range 280-770 K, as shown'in
Fig. 1.4.1.1. In agreement with the previous results, vacancy-solute atom
complexes are formed (as indicated by increases in f^AiT^ <lur">n9 t n e i r rad i -
ation at 280 K and during subsequent annealing up to ~400 K. In this tempe-
rature range vacancies migrate and become trapped at the Au solute atoms. The
complexes remain stable over an extended temperature region and then eventually
break up between 600 and 700 K. The apparent displaced fraction f^Au of Au

atoms into <100> channels was considerably greater than either f ^ j j or f^
throughout the annealing. This suggests the formation of an appreciable
fraction of tetravacancy-solute atom complexes in which the displaced solute
atom is at the centre of the <100> channel and is surrounded by a tetrahedron
of four vacancies.

The fractional change in the irradiation-induced dechanneling rate
A(dx^j™>/dz)/A(dx^P)n>/dz')niax is also shown in Fig. 1.4.1.1. This oararneter
i n i t i a l l y decreased from 300 to 400 K, where vacancies wore mobile, then
decreased less rapidly UD to ~ 600 K and f inal ly decreased more rapidly from
600 to 770 K when the vacancy-solute atom complexes broke uo. At 770 k, where
the Comdexes f inal ly disappear, nearly all of the Au atoms are on substitu-
tional sites in the lat t ice. At. this stage, the irradiation-induced dechan-
neling rate is essentially zero, thus indicating that no irradiation-induced
distortions of the latt ice remain.

In Fig. 1.4.1.2 a comparison is given of perturbed anaular corre-
lation (1) (PAC), channeling (2) and electrical resist iv i ty (3,4) annealino
data for Hi and dilute Mi alloys. In the upper panel, the recovery of elec-
t r ical resist iv i ty increment in plastically-deformed (A) or electron-
irradiated (a) Mi is shown along with the recovery of the <100> dechannel ing
increment for a Ni-0.05 &t% In crystal (see PR-CMa-61, AECL-7780,
Section 1.4.2). In the lower panel, the recovery of fd in0 > a"d fdAu0> frm o u r

previous and present ion-channeling investigations (2) are given along with the
fraction, f f , of In atoms associated with the tetravacancy-In aton configu-
ration, as measured by PAC (1) for Ni implanted with H l l n at 10 K. There is
good agreement between the ion channeling and PAC results concerning the
creation and subseguent break-up of tetravacancy-solute atom complexes. The
dechanneling and electrical resist ivi ty data show a recovery stage from
~300-400 K, which is attributed to vacancy migration with an activation energy
of 1.04 +_ 0.04 eV (6) and correlates with the channeling and PAC data.
Complete recovery of the resist ivi ty increment occurred at a lower temperature
than that of the dechanneling increment or the tetravacancy-solute atom complex,
indicating that vacancy clusters are stabilized by solute atoms in f ' i . The
complexes involving Au atoms appeared to be somewhat "lore stable than the
complexes involving In atoms, as the decreases in f^Au w e r e T°ss rapid than
for f j j j n ^ from 600-700 K. The additional stabi l i ty of the former compared
with the latter is consistent with the fact that each Au atom produces an
expansion of 63.6% of a Ni atomic volume in Ni(Au) alloys, whereas the
corresponding expansion is only 36.66% for In in Hi(In) alloys (7).

(1) C. Hohenemser, A.R. Arends, H. de Waard, H.G. Devare, F. Pleiter and S.A.
Drentje, Hyp. Inter. 3 (1977) 297.
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(2) L.M. Howe, M L. Swanson and A.F. Quenneviile, Proc. of the Sixth
International Conference on Ion Beam Analysis (Arizona State University,
1983 May 23-27), Nucl. Instr. Meth., in press.

(3) H. Mehrer, H. Kronmtiller and A. Seeger, Phys. Stat. Sol. 10 (1965) 725.

(4) A. Sosin and J.A. Brinkman, Acta Met. ]_ (1959) 478.

(5) M.L. Swanson and L.M. Howe, Proc. of the Sixth International Conference on
Ion Beam Analysis (Arizona State University, 1983 May 23-27), Nucl. Instr.
Meth., in press.

(6) S.K. Khanna and K. Sonnenberg, Rad. Eff. 59 (1981) 91.

(7) H.W. King, J. Mat. Sc. 1 (1966) 79.
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Fig. 1.4.1.1 Recovery of fdJ|Jn> and A(dxj5]mn> /dz)/A(dxS]mn7dz) |MX during
isochronal annealing (600 s pulse anneals). The Ni-0.12 at% Au
crystal was i rradiated at 280 K with 1.5 MeV 4He ions to a
fluence of 1.99 x 1016 ions.cm"2. The backscattering
measurements were performed at 280 K using 1.5 MeV *He ions.
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Fiq. 1.4.1.2 <ion>A comparison of ion channelinq (dechannelinq Mi(In),
f^jn ), electrical resist ivi ty (Ap) and perturbed angular corre-
lation (PAC f j ) annealing data fqr Ni and dilute Ni alloys (5).
In the ion channeling studies, fJ *9 > data are from Fig. 1.4.1.1
and the dechannelinq and f j jp data pertain to a Mi-0.05 att In
crystal irradiated at 280 k with 1.5 MeV 4He ions to a fluence
of 2.3 x 10̂ 6 ions.cm~2 (600 s pulse anneals).

1.4.2 Interst i t ia l Trapping in Fe-Implanted Aluminum After Excimer Laser
Annealing

- M.L. Swanson, L.M. Howe and A.F. Ouenneville, in collaboration with
J.A. Nilson and S.C. Oass (Lumonics Inc., Kanata)

Further channeling measurements of the trapping of Al se l f - in terst i t ia l
atoms by Fe atoms have been made, using an Fe-implanted Al crystal that had been
excimer-laser-annealed (see PR-CMa-62, AECL-7909, Section 1.4.3 and PR-CMa-63,
AECL-7987, Section 1.4.2). A series of laser energy densities ranging from 2
to 6 J.cnr2 was used, in order to optimize crystal perfection for planar
channeling studies of defect trapping configurations. The best crystal quality
was obtained for the energy density 6 J.cnTS which gave normalized yields
XAI = 0.034 and j j 1 1 } = 0.38. The fraction of displaced Fe atoms was
fdFe0> = ° ' 0 7 a t 35 K> snow1'ng as before that most of the Fe atoms were on
normal latt ice sites in the annealed crystal.
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The 6 J.cnr2 spot was irradiated at 70 K with 1 MeV *He+ ions in order
to trap mobile AT interst i t ia ls at the Fe atoms. Measurements of x^i and xpe
were made for <110> axial and {100} and {111} planar channels as a function of
irradiation fluence. The results may be summarized as follows: f^pi -
f^Fe1 } >:> fciFe0} f o r a11 experimental fluences, 2.5 x 1015 ions.cnrs
5 x 1015 ions.cm"2 and 10 x 1015 ions.cm"2. Since only one-third of <100>
displacements project into {100} planes, but al l <100> displacements project
into {111} planes, these results indicate that the trapping configuration had
<100> symmetry. However, as reported previously (PR-CMa-62, AECL-7909,
Section 1.4.3), the absence of a mid-channel peak in the backscattering yield
from Fe atoms for a <110> angular scan showed that the displacement of Fe atoms
from lat t ice sites in the trapping configuration was less than that observed
for the similarly sized solute atoms Cr, Mn and Cu (1).

(1) M.L. Swanson, L.M. Howe, A.F. Quenneville and J.A. Nilson, Proc. IBA
Conference, Phoenix, Arizona, 1983.

1.4.3 Perturbed Angular Correlation Studies of Defect Trapping at U l l n Atoms
in Metals

- M.L. Swanson, A.F. Quenneville and O.M. Westcott in collaboration with
0. Haiisser and D. Ward (Nuclear Physics Branch) and Th. Wichert
(University of Konstanz, West Germany)

The isotooo U l l n was implanted and/or diffused into Cu-0.1 at% In, Au
and Cd sampler, in order to study the perturbed angular correlation (PAC)
caused by the interaction between the nuclear quadrupole moment of the daughter
nucleus, ^ C i , and the electric f ie ld gradients near the l^Cd atoms.

The PAC was f i r s t measured for H^In diffused into a Cd f o i l . Since Cd
is a hexagonal clcse-packed crystal, U l l n atoms that have replaced Cd atoms in
the latt ice experience an electric f ie ld gradient. In the present experiment,
a well defined nuclear precession frequency was observed, indicating that most
of the ^ I n / H i e d atoms were on normal lat t ice sites and that the PAC elec-
tronics functioned well.

For the face-centred cubic crystals Cu and Au, a PAC precession
frequency is seen only when the 1 -̂Cd nuclei are in a perturbed environment;
i.e. i f they have trapped point defects. In order to introduce defects into
the crystals, two experiments were performed.

(1) A Cu-0.1 at% In single crystal was implanted with U l l n , annealed at
820 K for 10 minutes to remove implantation damage and broaden the implantation
prof i le , then irradiates at 293 K with 0.5 MeV protons to a fluence of
3 x 1016.cm"2 and f inal ly annealed at 500 K for 10 minutes. This treatment
should produce Ulln-vacancy defect clusters that give a well defined PAC
precession frequency.

(2) An Au fo i l was diffused * i th ^ ^ I n , plastically deformed (50% reduction in
cross-sectional area) and then annealed at 380 K and 473 K. >
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In both cases, time differential PAC spectra showed no well-defined precession
frequencies, and thus no distinguishable electric field gradients associated
with defect trapping. These preliminary measurements will be extended and
refined to optimize conditions for defect creation, with the ultimate goal of
performing complementary ion channeling experiments.

1.4.4 Ion Beam Analysis of Nitrogen Implanted into Stainless Steel

- H.H. Plattner, M.L. Swanson and I.V. Mitchell, in collaboration with
J.L. Whitton (0rsted Institute, Denmark)

The lattice position of implanted ^H in stainless steel crystals
(70-at% Fe, 17-at% Cr, 13-at% Ni), has been studied using the channeling
technique. (See also PR-CMa-56, AECL-7332, Section 1.5.2.) Implantations at
208 and 293 K were done in situ in the low temperature chamber of the Solid
State Science Branch 2 MV Van de Graaff accelerator, using ^-300 keV
1 5 M 2 + ions, to a fluence of 1016 atoms.cm-2. The angular dependence of the
backscattering yield of 800 keV *H+ ions from the stainless steel host atoms
was compared with that of the 1^N(p,ot) yield for angles near <110>, <100> and
<211> axes.

Of particular interest for the accurate location of the ^H atoms in the
host (f.c.c.) lattice were the <110> angular scans. It was found previously
for 20 keV !%•• implants (1) that a pronounced peaking in yield of alpha
particles from the N atoms occurred for <110> alignment, indicating that the N
atoms were close to the expected octahedral interstitial lattice site.
However, the width of the peak was much broader (<~1° FWHM) than predicted for
a unique interstitial site. This effect may have been due partly to a slight
crystal misalignment and partly to high defect densities at the shallow
(~ 12 nm) implant depth. In the present experiments, alignment conditions were
more exactly attained by measuring the yields from host atoms and N atoms
simultaneously, using two detectors. We now find that the width of the <110>
I^N peak after implantation and after various anneals is only 0.4 j+ 0.1°,
which is approximately 20% of the width of the channeling dip obse7ved for the
backscattered protons. This ratio of angular widths is in agreement with
calculations for octahedral lattice sites in f.c.c. metals (2).

Angular scans obtained after an implant at 293 K, and after subsequent
anneals at 373 K and 523 K showed no significant difference in these angular
scan profiles. Higher temperature anneals demonstrated that the ^ N was
retained to temperatures above 873 K. This high stability of the implanted
I^N atoms implies strong bonding either to Cr atoms or to implantation-induced
point defects, since nitrogen diffusion in iron is ordinarily significant even
at room temperature.

(1) J.L. Whitton, M.M. Ferguson, G.T. Ewan, I.V. Mitchell and H.H. Plattner,
Appl. Phys. Lett. 41 (1982) 150.

(2) N. Matsunami, M.L. Swanson and L.M. Howe, Can. J. Phys. 56 (1978) 1057.
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1.4.5 Collision Cascades in Ge

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

Detailed diffraction contrast experiments were performed on Ge implanted
at 40 K with 30 keV Bi-2 ions to a fluence of 1.69 x lO*1 ions.cm"2. In these
experiments, the same areas of the fo i l were imaged with different diffraction
vectors g under bright f ie ld , dark f ie ld and dark f ie ld weak beam conditions.
The images of the damaged regions exhibited essentially identical features
regardless of the g" vector used. In addition, upon traversing across a
thickness extinction contour, the images reversed from, black to white contrast.
Similar contrast features were also observed for damaged regions produced by
As, Sb, Te and Bi ions (1.0 x 10H - 5.0 x lO^-l ions.cnr2) having energies
ranging from 15-120 keV. These observations indicate that the diffraction
contrast of the damaged regions is principally of the structure factor type
( i .e . arises due to a difference in extinction distance of the damaged regions
compared with the undamaged la t t ice) . A reasonable explanation for this beha-
viour is that the damaged regions are essentially amorphous. Certainly this is
consistent with the fact that Ge crystals implanted with the above ions exhibit
damage peaks in Rutherford backscattering spectra from aligned crystals even at
ion fluences as low as 1.0 x 10*2 _ 5.0 x 10^2 ions.cnr2 ( i .e . direct backscat-
tering of the anlyzing beam is occuring from highly disordered regions in the
la t t ice) . In order to obtain additional information concerning the degree of
amorphicity of the damaged regions (diameters ~>3.0-5.0 nr.i), i t wi l l be neces-
sary to perform micro-diffraction and energy loss spectroscopy investigations
in an electron microscope. The microscopes at CRNL do not have the capabi-
l i t i es for such studies; nence, discussions have been init iated with scientists
at Arizona State University, McMaster University and CANMET concerning
performing the experiments on their electron microscopes.

Previously (PR-CMa-63, AECL-7987, Section 1.4.4), the results of
electron microscope investigations on Ge and Si implanted at 35-40 K with
120 keV Bi to fluences in the range 1.0 x 1011 - 2.0 x 1012 ions.cnr2 were
described. I t was found that at low ion fluences (~>1 x 10*1 ions.cm"2) highly
damaged regions were produced in discrete regions throughout a coll ision
cascade ( i . e . sub-cascade structure was developing) and these regions gave rise
to strong diffraction contrast. As the ion fluence increased and overlap of
the individual coll ision cascades occurred, the damage level in the region
peripheral to the areas of strong contrast became great enough to produce
diffraction contrast in more extensive regions of the cascades. Channeling
studies have now been performed on a Ge crystal implanted at 35 K with 120 keV
Bi to a fluence of 2.0 x 10*2 ions.cm"2. Rutherford scattering spectra were
obtained at 280 K using 1.0 MeV 4He backscattered through 105° and 150°. For
both backscattering angles, the aligned spectra consisted of a relatively broad
damage peak, thus indicating that highly disordered regions are being produced
throughout the implanted region. Annealing of the damage was also followed
from 280-550 K. The total number of displaced atoms per unit area was obtained
from the area under the damage peaks in the aligned spectra. A linear dechan-
neling correction was used to correct for the non-channeled component of the
4|je ion beam. In Fig. 1.4.5.1, the results of the present annealing expe-
riments are compared with data acquired prviously for 15 keV Bi implants at a
similar ion fluence. The 120 keV Bi implant annealing curve is shifted ~ 30 K
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towards higher temperatures, implying that some of the damaged regions produced
are more resistive to annealing than those produced by 15 keV implants.
Electron microscope investigations have now been initiated to investigate this
behaviour more extensively.
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Fig. 1.4.5.1 The isochronal annealing behaviour (600 s anneals) of the damage
produced in Ge by 15 keV Bi implants (3.1 x lO*2 ions.cnr2 at
35 K) and by 120 keV Bi implants (2.0 x 1012 ions.cm"2 at 35 K).

1.5 ION BEAM MODIFICATION OF MATERIALS

1.5.1 Ion Beam Mixing of Metal l ic Films on Si

- H.H. Jorch and R.D. Werner

Rutherford backscattering of 1,0 MeV ^He+ ions has been used to analyze
ion-beam mixing of 40 nm fi lms of Ag and Au on S i< l l l> substrates. This conf i -
guration forms (at least in the early stages or mixing) an unlimited-supply
system where the constituents are free to mix without a composition constraint.
Both Au-Si and Ag-Si are simple eutectic systems with no stable compounds.
Mixing was induced by 1.0 MeV 132xe+ ion i r rad ia t ion at temperatures near 40 K
and 293 K and was studied as a function of Xe ion fluence.
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The dominant mixing effect is the motion of Si atoms from the substrate
into the th in f i lm overlayer, in the opposite direct ion to the Xe ion beam.
This is evidence for mobile Si i n t e r s t i t i a l s (1) that are generated in the Xe
defect cascade. Motion of the overlayer atoms into the Si substrate is about
an order of magnitude smaller e f fect . No trend to the eutectic competitions has
been found, but in Au-Si an amorphous Au5Si-2 metastable phase (2) is observed
to grow outward from the Au-Si interface to the sample surface at very low
doses of Xe. A rapid drop in Au sputtering rate is observed whenever the
Au5Si-2 layer is present. The phase growth is strongly temperature-dependent
and onset of phase formation occurs between 285 K and 295 K. At low doses, the
mixing rate is similar at a l l temperatures, but the saturation level at high
doses is lower when the AusSig phase is formed ( i . e . 295 K and above). In the
Ag-Si system, no phase formation has been observed, and some other major d i f f e -
rences from the Au-Si results are apparent. The measurements w i l l be extended
to 500 K for both systems.

(1) J . Derrien, C. Cohen, A. Cros, J.M. Layet, F. Salvan, F. Abel,
J.C. Boul l ia rd , J.L. Domange and M. Sotto, Appl. Phys. Le t t . 39 (1981)
915. ~~

(2) B.Y. Tsaur and J.W. Mayer, Ph i l . Mag. A 43 (1981) 345.

1.5.2 Ion-Beam Mixing of Thin Impurity Layers (Markers) in Si l icon

- H.H. Jorch and R.D. Werner, in collaboration with B.M. Paine and
M.A. Nicolet, Cal i fornia Ins t i tu te of Technology

We have used Rutherford backscattering of 1.0 MeV 4He+ ions to measure
the s h i f t and spreading of a Pt layer 0.4 nm thick in an amorphous Si matrix
caused by i r rad ia t ion by 400 keV 132Xe+ ions at 280 K. The Pt layer was 43 nm
below the a-Si surface; another 0.4 nm Pt layer 243 nm below the surface (well
beyond the Xe range) was used as a reference. Previous work (1) on a similar
sample using 300 key 132xe+ did not agree with either of two conf l i c t ing
theories of d i lu te impurity mixing in an amorphous matrix. Our preliminary
results show a much smaller sh i f t in the marker than the results of ref . 1 , but
in the same d i rec t ion. We also f ind a smaller spreading e f fec t , but the data
do not agree with ei ther theory. Further investigation of th is system w i l l be
done from 40 K to 500 K. The work is also being extended to studies on Pd
markers in amorphous Si and Si markers in Ni . Al l samples have been prepared
by the Caltech group.

(1) B.M. Paine, J . Appl. Phys. 53 (1982) 6828.
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1.5.3 Sample Preparation for Ion-Beam-Mixing Experinents

- H.H. Plattner and H.H. Jorch

In order to study ion-beam-mixing effects in a bilayer system where
vacancies are immobile in both constituents at 40 K, a 50 nm Au layer has been
deposited at ~ 0.1 nm.s"* on polycrystalline Fe. Samples of the technologi-
cally interesting Au-on-stainless-steel configuration have also been prepared,
with both polycrystalline and single crystal steel substrates. All substrates
were cleaned by vibratory polishing and electropolishing to remove oxide layers
just before the Au thin f i lm was deposited. The role of vacancies and alloying
impurities in the atomic redistribution of Au and Fe induced by heavy ion
(!32xe

+) irradiation wi l l be investigated as a function of sample tempe-
rature and heavy-ion fluence.

1.5.4 Annealing Behaviour of 160+-imp1 anted Si (H I )

- H.H. Jorch and R.D. Werner

Multilevel semiconductor device construction requires buried layers of
insulating material (oxides) in Si (1). We have implanted deep layers of 0+

into Si in order to extend earlier studies (2) that used shallow implants of
0+ ions followed by heat treatment to form buried oxides. A beam of 1 MeV ^He+

ions was used to examine the channeling behaviour of the Si<111> single crystal
After 5.3 x 10^° oxygen ions.cm~2 were implanted at 1000 keV, a damaged region
extending to a depth of ~ 1.6 pm was observed, consistent with a range
estimate (3) of 2.1 urn. Annealing at 1473 K for over an hour produced no
observable changes. After 3.41 x 10*' oxygen ions.cm"^ were implanted at
500 keV, the damaged Si region extended ~0.5 ym, again consistent with the
range estimate of 0.54 urn. Annealing caused the interface of the damaged
region with the Si to become more diffuse, perhaps indicating oxygen had
diffused to shallower depths. Also, evidence for a significant "carbon" layer
on the Si surface was seen. The normalized yield (xmi-n) near the surface was
only slightly increased by the 0+ bombardment, since the 0+ deposits very
l i t t l e of i ts energy into nuclear collisions until i t nears the end of i ts
range.

(1) K. Ohwada, Y. Omura and E. Sano, IEEE Trans, on Electron Devices ED-28
(1981) 1084.

(2) T. Hayashi, S. Maeyoma, S. Yoschii, Jap. J . Appl. Phys. 19 (1980) 1111.

T. Bernstein, I.W. Hall, R. Kalish, Rad. Eff. 46 (1980) 31.

P. Bayerl, H. Ryssel, M. Ramin, Rad. Eff. 47 (1980) 217.

A.H. Hamdi, F.D. McDaniel, R.F. Pinizzoto, S. Matteson, H.W. Lam,
S.D.S. Malhi, Appl. Phys. Lett. 41 (1982) 1143.

(3) J.F. Gibbons, W.S. Johnson, S.W. Mylroie, "Projected Range Statistics",
2nd edn. (1975) Dowden, Hutchison & Ross, Inc., Stroudsburg, PA).
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1.6 INTERDISCIPLINARY RESEARCH

1.6.1 Bending of GeV Energy Particle Beams by Bent Single Crystals of Silicon

- J.S. Forster, I.V. Mitchell, S. I . Baker and R.A. Carrigan, Jr.
(Fermilab), W.M. Gibson, I .J . Kim, P. Pisharody, S.M. Salman, C.R. Sun
and R. Wijayawardana (SUNY, Albany), P. Si f fer t (CRNS, Strasbourg) and
E. Tsyganov (Dubna)

Development of data analysis routines for the Fermi lab beam bending data
reported earl ier (PR-P-135, Section 2.2, AECL-7907 and PR-P-136, Section 2.2,
AECL-7982) has continued. Routines have been programmed that take account of
the non-uniform angular distr ibution of incoming projecti les.

In an early phase of the experiment, a measurement of the d r i f t time as
a function of position in the d r i f t chamber for one particular sense wire was
made. From these data, i t is possible to calculate the d r i f t velocity as a
function of distance from the wire. In most applications the assumption of a
constant d r i f t velocity is adequate but, to obtain the best resolution,
deviations from a constant d r i f t velocity must be taken into account. The data
showed a linear change of d r i f t velocity with distance from the wire; a linear
f i t to the data gave V(x) = 56.7 - 0.57x ym/ns, where x (measured in ym) is the
distance from the wire. This is similar to the result obtained by Bak et al (1),
V(x) = 56.2 - 0.09x« This correction has now been included in the analysis
program.

The analysis being carried out at Fermilab has concentrated on planar
bending effects for positively charged part icles. Analysis at CRNL w i l l
concentrate on axial bending for both positively and negatively charged
part icles.

(1) J.F. Bak, G. Melchart, E. Uggerhdj, J.S. Forster, P.R. Jensen,
H. Madsbtfll, S.P. MjJller, G. Petersen, H.E. Schitftt, R. Reqall and
P. S i f fe r t , Phys. Rev. A 25 (1982) 1334.

1.6.2 Radiation-Induced Defects in a Bent Si Crystal

- J.S. Forster, I.V. Mitchell and H.H. Plattner in collaboration with
G.H. Wang and W.M. Gibson (SUNY, Albany) and S. I . Baker (Fermilab)

The experiments reported earl ier (PR-CMa-62, Section 1.6.1; AECL-79O9)
to look for different defect concentrations on opposite sides of a bent Si
crystal irradiated with 400 GeV/c protons have continued.

Rutherford backscattering measurements using 1.0 MeV 4He+ ions were made
along a <111> axis for 25 spots on both the convex and concave sides of a Si
crystal that had been subjected to a bend of 2.75 mrad while being irradiated
to a fluence of 5 x 10*6 protons.cm"2. Similar values for the minimum yield
were found for both convex and concave sides, indicating similar defect concen-
trations on the two sides.
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In a separate measurement at SUNY, Albany, differences in defect concen-
trations were found for a crystal that had been irradiated to a fluence of
1.6 x 10 1 7 protons.cm"2 while bent through an angle of 14 mrad. This crystal
is now at CRML and we have made measurements of backscattered ^He+ ions for
a <111> direction at energies of 0.5, 1.0, 1.5 and 2.0 MeV (the lowest energy
at Albany was 1.5 MeV) for five different spots on the concave side of the
crystal. Analysis of these data is in progress.

We will make the same measurements for a <110> axis on both the convex
and concave sides at the same five spots. We also intend to make measurements
with the crystal cooled to liquid nitrogen temperatures to investigate
temperature-dependent effects.

1.6.3 Crystal Blocking Lifetime Measurements for Fission Fragments from
19F Bombardment of a Thin Ta Crystal

- J.S. Forster, I.V. Mitchell; W.M. Gibson (SUNY, Albany);
J.U. Andersen, E. Laegsgaard, A.S. Jensen (DFI, Aarhus); K. Reichelt
(IFF, KFA, Jiilich)

The analysis of crystal blocking angular distributions of fission
fragments produced by ^F bombardment of a thin Ta crystal (PR-P-129:2.10;
AECl-7328, PR-P-127:2.12; AECL-7102 and PR-P-131:2.11; AECL-7510) is now
complete. Blocking dips for fission fragments were made for l^F bombarding
energies from 90 to 120 MeV in 2.5 MeV steps. The dips were fitted with ?
superposition of a very short recoil distance dip (obtained by scaling low
energy elastic scattering data) and a long recoil distance (V XT = 0.1 nm) dip
(calculated using Lindhard theory). The amount of long-lived compound nuclei
preceding fission is derived from these fits.

The long-lived component is shown in Fig. 1.6.3.1 as a function of *9F
bombarding energy for the three different experiments. Also shown, as a solid
line, is the expected long-lived component (for x > 3 x 10-17 s> corresponding
to a recoil distance of VJ.T 0.1 nm), derived from statistical model calcu-
lations (1). The parameters used in the calculations, e.g. fission barriers,
shell corrections, pairing gaps, etc. were the same as those used for the
calculations of *°0 bombardment of W that also produces a Pb compound nucleus.
Only the input angular momentum distribution was modified to reproduce the
fission fragment angular distribution and total fission cross-section for ^F
bombardment of a Ta target over the energy range of interest. The overall
agreement between experiment and calculation is very good, indicating that the
statistical model calculations give a satisfactory description of the fission
decay over the various stages in the neutron evaporation cascade.

(1) J.U. Andersen, A.S. Jensen, K. Jtfrgensen, E. Laegsgaard, K.0. Nielsen,
J.S. Forster, I.V. Mitchell, D. Ward, W.M. Gibson and J.J. Cuomo, K. Dan
Vidensk, Selsk. Mat.-Fys. Medd. 40 (1980) 7 (and references therein).
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XL(%)

Fig. 1.6.3.1 Long-lived f ract ion X|_ (%) of compound nuclei preceding f iss ion
as a function of 1'F beam energy for the 1*F + Ta system. The
sol id curve is a s ta t i s t i ca l model calculat ion.

1.6.4 Measurements of 3-Delayed Gamma Rays Following 1&0 Bombardment of
and 133

- J.S. Forster and N. Rud (OFI, Aarhus, Denmark)

In s ta t i s t i ca l model calculations of crystal blocking l i fe t ime data for
160 bombardment of W (1) , i t is assumed that the compound nuclei decay only by
f i ss ion , neutron and gamma-ray emission. The measurements to check the va l i d i t y
of these assumptions for 160 bombardment of 182W and 183W (PR-P-127,
Section 2.14; AECL-71O2) have now been analyzed in d e t a i l .

The re la t ive in tensi t ies of the decay channels xn, xnp, xn (where
x = 3 - 5 for xn, x = 3 for xnp and x = 1 - 3 for axn in the ^ 0 bombardment of
183w) have been determined from peak areas in the gamma-ray spectra, using a
re la t ive ef f ic iency cal ibrat ion of the Ge(Li) detector and using published
branching rat ios for the decay gamma rays (2 ) .

The results show that the dominant mode of compound nucleus decay is the
xn channel, indicat ing that the decay assumptions in the s ta t i s t i ca l model
calculations are va l i d .

(1) J.U. Andersen, A.S. Jensen, K. Jtfrgensen, E. Laegsgaard, K.O. Nielsen,
J.S. Forster, I.V. Mi tche l l , D. Ward, W.M. Gibson and J . J . Cuomo, K. Dan.
Vidensk. Selsk, Mat.-Fys. Medd. 40 (1980) 7.

(2) CM. Lederer, Table of Isotopes, 7th Edn, Wiley-Interscience, 1978.



1.6.5 Measurement of the Absolute Cross-Section of the 3He(4He,Yi7Be
Reaction

- T.K. Alexander and G.C. Ball (Nuclear Physics Branch), with
K.N I.ennard and H. Geissol, in collaboration with !!.-!3. Mak {Queen's
UnJ Yersity)

(See PR-P-137.)

1.7 COMPUTATIONS

1.7.1 The Scattering of keV Ions from CU3AU

- D.P. Jackson, in collaboration with T.M. Buck and G.H. Wheat!ey (Bell
Laboratories, Murray H i ! l , NJ)

A continuation of th is work (PR-CMa-61; AECL-778O; Section 1.7.1) has
concentrated on examining the implications of the results for surface d.ia/ysis.

The t ime-o f - f l i gh t version of low energy ion scatter ing, LEIS (TOh),
avoids uncertainties due to neutral izat ion in scattering since both neutrals
and ions are col lected, so that differences in neutral izat ion eff ic iency due to
d i f fe rent target atoms or to penetration depth or mult iple scattering should
not in ter fere in quanti tat ive in terpretat ion. However, some factors that must
be considered are: (a) accuracy of the scattering cross-sections employed,
(b) enhancement of scattering y ie lds by focusing ef fec ts , (c) any dependence of
detector ef f ic iency on scattered energy, as for the t'io peaks in an iHoy-
spec trum, (d) background subtraction in integration uf r.ingle scattering u"s>
peaks, e.g. does the integrat ion include only SS events, for which ths
scattering cross-sections are va l i d , or 'ir>es i t JISO include mult iple
scattering for which cross-sections are lees well defined?

We have investigated these problems for 5 keV and 9.5 keV Ne+ beams
scattered at 90° from Cu3Au(100) and (110) surfaces. The single scattering
observed was rest r ic ted to layer 1 or layers 1 and 2 by proper orientat ion of
the target with respect to the incident beam. Focusing factors used in second
layer analysis, and detector eff ic iency dependence on ion energy were deter-
mined experimentally, while computer simulation was used to investigate
mult iple scattering contributions to the main peaks, and also the scattering
cross-section dependence on screening length.

The results indicate that computer simulation is necessary for the
interpretat ion of the experimental results in cases where other than SS peaks
are involved. This work is continuing.
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1.7.2 Computer Simulation of Sputtering

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

As reported previously (PR-CMa-58; AECL-7517; Section 1.7.1), a computer
simulation code for sputtering has been written with improved l i s t searching.
In order to apply this to l ight-ion sputtering in the relevant energy range
(50-100 keV) for neutral beam injection in fusion devices and for the
sputtering of accelerator structures, i t has been necessary to investigate
further the physics of the sputtering process. Since energetic l ight ions
(e.g. H+, D+, He+) penetrate relatively large distances into solids, they
produce low sputtering yields. Therefore, one has to simulate many ion trajec-
tories in order to produce a stat ist ical ly significant number of sputtered
atoms. A new algorithm is being tested that reduces the time for the calcu-
lations by a factor of 20-100 and that should yield more accurate information
on l ight- ion sputtering.

1.7.3 Calculation of 3He Ranges in Metals

- D.P. Jackson

Computer simulation was used to find the range distributions of 35 keV
ions in Au, Ta, T i , Nb and Zr targets. The ranges were also calculated as

a function of the electronic stopping power for each case. These calculations
can be compared with the experimentally measured range distributions (see
Section 1.2.2). Preliminary evidence indicates that the LSS electronic
stopping power yields ranges greater than the experimental values, although the
range straggling is in fa i r agreement.

1.7.4 Feasibility of the Metropolis Algorithm (1) in Non-Linear Least-Squares
Fitt ing

- H.H. Jorch in collaboration with J.L. Campbell, University of Guelph

When data are f i t ted with complex analytic forms (2), the algorithm
often results in a local minimum with some parameters very poorly defined. The
f i r s t results of a test of the usefulness of the Metropolis algorithm in this
situation have shown divergence because of the terms of the curvature matrix
associated with the poorly defined parameters. I t is not yet clear whether
this failure can be avoided by a weighting procedure using the error matrix or
i f the stat ist ical thermodynamic interpretation (3) of the Metropolis algorithm
is inapplicable to non-linear least-squares optimization.

(1) N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller and
E. Teller, J . Chem. Phys. £1 (1953) 1087.

(2) C.W. Schulte, H.H. Jorch and J.L. Campbell, Nuci. Instr. Meth. 174 (1980)
549.

(3) S. Kirkpatrick, CD. Gelatt, J r . , and M.P. Vecchi, IBM Research Report
RC 9355 (#41093) 1982.
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1.8 ACCELERATOR OPERATION

1.8.1 2.5 MV Van De Graaff

- G. Kyle

The accelerator ran well during the first half of 1983, with 12 days
down-time for regular/corrective maintenance. A major decrease in the average
number of running hours per day was evident during the second quarter of 1983.

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

Jan.
Feb.
Mar.
Apr.
May
June

V
27
58
28
29
68
8

2D+

28
60
34
35
5
10

3He+

0
0
0
13
0
9

V
93
71
95
58
7

62

Total

148
189
157
135
80
•89

Total 218 172 22 386 798

1.8.2 High Voltage Mass Separator

- G.A. Sims

For the first six months of this year, the mass separator has run very
well, with not much change in the terminal voltage limitations. The steering
at low terminal voltages (< 500 kV) is still a problem.

Several mechanical outages were experienced but each was repaired in a
day or two. These faults consisted of a fractured flexible rotary drive
connection on the terminal stabilizer slit mechanism, an internal electrical
breakdown inside the einzel lens system due to inadequate dimensional clearance
and the replacement of two damaged rotor bearings on #2 TMP (turbomolecular
pump). These are the first bearings to be replaced in this particular pump
since its installation 10 years ago. The performance record of the other three
pumps is even better; #4 TMP, one bearing in 10 years, #3 TMP, no bearings in
10 years, #1 TMP, no bearings in more than 11 years. These are all
Sargent-Welch Model 3102D and 3103D pumps.

The total "beam-on" time during the previous six months was 377 hours.
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1.8.3 70 kV Mass Separator

- O.M. Westcott

The fol lowing implants were accomplished during the period 1983
January 1 to June 30.

Isotope

D2
3He
3He
?Be
llB

20Ne

56 F e

64Zn

84 K r

85 K r

85 K r

Him
127i

133Cs

209Bi
209Bl-

Implant
Energy
keV

52
35
35
40

25-50

55

40
25-50

40

40

40
40
40

40

20-50
60 + +

Implantation
Time (days)

1
7
8
6
3

2

1
2

h

h

1
7
h

h
5
12

Experimenter

J. Davies
W. Lennard
H. Geissel
G. Hood
F. Shepherd
H. Plattner
F. Shepherd
H. Plattner
A. Quenneville
F. Shepherd
H. Plattner
H. Matzke
I. Hastings
H. Matzke
I. Hastings
R. Verrall
M. Swanson
H. Matzke
I. Hastings
H. Matzke
I. Hastings
0. Woo
L. Howe

Branch

SSS
SSS
SSS

Mat. Sci.
BNR
SSS
BNR
SSS
SSS
BNR
SSS

Karlsruhe
Fuel Mat.
Karlsruhe
Fuel Mat.
Fuel Mat.

SSS
Karlsruhe
Fuel Mat.
Karlsruhe
Fuel Mat.
Mat. Sci.

SSS

No. of
Targets

4
6
19
3
8
4
2
6
2
6

2

2

2
4
2

2

50
11

1.8.4 HVMS Instrumentation

- D.A.S. Walker

From time to time, these reports have questioned the re l iab i l i ty of the
Ion Gauge originally supplied with the Pelletron High Voltage Mass Separator.
This was a linear, auto-ranging instrument and the choice of a suitable
replacement was d i f f i cu l t . Since auto-ranging was a feature we wished to
retain, a Veeco Model RG-1002 digital gauge was eventually selected and
purchased.

Design and construction of two remote control/monitor units, together
with a suitable interface is complete and the system is undergoing tests. The
interface contains a digital-analog converter that provides a metered display,
fac i l i ta t ing the observation of pressure bursts inside the tube as well as
long-term trends. This system is now ready for instal lat ion.
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1.8.5 Data Acquisition and Analysis System Insta l la t ion

- R.O. Werner, H.H. Jorch and J . Lori

The Solid State Science Branch has received a l l the major components of
a spectroscopy data acquisit ion system that is to replace the obsolete ND-4420
system in the HVMS laboratory. The new system hardware consists of a Canberra
Series 90 multichannel analyser (MCA) with an 8 K channel capacity, l inked to
an LSI 11/23-based computer with 20 Mbyte Winchester disk and a dual density
diskette mass storage un i t .

I n i t i a l problems with the MCA have been resolved by the vendor, who
replaced some system firmware and the touch-sensitive display screen, which is
the main mechanical component.

The computer system is now running sa t i s fac to r i l y . The l ink with the
MCA w i l l be tested by the vendor's engineering personnel shor t ly . Software
components are now being commissioned.

1.9 PUBLICATIONS, REPORTS AND LECTURES

1.9.1 Publications

How Well Does 4He Backscattering from Low-Z Nuclei Obey the Rutherford Formula?
J.R. MacDonald, J.A. Davies, T.E. Jackman and L.C. Feldman
J . Appl. Phys. 54 (1983) 1800; AECL-7932

Differences Between Radiation Damage to GaAs by Implantation of P and Al Ions
J.A. Davies, I.S. Tashlykov and D.A. Thompson
Sov. Phys. Semicond. 16 (1982) 373

Application of the Method of Resonance Nuclear Reactions to Ascertain the
Spatial Dist r ibut ion of Implanted Al in GaAs
J.A. Davies, I .S. Tashlykov and L.M. Howe
Sov. Atomic Energy 5[2 (1982) 324

Vibrational Properties of Au and Pt( l lO) Surfaces Deduced from Rutherford
Backscattering Data
D.P. Jackson, T.E. Jackman, J.A. Davies, W.N. Unertl and P.R. Norton
Proceedings of ECOSS 1982
Surf. Sci. JL26 (1983) 226; AECL-7947

Axial Dechanneling of MeV Protons in Gold
L.M. Howe, J.A. Moore, N. Matsunami and D.R. Wright
Rad. Eff. 70 (1983) 197
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Radiation Damage in Crystalline Materials as Investigated Using Ion Channeling
and Transmission Electron Microscopy
L.M. Howe
Proc. Tenth Annual Meeting of Microscopical Society of Canada, 1983 May
Microscopical Society of Canada, Toronto (1983) p. 14

Collision Cascades in Silicon and Germanium
L.M. Howe and M.H. Rainville
Proc. Tenth Annual Meeting of Microscopical Society of Canada, 1983 May
Microscopical Society of Canada, Toronto (1983) p. 64

Atomic Redistribution During Ion Mixing of Bilayer Thin Films
H.H. Jorch and R.D. Werner
Proc. Workshop of Ion Mixing and Surface Layer Alloying
Sandia Report SANDR3-1230 (Eds. S.T. Picraux and M.-A. Nicolet) p. 47.

Defect Complexes in Ion-Irradiated Aluminum
M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville
Proc. Int. Conf. on Ion Beam Modification of Materials, Grenoble, 1983
Nucl. Instr. Meth. 209/210 (1983) 1029

Excimer Laser Annealing of Arsenic Implanted Silicon, as Studied by Rutherford
Backscattering
M.L. Swanson, T.E. Jackman, L.M. Howe, A.F. Quenneville, C.K. Groves and
J.A. Mil son
in "First Canadian Semiconductor Technology Conference"
NSERC, Ottawa (1982) p. 37

Dependence of Specific Energy Loss on Foil Thickness
W.N. Lennard, H.R. Andrews, B. Dube, M. Freeman, I.V. Mitchell, D. Phillips and
D. Ward
Nucl. Ins t r . Meth. 205 H983) 351

Time-of-Flight System for Slow Heavy Ions
W.N. Lennard, H.R. Andrews, M. Freeman, I.V. Mi tche l l , D. Ph i l l i ps ,
D.A.S. Walker and D. Ward
Nucl. Ins t r . Meth. 203 (1983) 565

Calibration of an Analyzing Magnet Using a Time-of-Fliqht Technique
W.N. Lennard, D. Phi l l ips and R. H i l l
IEEE Trans. Nucl. Sci. NS-30 (1983) 1532
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1.9.2 Lectures

Atom Location Studies Using MeV Ion Channeling
J.A. Davies
Pres. at Harvard University, 1983 March 4

Sputtering of Frozen Xenon by keV Heavy Ions
J.A. Davies, D.E. Stevanovic and D.A. Thompson
Pres. at 2nd Intl. Conf. on Rad. Eff. in Insulators, Albuquerque, NM, 1983 May 31

Hysteresis in the CO-Induced Pt(lOO) Hex «-> (lxl) Surface Phase Transition
T.E. Jackman
Pres. at 1) Surface Canada '83, Vancouver, BC, 1983 June 22

2) Cdn. Assoc. of Physics Congress, Victoria, BC, 1983 June 27 (poster)

Oxygen-Induced Phase Transitions on the (100) Surface of Platinum
K. Griffiths
Pres. at 1) Surface Canada '83, Vancouver, BC, 1983 June 22

2} Cdn. Assoc. of Physics Congress, Victoria, BC, 1983 June 27 (poster)

Absolute Calibration of ^N(d,p) and ^N(d,a) Reactions for Surface Adsorption
Studies
J.A. Davies, T.E. Jackman, H.H. Plattner and I. Bubb
Pres. by J.A. Davies at 6th Intl. Conf. on Ion Beam Analysis, Tempe, AZ, 1983

May 23-28

Radiation Damage in Crystalline Materials as Investigated Using Ion Channeling
and Transmission Electron Microscopy
L.M. Howe
Pres. at 10th Annual Meeting of the Microscopical Society of Canada, CRNL, 1983
May 17-19

Collision Cascades in Silicon and Germanium
L.M. Howe and M.H. Rainville
Pres. by L.M. Howe at 10th Annual Meeting of the Microscopical Society of
Canada, CRNL, 1983 May 17-19

Interstitial Trapping in Fe-Implanted Al After Excimer Laser Annealing
M. L . Swanson, L.M. Howe and A.F. Ouenneville
Pres. by M.L. Swanson and L.M. Howe at the Sixth Intl. Conf. on Ion Beam
Analysis, Tempe, AZ, 1983 May 23-27

Ion Beam Analysis of Defect Trapping
M.L. Swanson and L.M. Howe
Pres. by M.L. Swanson at the Sixth Intl. Conf. on Ion Beam Analysis, Tempe, AZ,
1983 May 23-27



The Creation and Annihi lat ion of Vacancy-Solute Complexes During I r radiat ion of
Ni(In) and Ni(Au) Crystals
L.M. Howe, M.L. Swanson and A.F. Quenneville
Pres. by L.M. Howe and M.L. Swanson at the Sixth I n t l . Conf. on Ion Beam
Analysis, Tempe, AZ, 1983 May 23-27

Ion Implantation Damage in Germanium and Si l icon
L.M. Howe and M.H. Rainvi l le
Pres. by L.M. Howe at the Canadian Metal Physics Conf., Kingston, Ont., 1983
June 22-24

Atomic Redistribution Durinq Ion Mixing of Bilayer Thin Films
H.H. Jorch
Pres. at Workshop on Ion Mixing and Surface Layer A l loy ing, Pasadena, CA, 1983
Apri l 15-16

Rutherford Backscattering Measurements of Ion-Beam-Induced Atomic
Redistr ibution in Thin Films
H.H. Jorch
Pres. at Royal M i l i t a ry College, Kingston, Ont., 1983 June 15

Ion-Beam-Mixing Effects in Bilayers
H.H. Jorch
Pres. at University of Nevada, Reno, NV, 1983 June 30

In Situ Rutherford Backscattering Measurements of Ion-Beam-Induced Atomic Mixing
H.H. Jorch and R.D. Werner
Pres. by H.H. Jorch at Sixth I n t l . Conf. on Ion Beam Analysis, Tempe, AZ, 1983
May 23-27 (poster)

Mean Charge of Low Velocity Ions Emerging from Foi ls : Effects of Post-Foil
Auger Transitions
W.N. Lennard
Pres. at US-Japan Seminar on Physics of Highly-Ionized Ions, Honolulu, Hawaii,
1983 March 14-18

Time Development of Heavy-Ion-Induced Fission by Crystal Blocking and X-Ray
Techniques
] . f . . Forster
Pres. at 1) Ho l i f i e ld Heavy Ion Research Fac i l i t y , Oak Ridge, TN, 1983

January 26
2) University of Utrecht, Holland, 1983 May 9
3) KVI Groningen, Holland, 1983 May 10
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Pres. by J.S. Forster at Workshop on Inner Shell Ionizstion and Nuclear
Physics, Bergerac, France, 1983 May 1-6:

1) Time Delay Measurements by Use of the Crystal Blocking Effect:
Recent Developments
(invited paper)
J.S. Forster

2) Compound Nuclear Pb X-Rays Produced in 16O Bombardmeni of W
(contributed paper)
J.S. Forster, I.V. Mitchell, J.U. Andersen and E. Laegsgaard

Adsorbate-Induced Pt(100) Surface Phase Transitions Studied Using the
Rutherford Backscattsring/Channeling Technique
T.E. Jackman
Pres. at Brookhaven National Laboratory, Upton, Long Island, NY, 1983 May 31
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2.2 RADIOCHEMISTRY AND INSTRUMENTAL ANALYSIS

2.2.1 Elemental Analysis of Port Hope Soil

- K.I. Burns and D.W. Everall

As part of a CRNL commercial contract with the Low-Level
Radioactive-Waste Management Office, General Chemistry has completed the
chemical characterization of twenty-two Port Hope soil samples. The
characterization involved the determination of the concentrations of
Al, Ba, Ca, Cd, Cr, Cu, Fe, Pb, Mg, Mn, K, Si, Na, Sn, Ti, U, and Zn by
emission spectroscopy and atomic absorption. As, La, Os, Sc, Th, W, and
U by instrumental neutron activation analysis (INAA), and 226Ra by
a-spectrometry.

We are continuing work on z26Ra determinations in soils and
minerals. As a final step we are attempting to separate barium and
radium by cation exchange to yield "massless" 226Ra sources for
a-spectrometry. This would improve the resolution of the sample spectrum
achieved so far, eliminate self-absorption, and improve the limit of de-
tection.

2.2.2 Atomic Absorption (AA)

- L. Sparkes, J.P. Mislan and K.I. Burns

During this half, the Varian AA spectrometer has been mainly
used for routine analysis, A total of 174 samples were received, re-
quiring 582 analyses (see Table 2.2.2.1). The spectrometer has been
inoperative for part of this reporting period due to a number of mechanical
and electrical faults, but in May it was serviced by a Varian field
engineer and is now operating at peak performance.

Contract work on characterization of Port Hope soil samples
required the determination of arsenic. An attempt was made to determine
the arsenic on the AA by hydride generation, but the readings were erratic,
causing uncertainties of 30-40% in results. Additional development work
on the hydride generation method is planned.

2.2.3 Multipurpose Quadrupole Mass Spectrometer

- A.S. Denovan, J.P. Mislan and K.I. Burns

Data system components for the mass spectrometer have been
assembled and tested. Software is being prepared to measure and display
mass spectrometer output over a wide range of conditions. A new electron
multiplier has been installed in the mass spectrometer which gives a
signal enhancement of 2.3 x 106 compared to the Faraday collector plate.
Work is now being resumed on boron isotopic analysis by direct injection
of boric acid solution into the mass spectrometer.



Received From

System
Materials

Chemical
Operations

Environmental
Research

General
Chemi stry

Table 2.2.2.1

Analysis Request:

Type of Sample

Eldorado Soil Samples
Port Hope Soil Samples
Ground & Leachant Waters
Pressure Tube Descaling
Solutions

Waste Vitrification Runs
Cement Leachant
Saline Leaching Solution
Dissolved M o " Wastes
Glass Leaching Sample

X-5 Loop Borated Waters
X-5 Loop Na Solutions
Solutions in citric acid,
reagents for cleaning,
waters, rinses

Light & Heavy Waters
D20

Borehole Water Samples
Iron Standards

Interlab Comparison Samples
Candecon Samples
Boron Samples
Li+C8S03 Solution

No. of No. of
Samples Determinations

33
16
9
5

4
1
1
1
1

10
4
19

5
2

23
6

; 12
5
2
1

63
32
72
20

8
8
5
4
4

10
4

102

15
2

161
12

33
5
2
2

Technique*

FAA, Hydride
FAA
FAA
FAA

FAA
FAA
FAA
FAA
FAA

FAA
FAA
FAA, ISE

FAA
FAA

FAA
FAA

FAA
FAA
FAA
FAA

Elements Determined or
Type of Analysis

Gen Na. K, Ca, Mg, As
Ca, Mg
Na, K, Ca, Mg, Fe,Mn,A1,Si
Fe, Ni, Cr, Co

Al, Hg
Na, K, Ca, Mg, Al,Si,Fe,Mn
Na, K, Ca, Al, Si
Fe, Ca, Al, Si
Na, Ca, Al, Si

B
Na
Fe, Cu, Ni, Cr, C T , F"

Na, Ca, Mg
Al

Na.K, Ca,Mg,Mn,Si,Fe
Fe

Fe, Cr, Ni, Mn, Mo
Fe
B
Li, Na

Chemical
Engineering

H2O2 Recombiner Catalyst FES Pd

NPD MDH and PDH Solutions FAA,ISE Li, d", F"



Table 2.2.2.1 (Cont'd.)

Received From

Engineering
Research

Materials
Science

Chemical
Engineering

Type of

5% Seawater

Molten Salt
Corr. Exp

Water from
GSMPP

Sample

Stress
't.

WTT at

No. of
Samples

3

1

42

No. of
Determinations

3

4

42

Technique*

ISE

FAA

UV 254

Element Determined or
Type of Analysis

Cl"

Sr, Ba, Cs, Rb

UV254

Total 174 582

IO

FAA = Flame Atomic Absorption
ISE = Ion Selective Electrode
FES = Flame Emission Spectroscopy
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2.2.4 Purification of Rare Gases Using Zirconium

- A.S. Denovan, J.P. Mislan and K.I. Burns

Oxides of nitrogen and carbon were removed from a stream of
helium with hot zirconium. A quartz furnace containing ̂  0.5 g of
zirconium turnings was heated to 730°C and helium, containing small
amounts of N02 and C02 was flowed through the quartz furnace tube at a
rate of 36 cm3-min"i at STP. Verification of removal of the oxides was
done with a combination of a photoionization detector and a mass spectro-
meter.

2.2.5 Oxygen Isotope Analysis

- W.J. Olmstead, J. Gulens, A.S. Denovan, J.P. Mislan and
K.I. Burns

The use of BrF5 as a reagent to produce oxygen gas from water
samples for isotope analyses has proven to be impractical. It appears
that the BrF5 reagent slowly attacked the stainless steel seals of the
preparation apparatus, and caused other difficulties. Consequently a
new apparatus was constructed making more extensive use of Teflon seals,
and C1F3 was substituted for BrF5 as an oxidant.

This system proved more suitable for oxygen preparation and
was used to prepare oxygen from two water samples received from TRIUMF.
These were compared to a H2

180 water standard from Merck, Sharpe, Dohme
Canada Ltd., nominally 91.6% 1 80. The results obtained are given in
Table 2.2.5.1.

Table 2.2.5.1

Oxygen Isotope Percent Abundances in Water

Standard
1 6 Q

6.63
6.71
6.77

6.70 + 0.07

TRIUMF P4-13A

2.89
2.58
2.52

2.7 ± 0.2

i!o
1.83
1.93
1.78

1.8 ± 0.2

0.41
0.48
0.43

0.44 ± 0.04

18Q

91.57
91.39
91.48

91.48 ± 0.09

96.70
96.94
97.05

96.9 + 0.3



- 51 -

Table 2.2.5.1 (Cont'd.)

TRIUMF P4-17A

2.60 2.58 94.88
2.34 2.54 95.16
2.62 2.60 94.85

2.5 ± 0.2 2.57 + 0.03 95.0 ± 0.2

The use of CIF3 as an oxidiser in the new simplified apparatus
appears to have solved the earlier problems. The method was used to
measure 180 concentrations in water of near natural composition from
various sources, including heavy water plant operations. Results are
shown in Table 2.2.5.2.

Table 2.2.5.2
Oxygen Isotopic Percent Abundances

Sample Isotope
160 17p 18Q

1. Distilled water 99.58 ± 0.04 0.05 ± 0.01 0.37 i 0.05

2. Oxygen Gas 99.751 + 0.006 0.038 + 0.001 0.211 ± 0.004
Matheson Co.

3. Handbook of Chemistry 99.76 0.04 0.20
& Physics

4. Correction Values 1.002 0.77 0.54
(#3/#l)

5. PHHWP Feed to Dw 99.57 ± 0.05 0.04 ± 0.02 0.30 + 0.03
Stripper Effluent
83-02-25

6. M0892 #3 Before Up- 99.59 + 0.03 0.048 ± 0.006 0.28 + 0.02
grading (̂  94% HWP)
D20

7. FPTK 18 After Up- 99.60 ± 0.04 0.04 i 0.01 0.28 + 0.04
grading Mar. 28, 1983
Drum N00030

8. D20 Moderator 99.61 ± 0.06 0.05 ± 0.01 0.27 + 0.04
Pickering GS Unit 4
In le t IX ^ Mar. 30,
1980

Two possible explanations for the deviations from natural
abundances observed are: an isotopic effect in the reaction of H2O with



with ClF3» or contamination of the oxygen sample with reaction products
(i.e. ^ 1 ppm HC1) which would contribute to the 1 8 0 2 peak. Further
work is being planned to find the explanation.

2.3 CHROMATOGRAPHY AND RECYCLE FUEL ANALYSIS

2.3.1 Column Development - Inorganic Anions

- S. Elchuk and R.M. Cassidy

The original goals of this column development program have now
been completed and the third paper describing the fundamental features
of dynamic exchangers has been accepted for publication. These dynamic
systems, which can be used either in a true dynamic mode or as fixed-
site exchangers, offer significant advantages over commercially avail-
able systems. The main emphasis of future work will be to apply these
columns to analytical problems in the nuclear industry, such as the
analysis of CANDECON reagents, which is described in Section 2.3.3.

2.3.2 Ion Chromatography

- D.W. Everall and K.I. Burns

The ion chromatograph has been moved to a new location and
set up to analyze active samples. The injector, separator and suppres-
sor columns, conductivity cell, and constant temperature bath are inside
an active fumehood while the conductivity meter, pump, and associated
electronics remain outside and inactive for easy servicing. This
arrangement has allowed us to determine the anion levels in irradiated
heavy water samples and active leaching solutions. Development work is
continuing.

2.3.3 CANDECON Analysis

- S. Elchuk and R.M. Cassidy

The determination of CANDECON components provides important
information required for both reactor decontamination and research pro-
grams designed to develop new and improved decontamination procedures.
Presently used procedures are either too slow or inaccurate. Liquid
chromatography has been studied by Ontario Hydro and the Ontario Research
Foundation but the developed procedures were too slow and/or susceptible
to interference from the large concentrations of iron present during de-
contamination. Because our studies of dynamic exchangers showed that
these systems offered distinct advantages over other commercial columns,
dynamic exchange was investigated for the analysis of CANDECON solutions.

The first system studied consisted of a styrenedivinyl benzene
reversed phase in equilibrium with a tetraalkylammonium salt and a
phosphate buffer; the eluted CANDECON acids were detected by UV absorp-
tion at 215 nm. All of the acids could be separated in ^ 20 min with
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gradient elution, but one of the acids was eluted in part as an iron com-
plex. An additional complication came from the phosphate eluent which
can both complex and precipitate iron; this caused erratic results when
large concentrations of iron were present in the samples. Other buffer
systems were studied but these also had problems related to the presence
of iron. This study also showed that direct UV absorbance was not suit-
able for the determination of all the components over the concentration
ranges expected during a decontamination.

The next system studied consisted of a reversed phase with a
large hydrophobic quaternary ammonium salt permanently sorbed onto its
surface, a weak acid eluent (also hydrophobic), and an indirect UV detec-
tion technique. The resolution of the CANDECON components was sensitive
to eluent pH and the exchange capacity of the column. Iron also caused
problems with this system due to its reaction with one of the CANDECON
components, but this was eliminated by complexation of the iron by the
addition of a strong chelating agent to the sample. By proper adjustment
of eluent strength, eluent pH, and column capacity it was possible to
analyze all components in ^ 10 min. Detection limits were in the low
yg-mL"1 range and sample sizes were small (20 nL), which will reduce
radiation exposure for active sample analysis. Preliminary tests have
indicated that this method can also be used for a number of other re-
agents which are being considered for development studies of new decon-
tamination procedures.

2.3.4 Metal Ion Determinations

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

Six samples of D20 from Point Lepreau were analyzed by HPLC
for gadolinium. The concentration levels determined were 0.1 to
0.2 ug-mL"1.

A series of standard curves was prepared for uranium and used
for the determination of U in two U-Al fuels. No interference was ob-
served from Al, and this suggests that these techniques may be applicable
to burnup analysis for U-Al fuels.

2.3.5 Fraction Collection

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

For many analyses the information obtained by inorganic HPLC is
insufficient; this is especially true when isotopic information is re-
quired. However, the efficiency and fast separations obtainable by HPLC
are superior to those of classical separation techniques, and fraction
collection from an HPLC column should provide cleaner samples and shorter
analysis times. At present our dynamic ion-exchange systems are being
used to collect fractions for gamma spectrometry and mass spectrometry
analysis. These programs, which are related to burnup analysis, are being
done in cooperation with L.W. Green and W.J. Edwards.
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Another interesting and potentially very useful application of
these dynamic exchangers is for the dating of minerals. We are presently
involved in a cooperative program with the Geological Survey of Canada
(GSC). So far we have separated specific elements, such as Nd, from
standard rock samples supplied by them, in some cases by simple acid di-
gestion followed by direct injection into the HPLC apparatus. The
separated fractions have been sent to the GSC to enable them to do mass
spectrometric determinations of fraction purity, and assess the worth of
the technique.

The U.S. Geological Survey of Denver have indicated that they
are interested in this work and wish to become involved in it.

2.3.6 Glove Box and Hot Cell Chemistry

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

A total of 32 (Th,U)02 fuels were dissolved and diluted for
subsequent burnup analysis by the 139La-HPLC method. The standard dis-
solution procedure has been modified to accommodate the La-HPLC method
of burnup. The fuel is removed from its sheath with a mechanical vibra-
tor, accurately weighed, and dissolved in 250 mL of 0.05 M HF/13 M HN03;
dissolution takes between 12 to 40 h. This solution is then weighed and
a portion is diluted accurately with 0.2 M a-hydroxisobutryic acid at
pH 4.6 to give a net Th concentration of 2 mg-g-1; a 1 mL portion of
this solution is taken for liquid chromatographic (LC) analysis. The
gross radiation fields for these 1 mL samples are between 2 to 20 mR
(gamma), and this is dependent upon the burnup the fuel has attained
and the length of time the fuel has been out of the reactor. The samples
are currently analyzed in a class "C" fumehood.

Plans are presently underway to build a liquid-chromatographic
burnup analysis system in the glove box in Lab 513, Bldg. 250. This
will reduce sample transfers from the hot cells to the laboratory and
will facilitate the analysis of fuels where the quantities of Pu and
U 2 3 3 present require a class "A" laboratory. The liquid-chromatographic
solvent and reagent delivery systems will be outside the glove box and
their bulkhead connectors will contain check valves to prevent any pos-
sible back-flow from the glove box. The UV/VIS detector will require
modifications for use in the glove box. The optics bench and sample flow
cell will be placed inside the glove box with the electronics, controls,
and readout outside of the box. It is planned to have this system built
and in use by October, 1983.

Another advantage of this system will be the simplification of
the processing of active liquid wastes from the LC system. At present
the wastes are stored in a fumehood and returned to the hot cells for
subsequent volume reduction. In the glove box wastes can be returned to
the hot cell via the cell to glove box transfer system. At present the
volume of liquid wastes generated from 8 burnup analyses is ̂  400 mL.



A total of 27 U02 fuels have been dissolved and prepared for
HPLC burnup analysis. This type of fuel does not require removal from
the sheath as the fuels can be dissolved in concentrated HN03 which does
not significantly attack the Zircaloy sheath. Four of these fuels have
been analyzed by the La-HPLC method and wi l l also be analyzed by mass
spectrometry. Separation and spiking of these four fuel samples (five
replicate samples for one of these samples) has been carried out and the
samples have been transferred to the mass spectrometry laboratory for
analysis.

2.3.7 Routine Analysis for Recycle Fuel Fabrication Laboratory

- F.C. Mil ler, B.W. Hildebrandt, L.G. Shurrock, D.B. Grice
and R.M. Cassidy

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

Determination

Moisture
Metallic Impurities
Hydrogen
0/M Ratio
Nitrogen
Fluoride
Carbon
Quantitative Plutonium
Plutonium - Isotopic
Uranium - Isotopic

No. of Determinations

24
6
20
17
5
5
5
21
1
1

In addit ion to these a number of other analyses were performed
for other groups. As part of a program to determine low levels of
Radium-226 and i t s daughters in contaminated soi l samples from Port Hope,
alpha spectra were run on 22 samples. Six samples of thor ia fuels were
prepared for metal l ic impurit ies analyses on the emission spectrograph,
and two low level plutonium standard solutions (0.5 and 21.0 yg-g"1) were
prepared gravimetr ical ly for the Mass Spectrometry Section.

2.4 GAMMA SPECTROMETRY AND RADIOCHEMISTRY

2.4.1 Gamma Spectrometry and Neutron Act ivat ion Analyses

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

During th is period a to ta l of 1478 y-spectra were measured.
Their d is t r ibu t ion by or ig in is given in Table 2 .4 .1 .1 .
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Table 2.4.1.1

Dist r ibut ion of Gamma Analyses

Chemical Engineering 4
Fuel Engineering 7
General Chemistry 1178
Metallurgical Engineering 49
NPD 18
NRU 145
Physical Chemistry 71
System Materials 6

These measurements include both i n i t i a l l y act ive samples from tracer
experiments and f lux monitors, and those from neutron act ivat ion analyses.
Approximately 100 analyses of various platinum catalysts were carr ied out
as well as extensive f lux measurements fo r the NRU Neutron Transmutation
Doping F a c i l i t y . Commercial analyses are also included in Table 2 .4 .1 .1 .

2.4.2 Determination o f 230Th in Canadian U-Th Ores

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

As stated previously (PR-CMa-63) the use of a pos t - i r rad ia t ion
ion exchange separation of 231Th from 233Pa makes possible the determina-
t ion of the 2 3 oTh/2 3 2Th ra t i o down to levels o f 100 pg 23OTh/g 2 3 2 Th.
The most s ign i f i can t factor l i m i t i n g th i s sens i t i v i t y is the presence of
act ivated rare-earth elements, p r inc ipa l l y 153Sm, in the thorium f rac t ion
from the pos t - i r rad ia t ion separation. A series of tests has been carr ied
out using a p re - i r rad ia t ion anion-exchange separation o f Th from the rare
earths with HCl/acetone. The conventional pos t - i r rad ia t ion processing
was then employed.

Prior separation of the rare earths in th i s fashion was found
to improve the sens i t i v i t y for the z3oTh/1132Th ra t i o by a factor of 5-10.
The process, however, is tedious, adding over two hours to the analysis
time. At present, fur ther tests are in progress to determine i f the rare-
earth separation process can also be used to separate 233Pa from 2 3 1 Th.
I f th is separation is successful then both the rare-earths and the 233Pa
could be col lected separately from the 231Th a f te r the i r r a d i a t i o n . This
would el iminate the need for two separate ion exchange separations, thus
saving considerable time and e f f o r t .

2.5 MASS SPECTROMETRY OF FUELS AND MODERATOR

2.5.1 Analysis of H2 and H20 for Deuterium

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

Table 2.5.1.1 is a summary of deuterium determinations made
during th is period.
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No. of Analyses

139829 (H2 on line)

10 (H20 analysis)

89 "

21

22 "

300 "

21 (D20 analysis)

Table 2.5.1.1

Deuterium Determinations

Group

Physical Chemistry

Physical Chemistry

Chemical Engineering

Pickering GS

General Chemistry,
BHWP and PHHWP

Environmental Research

CANDU Operations

Program

H2-H20 Exchange

D20 inventory control

Inter!aboratory com-
parisons

Stream flow generation
studies

D20 standardization
program

2.5.2 D20 Analysis

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

The small soft-bulb hydrometer has continued to perform well.
No failures have occurred since fabrication techniques were refined in
March. A patent search has revealed a 1966 application that pre-empts
any further patent action on our part.

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

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

A direct method has been developed to determine the absolute
deuterium concentration of standards > 99.8 mass %. This method is based
on the fact that top and bottom HDO values in a small distillation column,
operating in total reflux, vary linearly with the deuterium concentration
of the water in the still boiler at both ends of the concentration scale
(near 100% H20 and D 20). The difference between top and bottom values
diminishes to zero when the HDO concentration in the still plot is essen-
tially zero. Mass spectrometry, using the ratio HD abundance/total ion
current (after conversion of water to hydrogen), is used for monitoring
the top and bottom of the still, and if values of the difference for two
or more standards are extrapolated to zero (i.e. 100% D 20), the intercept
value can be used to correct the standards to the absolute deuterium con-
centration. Since no bias in the results was noted near 100% H20, and
linear performance was verified near 100% H2O and 100% D20, it is con-
cluded that the accuracy of the method is within the experimental pre-
cision of + 0.0006 mass % D2.0. This work is currently being prepared
for publication.
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2.5.4 Thermal Ionization Mass Spectrometry

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

Characterization of the bead-disc extraction method (PR-CMa-61,
63) was completed and the procedure was revised: the details are de-
scribed in a paper submitted for publication. A combined Th and U
standard was analyzed six times by the entire procedure; 40 ng of Th and
14 ng of U were loaded for each analysis. The results (Table 2.5.4.1)
show excellent agreement between the mean of the measured ratios and the
certified ratio, in both cases. The overall precision of the method for
both elements was 0.2% rsd. This was the same as the precision of repli-
cate mass spectrometric analyses on a single loading.

Table 2.5.4.1

Accuracy and Precision of U and Th Isotope Ratio Measurements
on a Combined U and Th Standard

Analysis
Number

1
2
3
4
5
6

Average

S

Certified Ratio

% Bias

We observed that the utilization efficiencies for Th and U
decreased with increasing quantity of Th; plots of the log of the uti-
lization efficiency versus amount of Th were linear with equal slopes
for Th and U. A possible explanation is that the Th linearly decreased
the work function of the rhenium surface.

Distribution coefficients were determined for Pu(IV) on the
tributyl phosphate impregnated beads and the Acropor discs in various
nitric and hydrofluoric acid solutions. Maximum sorption was observed
at 7 M HN03 (D = 130) for the beads and at 6 M HN03 (D = 210) for the
discs, in F'-free solutions. Addition of HF greatly reduced the distri-
bution coefficients. The experiments showed evidence of changes in Pu
oxidation state as the solution aged, so to obtain accurate Pu(IV) data
all of the Pu was converted to Pu(IV) just prior to use. This conversion
is described in the following reference: S.F. Marsh, R.M. Abernathy and
J.E. Rein, Anal. Lett. U (A17) 1487 (1980).

Atomic
U 235/238

1.00036
0.99787
1.00032
1.00137
1.00178
0.99628

0.9995

0-002

0.9997

-0.02

Ratio
Th 230/232

10.8157
10.8116
10.8152
10.8137
10.8556
10.7927

10.817

0.02

10.82

-0.03
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More moderator samples were analysed for boron and gadolinium
content and isotopic composition for Point Lepreau, Hydro Quebec and
Wolsung Generating Stations on commercial contracts.

2.5.5 Interlaboratory Comparison of Boron Determination

- L.W. Green, J.P. Mislan and J. Gulens, in collaboration with
E.C. Davey (Electronics Branch), C. MacNeil (Point Lepreau
N.G.S.) and D. Burt (AECL-EC)

An interlaboratory comparison of methods for determination of
boron in moderator is in progress; the methods being evaluated are:
isotope dilution mass spectrometry, chromotropic acid spectrophotometry,
neutron activation, inductively-coupled-plasma optical emission spectro-
metry, and ion selective electrode potentiometry. Initial results showed
poor agreement, but the causes of the errors were readily identified.
Later results showed good agreement for all methods except neutron activa-
tion, for which the analyses are not yet complete. The relative standard
deviation of the mass spectrometric method, determined by six replicate
analyses of a typical sample, was 0.5%.

2.6 ELECTROANALYTICAL CHEMISTRY

2.6.1 Response of the Copper-Selective Electrode

- E.F. Hopkins and J. Gulens

2.6.2 Reference Electrodes for Use in Highly Saline Ground Water

- J. Gulens

Conventional reference electrodes for ion-selective electrode
measurements use saturated KC1 solutions as internal electrolyte solutions.
Proper functioning of the reference electrode requires that precipitates
not be formed in the liquid junction between the sample solution and the
internal electrolyte, and that the flow of the internal electrolyte of
the reference electrode be constant and in an outward direction (into the
sample solution) (1). Conventional Ag/AgCl or Hg/Hg2Cl reference elec-
trodes suffer from precipitation of silver or mercury salts in the liquid
junction when exposed to ground waters that contain species capable of
forming insoluble precipitates, such as sulfide or iodide ions.

To attain outward flow of the internal KC1 electrolyte requires
not only that there be a positive pressure forcing the solution out of the
reference electrode, but also that the solution concentration (ionic
strength) of the internal reference electrolyte be greater than that of
the sample solution (1). Various ground waters have been encountered in
the Canadian Shield that are highly saline, some with ionic strengths
> 5 mol-L"1. Since the maximum solubility of KC1 is ̂ 4.2 mol-L , pro-
blems could be encountered in measuring electrode potentials (pH, redcx,
or ion-selective electrode) in such solutions using reference electrodes
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based on KC1 solutions. Use of more soluble salts (e.g. LiCl) to prepare
more concentrated chloride solutions causes the formation of soluble
silver or mercury halide complexes. Use of a reference electrode that is
based on a soluble redox couple is one way of overcoming this problem
since choice of the appropriate couple permits use of concentrated
electrolyte solutions (ionic strengths of 5 or 6 mol-L"1).

A prototype electrode based on a soluble redox couple in a
5 mol-L"1 NaN03 solution has been assembled and is being tested. This
electrode has given stable potentials when immersed for several days in
a synthetic brine solution (2 mol-L"1 CaCl2» 1 mol-L"

1 NaCl) and also
gives a more rapid response than a conventional reference electrode when
transferred from dilute to concentrated solutions.

(1) D.P. Brezinski, Analyst, 108 425 (1983).

2.7 EMISSION SPECTROSCOPY AND GAS-IN-METAL ANALYSIS

2.7.1 Inductively Coupled Plasma/Atomic Emission Spectrometry
(ICP-AES)

- J.P. Mislan, 6. Jarbo, P.K. Leeson, P.L.J. Faught,
K.D. Wright (Electrical Instrument & Power Branch) and
M.T. Hurteau

2.7.1.1 Instrument Automation

The multi-element, high-speed scan program has given ± 10%
precision (la) for ten elements in a standard solution mixture.
Figure 2.7.1.1.1 gives analytical working ranges for 35 emission lines
of 10 elements which have been used for evaluation studies. When appro-
priately chosen emission lines are used as in the case of calcium, an
analytical dynamic range of 101* to 10s can be readily achieved. The
interrogation of several emission lines per element permits automatic
evaluation of interference effects and extension of analytical dynamic
range, compared with single line per element data acquisition techniques.
Efforts are under way to obtain ± 5% precision (la) for all elements
(̂  70) which are currently analyzed by plasma emission spectrometry.

The memory of the unit has been increased to permit the rapid
acquisition of spectral line data for a comprehensive rapid qualitative
analysis scheme. In addition, the graphics display capability of the
video display unit has been enhanced. Program changes have been made to
permit incorporation of programmable features which will permit better
adjustment of the analytical dynamic range for emission line intensity
measurements.

It is anticipated that the rapid-scan qualitative program will
not give the degree of precision and accuracy obtained from slow-slew-
scan, peak processing programs (± 2%). Therefore; a FORTRAN/MACRO pro-
gram has been written for this purpose. This program is in the final
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rapid scan technique.
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test stage. Initial results for integration of mercury lines obtained
from a mercury vapour discharge lamp have yielded a precision of approxi-
mately 1% which is noticeably better than the precision (+ 2%) of similar
measurements made with the low-cost, microprocessor based data system.
Tests are in progress to determine whether comparable precision can be
obtained for plasma-emission lines.

2.7.1.2 Component Development

We have been seeking a reliable, inert, nebulizer-torch
assembly for analysis of radioactive solutions. A CRNL-developed, sample
introduction system has been tested briefly and found to be usable but
not entirely satisfactory, compared with a Pyrex and quartz nebulizer-
torch. The best precision and stability was obtained when sample solu-
tions were treated with Titron X-100 wetting agent (̂  1% by volume).

A lucite box has been constructed for containment of the ICP-
source unit. A combination exhaust pipe and condenser has been fabricated
from pyrex to contain radioactive plasma exhaust. The containment effi-
ciency of this relatively simple and low-cost enclosure will be tested
with sample solutions containing 2I*Na.

2.7.1.3 Elemental Analysis of Port Hope Soil Samples

We have analyzed 23 soil samples including an IAEA reference
soil, for 14 elements (Al, Ba, Ca, Cd, Cr, Cu, Fe, Pb, Mg, Mn, Sn, Ti, U
and Zn) by plasma emission spectroscopy as part of a contract awarded by
the Office of Low-Level Waste Management. A variety of acid dissolution
techniques and fusion mixtures were tried, including H3P0i,/HF and fusions
with potassium pyrosulfate, sodium carbonate and a 2:1 mixture of lithium
tetraborate and lithium metaborate.

Repetitive single line scans were carried out for each element.
Emission line intensities were digitized and converted to concentration
values by use of the CRNL microprocessor based data system. Depending
on the element concentration, i.e. major, minor or trace, the accuracy
of the results ranged from + 3% to + 10%. A report is being prepared
including results from ICP-AES, atomic absorption, neutron activation,
and radiochemical analysis.

2.7.1.4 Analysis Requests

A summary of the analysis done by X-ray fluorescence and
emission spectroscopy is given in Table 2 .7 .1 .4 .1 .

2.7.2 Gas Analysis Mass Spectrometry

- J.P. Mislan, H.D. Herrington, L.F. Junop, A. Watt,
D. Sol way and K.D. Wright



Table 2.7.1.4.1

X-ray Fluorescence and Emission Spectroscopy

Received From

General
Chemistry

Physical
Chemistry

C iv i l & Mecha-
nical Design

Metallurgical
Engineering

Chemical
Engineering

Fuel Materials

Health Physics

Reactor Physics

Materials
Science

W.E. & P.

Engineering
Research

Instrument
Development

Type of Sample

Fuel Extract
Moderator Heavy Water

Powder in Rayleigh Horn
Catalyst
Catalyst

Wire

Cefilac tube turnings
Aluminum al loy
Aluminum guides

Reactor Heavy Water
Waste V i t r i f i c a t i o n Solutions
Water Treatment Solution

Thoria Fuel

White residue

Zed 2 Heavy Water
Titanium Plate
Copper Plate

Zirconium Alloy

Metal

Wear Test Solutions

Degasser scale

No. of
Samples

7 •

14

1
1
1

1

1
2
2

2
4

27

2

3

1
1
2

5

1

11

2

No. of
Determinations

152
112

13
23
8

6

8
12
10 '

52
16

108

52

12

4
11
14

50

4

48

28

Technique*

ES
ICP-ES

ES
ES
X-ray

X-ray

ICP-ES
ICP-ES
ICP-ES

ICP-ES
ICP-ES
ICP-ES

ICP-ES

ICP-ES

ICP-ES
ICP-ES
ICP-ES

ICP-ES

X-ray

ICP-ES

ES

Elements Determined or
Type of Analysis

Impurit ies
Boron

Qualitat ive
Quali tat ive
Composition

Composition

Niobium/tin
Composition
Composition

Impurities
Mercury/AIumi num
Iron/Aluminum

Impurities

Boron/Dysprosium

Copper
Impurities
Impurities

Composition

Composition

Iron/Copper

Qual i tat ive

i

CM
OJ

1



Table 2.7.1.4.1 (Cont'd.)

Received From

Mechanical Equip-
ment Development

NPD Rolphton

Chemical Operations

R. & I.S.

Accelerator
Physics

System Materials

Type of Sample

Air F-nters
Snubber Cover Tube

Moderator Heavy Water

Loop Water
Genti l ly Heavy Water

Air F i l ter
Floor Paint

Metal Pieces

Molybdenum Target Solutions
Leachant Solutions
Alloy
Eldorado Soil Samples
"Mo Waste Leachant

No. of
Samples

32
1

4

2
6

8
1

1

12
14
6

28
1

No. of
Determinations

64
11

64

8
48

12
8

8

36
46
46

618
4

Technique*

ICP-ES
X-ray

ES

ICP-ES
ICP-ES

ICP-ES
ICP-ES

X-ray

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

Elements Determined or
Type of Analysis

Iron
Composition

Impurities

Silicon/Boron
Impurities

Lead
Iron/Lead

Composition

Molybdenum
Uranium
Composition
Composition
Uranium

Total 207 1716

ICP-ES = Inductively Coupled Plasma - Emission Spectroscopy
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2.7.2.1 Automated Determination of H+D in Metals

The following changes to the apparatus and technique have been
introduced and found to give a significant improvement in instrur^nt per-
formance.

1) the substitution of an oil diffusion pump for a rotary
pump has eliminated large intermittent errors (> 20%)

2) the use of a grit blasting apparatus has resulted in a
four fold reduction in equilibration time (2 to 3 min as compared to
10 min for untreated samples)

3) the sample changing device has been improved.

The precision of the quadrupole mass spectrometer has been
retested with H2 + D2 calibration mixtures. The precision for isotope
ratio measurements was found to be + 0.5%. This is similar to results
obtained several months ago. The precision for H determination of
standards containing 20 ± 2 and 107 ± 5 ppm of H was ± 7%. The design
goal of the instrument is an accuracy and precision of ± 5% for sample
analysis at the rate of six per hour. Testing will continue until this
goal is reached after which analysis performance for D-in-Zr will be
determined.

2.7.2.2 Data System Development for the Gas Analysis Mass Spectrometer

Preliminary tests of a microprocessor based data system for
the medium resolution magnetic sector mass spectrometer have shown that
digital data acquisition of peak intensities can be made with an accuracy
equivalent to that of manual peak height measurement. Data system design
permits digital and analog peak data to be acquired simultaneously.

Software development of a rapid calibration procedure utilizing
two, multi-component gas mixtures is in progress after which performance
testing will be done.

2.7.2.3 CRNL Deuterided Zirconium Alloy Standard Reference Material

Commercial Operations personnel are preparing costing informa-
tion for deuterided zirconium alloy standard reference material prepared
by Metallurgical Engineering Branch staff and certified by analysts in
the General Chemistry Branch by inert gas fusion and stable isotope
dilution-mass spectrometry. The deuterided reference material is avail-
able in the form of 5 gm discs (22 cm diameter x 2 mm thickness) with
concentrations of 22 ±2, 88 ± 4 and 148 ± 6 yg-g"1 of deuterium.

2.7.2.4 Analysis of Nitrogen Oxides in Production Samples of 133Xe

We are providing analytical support for the 133Xe process
development project, which is a cooperative program involving System
Materials and Chemical Operations Branch personnel. The development
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project involves purification of 133Xe by chromatographic separation of
oxides of nitrogen from xenon using molecular sieve packing. The mass
spectrometric analysis of high specific activity 133Xe has posed two
distinct problems which have been partially overcome.

1) Radiation hazard to the analyst - the use of a small
sample (0.25 cm3) contained in a lead shielded valve assembly and lead
shielding surrounding the sample inlet system has reduced radiation fields
to acceptable levels. The accumulation of 133Xe in rotary pump oil is
controlled by gas balasting. A ventilation hood for the sample introduc-
tion port is being constructed. A proposal to retrofit an automatic inlet
system to the magnetic sector mass spectrometer, to permit remote control
of sample introduction values is under consideration.

2) Loss of analytical sensitivity due to radioactive matrix
gas (133Xe) - the radiation field of the matrix gas results in sensitivity
loss due to enhanced baseline noise. A closed source ionizer has been
ordered which is expected to provide a detection limit of 10 yL-L"1 for
N0 2, in the presence of

 133Xe matrix gas.

2.7.2.5 Analysis Requests

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

2.8 BURNUP ANALYSIS

2.8.1 Determination of Burnup for (Th,U)O2 Fuels

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

Fission yields for Nd were updated with the most recent
ENDF/B-V data, and burnups reported previously (PR-CMa-63) for Th fuels
were correspondingly revised. Analyses for Th in fuel elements 9, 24,
28 and 33, (see Table 2.8.1.1) were repeated to determine whether error
in the Th concentrations was the cause of the previously observed dis-
crepancy between the standard and short methods. One to two percent
lower Th concemtrations were obtained, and the difference was attributed
to 232Th contamination in the filaments used in the previous analyses.
Zone refined filaments were used in the recent work, but not in the pre-
vious work. With the lower Th concentrations, the agreement between the
standard and short burnup methods was better (Table 2.8.1.1); the
average percent bias between them was 1.6%. This work has been summarized
in a paper submitted for publication.

Analysis of all 12 fuel elements by high-performance liquid
chromatography (HPLC) was completed. The results in Table 2.8.1.1 show
that the direct chromatographic determination of l39La gave burnup values
that agreed to within 0.9% of those obtained by mass spectrometry. This
method is now being used for the routine determination of burnup of



Received From

Fuel and Materials

Metallurgical
Engineering

System Materials

Chemical
Operati ons

Materials Science

CPD Ottawa

Chemical
Engineering

Environment
Canada

Type of Sample

Fission Gas
Bruce Bundle
Bruce Bundle

Pressure Tube
Pressure Tube
Pure Zr
Pure Zr
Zr-2
He3

Bruce A-14 Pressure
Bruce Unit 2
Bruce Unit 2

Xe Gas
NRU Cover Gas
Zr-4
NRU & NRX

Process Gas
X-5 Loop Discharge
Xe Gas
Fission Gas
U02

Table 2. ;

Mass Spectrometric

7.2.5.1

Gas Analysis

No. of No. of
Samples Determinations

30
6
6

135
42
15
6

32
1

Tubes 12
5
6

77
1
4
2

7
Gas 1

3
32
1

H2 Gas 3
Oxidized Zr - Headspace gas 5
133Xe
He and C02

HD Gas
H2 in N2 Standards

Dissolved gas from
water

5
4

2
1

ground- 8

524
6
6

138
42
14
6

32
11
12

5
6

834
11
4

22

77
11
22

576
16

33
5

55
66

22
11
28

Technique

MS
ID-MS

II

II

II

II

II

II

MS
ID-MS

II

II

MS
II

ID-MS
MS

II

II

II

II

II

II

11

II

II

U

11

I I

Elements Determined or
Type of Analysis

Composition
D2
H2

H2

1
Composition
D2
D2
H2
Composition
Composition

Composition

Composition
»
II

II

II

II

11

II

II

II



Table 2.7.2.5.1 (Cont'd.)

Received From

Fuel Engineering

R. & I.S.

Type of Sample

Fission Gas
Pressure Tube
Fuel Element
He and Argon
Stack Gas

Total

No. of No. of
Samples Determinations

5
28
1
1

489

95
28
1
11

22

2752

Technique Elements Determined or
Type of Analysis

MS Composition
ID-MS H2
VT Vol. Measurement
MS Composition
MS Composition

S

MS - Mass Spectrometry
ID-MS - Isotope Dilution Mass Spectrometry
VT - Vacuum Technology
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(Th,U)02 fuels and is giving >. 10 fold savings in cost and analysis time;
results for 36 fuels haye been reported to date. Details of this method
have been reported in a paper that has been submitted for publication.

Table 2.8.1.1

Atom Percent Fission Values Determined for Fuel Elements
from BDL 417 AAX

Ring Element

Outer
Outer
Outer
Outer
Middle
Middle
Middle
Middle
Inner
Inner
Inner
Inner

4
9
14
18
21
24
28
30
32
33
35
36

LATREP

2.17
2.17
2.17
2.17
1.42
1.42
1.42
1.42
1.15
1.15
1.15
1.15

Atom
Mass

I15+116Nd

Standard

2.31
2.13
2.23
2.22
1.44
1.34
1.37
1.41
1.05
1.08
1.10

Percent Fission
Spectrometric

l»5+lH6Nd

Short

2.29
2.18
2.27
2.28
1.45
1.37
1.43
1.40
1.07
1.10
1.12

11(8Nd

2.36
2.26
2.34
2.36
1.46
1.41
1.46
1.44
1.08
1.12
1.13

HPLC

139La

2.29
2.21
2.27
2.31
1.40
1.37
1.43
1.41
1.08
1.12
1.12

1.09 1.11 1.13 1.07

2.8.2 Determination of Burnup by Liquid Chromatography

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

The liquid chromatographic (LC) procedure (139La monitor),
developed for the determination of burnup in (Th,U)02 fuels, was used
successfully for fuels with burnup values of 1 to 3 atom %. However, for
a number of fuels with lower burnup values of 0.2 to 1.0 atom % the larger
loadings of Th required to give acceptable sample sizes for 139La led to
large Th peaks and precipitation of the Th in the detector cell. In order
to achieve acceptable results, changes were made in the following experi-
mental parameters: the concentration of the dynamic modifier, composition
of the standards, flow rate and pH of arsenazo III, and purity of
a-hydroxisobutyric acid.

The application of this dynamic ion-exchange procedure for the
determination of burnup has been studied for UO2 and (U,Pu)O2 fuels and,
after initial problems were eliminated, good results were obtained. To
optimize the signal processing by the data system the concentration of
the dynamic ion exchanger was increased to improve the separation of the
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bulk uranium from the lanthanum. Over a period of one month a variety of
separation conditions were used to determine 139La in four samples of
Bruce UO2 fuel; these fuels had burnups of ̂ 1 to 3 atom %. The results
of these multiple analyses agreed to within ^ 1%. Final confirmation of
the validity of this burnup technique awaits the results of burnup measure-
ments by standard mass spectrometric techniques which use the summed yield
of lltSNd and 11<6Nd as a fission monitor.

This technique could replace the presently used 2 3 5U depletion
technique since it offers a two to three fold time saving. An uncertainty
with (U,Pu)O2 fuels is the difference in fission yields between

 2 3 5U,
239Pu and 241Pu (6.36, 5.54 and 6.22% respectively). However this uncer-
tainty is possibly less serious than those that exist in the standard 2 3 SU
depletion techniques. Estimation of the 139La yields from the different
fissioning isotopes by computer simulations should introduce at most a
small error into the LC method. The determination of very low burnup is
difficult by the 2 3 5U method, but recent studies suggest that the LC
method can yield good results for low burnup (0.07 to 0.45 atom % range)
fuels.

Another LC technique which can be used for burnup analysis is
the determination of the summed yield of fission products Nd, Pr, Ce and
La. Previous results with these lanthanides had been low due to losses
in a preliminary separation step. Recent improvements in the HPLC separa-
tion now make it possible to eliminate this step and recent results gave
more consistent analyses. Studies of this burnup technique are continuing.

2.8.3 Fissile Burnup Measurements by Activation Analysis

- W.J. Edwards, L.P.V. Corriveau in collaboration with
L.W. Green and C.H. Knight

A method is being developed to measure burnup by means of
neutron-activation analyses of stable fission products in previously
irradiated fuel. At present llt2Ce is being measured. Cerium was chosen
since i t is a suitably refractory and high-yield fission product, and
has the advantage of a bui l t - in yield tracer, in the form of ^''Ce (285d)
which is present in old irradiated fuels. The presence of llfltCe permits
the extraction of a "Ce-fraction" from a fuel solution for neutron act i -
vation without the necessity of a quantitative yield. The yield is
determined by comparison with an aliquot of unprocessed fuel solution
using i ts 1!t*Ce as a tracer.

At present burnup measurements by this method have been about
<. 10% high relative to mass spectrometric measurements. The high values
are believed to result from incomplete removal of f iss i le material from
the "Ce-fraction" prior to activation. Some llt3Ce can then be produced
by fission to contaminate the activation product. Work is presently
directed to produce a more eff icient separation of cerium from f iss i le
material.
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2.9 PUBLICATIONS AND REPORTS

2.9.1 Publications

Dynamically-Coated Columns and Conductivity Detection for Trace
Determination of Inorganic Anions by Ion Chromatography.
- R.M. Cassidy and S. Elchuk. J. of Chromatography, Vol. 262,

p. 311-315, 1983.

Dynamic and Fixed-Site Ion Exchange Columns with Conductometric
Detection for the Separation of Inorganic Anions.
- R.M. Cassidy and S. Elchuk. J. of Chromatographic Science

(accepted for publication).

2.9.2 Reports

A Proposal to Measure the Effective Neutron Capture Cross
Section of 11>7Nd.
- L.W. Green, R.T. Jones, M.S. Milgram, 1983 March, CRNL-2454.

A Cation Exchange Procedure for Concentrating 2 3 SU Recovered
from the "Mo Extraction Process.
- S.R. Bokwa and B.W. H i ldebrandt . 1983 May, CRNL-2519.

2.10 LECTURES, MEETINGS AND COURSES

2.10.1 Lectures

Kinetic Effects in Copper Speciation by Ion-Selective Electrode.
- J. Gulens and P.K. Leeson. International Symposium

"Electroanalysis in Cl inical, Environmental and Industrial
Science", Cardiff, Wales, 1983 April 5-8.

Mass Spectrometry of Nanogram Quantities of Th and U from
(Th,U)O2 Fuels.
- L.W. Green, N.L. El l iot ant1 T.H. Longhurst. The 31st Annual

Conference on Mass Spectrou. rry, Boston, Mass. 1983 May 8-13.

High-Performance Dynamic Exchangers for the Separation of
Inorganic Anions and Cations.
- R.M. Cassidy and S. Elchuk. Chemical Institute of Canada

66th Canadian Chemical Conference and Exhibition, Calgary,
Alberta, 1983 June 5-8.

Elemental Analyses by Neutron Activation.
- W.J. Edwards. Chemistry and Materials Division Colloquium,

1983 May 10.

Ion-Selective Electrodes - Matching Expectations to Reality.
- J. Gulens. Research Chemistry Branch, WNRE, Seminar

1983 May 6.
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2.10.2 Meetings

R.M. Cassidy, K.I. Burns, S. Elchuk and D. Everall visited
Dr. D. Wiles, Carleton University and attended meeting of
Ottawa Chromatography Discussion Group, 1983 March 29.

K.I. Burns presented a talk at Carleton University, Ottawa on
Analytical Work on Port Hope Soils, 1983 April 18.

K.I. Burns attended meeting of AECL staff with DeVoe and Holbein
of Ferritech Inc. at the Engineering Company, Montreal, Quebec,
1983 May 31.

R.M. Cassidy, J.P. Mislan and C.H. Knight visited R. Sullivan
at Geological Survey of Canada and attended a meeting of the
Ottawa Chromatography Discussion Group, 1983 February 16.

J. Gulens visited WNRE to participate in Workshop on Hydro-
geochemistry, 1983 May 6-12.

J.P. Mislan attended meeting at CPD regarding quality assurance
monitoring of 1 3 3Xe, 1983 March 17.

2.10.3 Courses

R.M. Cassidy gave CIC Course on Liquid Chromatography, Calgary,
Alberta, 1983 June 4-5.
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

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

(a) Vibrational Energy Transfer in NO

The vibrational energy relaxation rate constants have been
measured for the following processes over the temperature range 213 K
to 460 K:

ki
[1] NO(V=1) + NO(V=O) •+ 2N0(V=0) + 1876 cm"1

kl
[2] N0(V=2) + NO(V=O) f 2N0(V=l) - 28 cm"1

ke
The vibrationally excited NO was produced in the pulsed electron beam
irradiation of NO diluted by Ar. The time dependence of NO(V=1) and
N0(V=2) was followed by kinetic absorption spectroscopy at wavelengths
236 nm and 247 nm respectively. Preliminary results were presented in
PR-CMa-56, 59 and 61. (AECL-7332, 7607 and 7780). These earlier ex-
periments were carried out in a vacuum system contaminated with pump
oil (PR-CMa-62, AECL-7909). In the present series of experiments this
contamination has been removed and the results are considered to be more
reliable.

The rate equations describing the reactions [1] and [2] cannot
be solved exactly; however, by approximating the decay of NO(V=1) as a
simple exponential the solution for the time dependence of N0(V=2) is
given by:

with

and

[3]

[4]

[N0(2)](t) =

ke[NO(l)]J
(ke-2ki)[N0]

[N0(2)]Q

exp(-2k

[NO{l)](t) = INO(1)]0

[NO] = [N0(0)l + [N0(l

ke[N

(k1 -

iINOlt)

exp(-kj

)] + [N

•2ki)[N0]

[NO]t)

0(2)1

The approximate solutions for [N0(V=2)] 5 [N0(2)] and [NO(V=1)] =
[N0(l)l given by equations [3] and [4] were compared to the results from
numerical integration of the rate equations. The numerical solution and
the approximate analytical solution were in agreement to within 10%.
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In previous experiments (PR-CMa-61, AECL-778O) it was shown
that the Beer-Lambert law is obeyed for NO absorption as long as the NO
pressure path length product is less than 1.3 kPa<cm. The concentration
of vibrationally excited NO, NO(V) is then given by

[5] [NO(V)] = (e*)"1 ln(I0/I)

I is the path length, I the initial light intensity, I the transmitted
light intensity and e is the absorption coefficient which is independent
of [NO(V)] but does depend on the spectrometer slit width. The rate con-
stants, ke and ki, were determined from plots of In [ln(I0/I)] vs. time.
As can be seen from equation [3] the decay of [NO(2)J is a double ex-
ponential. The faster decay gives ke[NO] and the slower 2ki[N0L
Because of the difficulty in analyzing for two exponential decays, the
results for ke are naturally scattered.

Emission from the first excited 2II state of NO occurs at the
same wavelength as was used to monitor N0(V=2). At most, this emission
obscures the first microsecond of the absorption profile. In several
experiments the emission was subtracted from the absorption trace and
this correction did not change the results for ke[NO].

At each temperature the pressure of NO (0.03 kPa to 2.7 kPa) and
Ar (27 to 270 kPa) was varied. The results for the ki and ke are presented
in Table 3.2.1.1. At least 15 independent measurements for ki and ki
were made at each temperature. The reported uncertainty in the results
in Table 3.2.1.1 is the standard deviation in the average of these
measurements. At 213 K no data on the relaxation of N0(V=2) could be
obtained due to the formation of N 20 3. N2Oa has a strong absorption
between 200 and 260 nm (1) and this absorption masks the decay of
N0(V=2) at 247 nm. The decay of NO(V=1) could still be observed however
and these results are reported. It was assumed that N2O3 did not relax
NO(V=1) any faster that NO itself. The kinetics of N 20 3 formation will
be presented in the next section.

The results for k2 obtained in the present work are in good
agreement with previous values (2,3). The present measurement of ke at
293 K is in good agreement with Horiguchi and Tsuchiya (4) who were able
to measure the kinetics of NO excited up to V=10 by the transfer of
electronic energy from Hg(63Pi) to NO. They found ke to be (1.9 + 0.1) x
10~12cm3-molecule"1, s"1. However the more direct measurement of
Stephenson using infrared-laser-induced-fluorescence is a factor of two
greater than the present results. Stephenson measured ke which is re-
lated to ke by detailed balance. He found ke to be (3.3 + 0.7) x
lO'^cm^molecule"1^"1. It is tempting to suggest that the difference
between the direct and indirect measurement of ke is due to an apparent
violation of detailed balance; however the discrepancy, although a
factor of two, is still within the experimental uncertainty of both
measurements. It should also be pointed out that the up-pumping tech-
nique used by Stephenson is prone to overestimating the value of ke (5).
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Because NO has an unpaired electron in i t s ground electronic
s ta te , i t is a model system to study energy transfer between radicals.
The sel f - re laxat ion of NO(V=1) is about 10s times more e f f i c i en t than
the corresponding se l f - re laxat ion of s imi lar diatomic molecules, x.\2, 02
and CO. N ik i t i n (6) has at t r ibuted th is anomalously rapid se l f - re laxat ion
rate in NO as due to a curve-crossing mechanism.

The relaxation of N0(V=2) by NO proceeds by a V-V energy trans-
fer process induced by long-range intermolecular forces, dominated by a
dipole-dipole in teract ion. Various theories and refinements have been
proposed to explain th is type of energy transfer mechanism (7) . At the
present time the experimental values for ke presented in Table 3.2.1.1
are being compared to theoretical predict ions.

Table 3.2.1.1

The experimental results for the vibrational relaxation rate
constants for NO(V=1) and N0(V=2) by NO as a function of temperature

T

(°K)

213 + 6

293 + 2

376 ± 3

468 ± 2

NO(V=1)

kx X 1 0 "

cm3-molecule"1•s"1

8.0 + 1.1

7.3 + 0.82

8.7 + 0.66

10.7 + 1.0

(b) Kinetics of N203 Formation

N0(V=2)

k^ x 10 1 2

cm3-molecule"1-s"1

_

1.4 + 0.46

1.8 + 0.32

1.7 + 0.34

When d i lu te NO in Ar is subjected to an intense electron beam,
a small amount of the NO is dissociated. This leads to the fol lowing
sequence of reactions:

[1 ] NO ej££f1 N + 0 '

k2

[2] N + NO + N2 + 0 ; k2 = 3.4 x 1 0 " 1 1 cir

k3
[3] 0 + NO + M -y N02 + M ; k3 = 1.1 x 1 0 " 3 1

k*
[4] NO + N02+ M -• N 2 0 3 + M ; U = ?
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Reaction [1] represents the dissociation and/or ionization and subsequent
neutralization of NO caused by energy transfer processes between NO and
the excited states of Ar and Ar+. Even at low pressures, 10 kPa,
reaction [1] is complete within the Febetron pulse (0.1 ys). At 300 K
and above, reaction [4] can only be observed under conditions of high NO
pressures (1) because equilibrium strongly favours unassociated NO and
NO2 (8). At low temperatures, 2> 200 K, the reverse is true; the equi-
librium shifts and strongly favours N 20 3 formation.

The association reaction [4] is interesting for several reasons.
Reaction [4] is directly related to the reverse reaction, the unimolecular
decomposition of N2O3, through the equilibrium constant. Thus the uni-
molecular kinetics of a relatively simple five atom system can be studied.
Also the vibrational deactivation of NO(V=1) by N02 is exceptionally
rapid (9). It has been proposed that this deactivation rate constant can
be directly related to the unimolecular decay of N 20 3 (9).

The rate equations describing the reaction sequence given by
reactions [1] to [4] can be solved. The time dependence of [N2O3J is
given by:

* p ( i t ) - k3 exp(-X2t)
[5] [N203](t) = 2[NL 1 +

where = k3 [Ar][NO] A2 = [Ar][N0]

Reactions [1] and [2] occur within the Febetron pulse. Since Xi is much
larger than X2, the expression for [N203] reduces to:

[6] = 2[N], - exp(-U[Ar][N0]t)

Thus the time dependence of [N203] is a rising exponential to a constant
asymptotic value.

The concentration of N2O3 is followed by kinetic absorption
spectroscopy. N203 has a strong continuous absorption between 260 nm
and 190 nm, (1). Since the absorption is continuous, the Beer-Lambert
law is obeyed and the [N2O3J is related to l ight intensity by:

[7] [N 20 3] t = (ek,)'
1 ln(I0/I)t

Thus plots of In (In(Io/1)) versus time may be analyzed for a rising ex-
ponential to obtain tne rate constant, ki,.
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The Nicolet 1170 signal averager has been interfaced to the
DEC LSI-11/23 minicomputer. Software programs have been written to trans-
fer, store and analyze the transient absorption trace. Data collection
and analysis of pulse radiolysis experiments are now automated.

Preliminary experiments have been conducted on NO diluted by Ar
at 230 K. The mole fraction of NO has been varied between 5 x 10~3 to
2 x 10"2 at Ar pressures between 27 kPa and 270 kPa. The results so far
obtained are presented in Table 3.2.1.2. At a constant total pressure
the rate constant ki» appears to be independent of NO pressure. The uncer-
tainty in kH is the standard deviation in the independent determinations
of kit. From the data in Table 3.2.1.2 it appears that the high pressure
limit of kit occurs near two atomspheres total pressure. Work is currently
in progress in extending these measurements to higher pressure.

Table 3.2.1.2

Preliminary results on the measurement of the rate constant
for formation of N203 in the presence of Ar at 220 ± 5 K

Argon Pressure k4 x 1032

(kPa) cm6-molecule~1-s"1

26. , 4.8 + 0.7

53.3 3.7 + 1.1
106.6 2.7 + 0.7
186.6 2.7 + 0.4

266.6 2.0 ± 0.6

(1) C.J. Hochanadel, J.A. Ghormley and P.J. Ogren, J. Chem. Phys. 50,
3075 (1969).

(2) J.C. Stephenson, J. Chem. Phys. 60, 4289 (1974).
(3) J. Kosanetzky, U. List, W. Urban, H. Vorman and E.H. Fink, Chem.

Phys. 50, 361 (1980).
(4) H. Horiguchi and S. Tsuchiya, Jap. J. Appl. Phys. 1J3, 1207 (1979).
(5) C. Dasch and C.B. Moore, J. Chem. Phys. 52, 5219 (1980).
(6) E.E. Nikitin, Opt. Spectrosc. j^ 8 (196077
(7) J.T. Yardley, "Introduction to Molecular Energy Transfer", Academic

Press, New York, 1980.
8) I.R. Beattie and S.W. Bell, J. Chem. Soc. 319 (1957).
9) R.P. Fernando and I.W.M. Smith, J. Chem. Soc. Faraday Trans., 2, 7]_,

459 (1981).
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3.2.2 Radiolysis of Liquid Systems

(a) Effect of Linear Energy Transfer (LET) on Steady-State
Concentrations in the Radio!vsis of Aqueous Solutions

- J.W. Fletcher

I t is generally considered (1) that steady-state conditions do
not occur for radiation chemical processes at high LET. Computer simula-
tions currently in progress indicate that in pure neutral or acidic aqueous
solutions, steady-state concentrations of hydrogen, hydrogen peroxide and
oxygen are reached i f G(HO2J < 6(total radical)/2. The steady-state con-
centrations can be defined for both fu l ly reducing conditions with excess
hydrogen, and fu l l y oxidizing conditions with excess oxygen. For inter-
mediate conditions with less hydrogen or oxygen, the steady-state concen-
trations wi l l have intermediate values. The calculations indicate an in -
crease in the concentrations at steady-state with an increase in LET, as
has been observed experimentally.

At low dose rate in neutral solutions for G(HO2) < 0.03, the
equilibrium concentrations are single valued. For G(H02) > 0.05, the
calculations indicate that two steady-state regimes exist under reducing
conditions with excess hydrogen. Experiments are planned to test these
calculations.

(1) (a) A.O. Allen, "The Radiation Chemistry of Water and Aqueous
Solutions", Van Nostram Co., (1961).

(b) J.W.T. Spinks and R.J. Woods, "An Introduction to Radiation
Chemistry, 2nd Edition, John Wiley and Sons, (1976).

(c) G.V. Duxton, "The Study of Fast Processes and Transient Species
by Electron Pulse Radiolysis, Reidel Publishing Co., p. 241,
(1982).

(b) Radiolysis of Liquid Water at Low Dose Rates

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

Experiments, f i r s t discussed in PR-CMa-62 (AECL-7909) designed
to demonstrate the reproducibility of the chain decomposition of hydrogen
peroxide (H202) using copper cation (Cu2+) as a chain carrier have been
carried out. The chain length is proportional to the H202 concentration
and to the one half power of the dose rate. No differences are observed
between deoxygenated or air saturated solution or with the use of Pyrex
or polypropylene vessels. A G value of approximately 10,000 is observed
for a solution containing 8 x 10"2 mol-L"fH202 and 10"3 mol-L 1 Cu2+

irradiated at a dose rate of 4 x 1016 eV L"1^"1 .
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(c) Pulse Radiolysis Studies Over Temperature Range Qo-100°C

- A.J. El l iot and F.C. Sopchyshyn

^-satura ted solutions containing either KI or KSCN were pulse
irradiated over the temperature range 15-90°C. The reactions studied are
given by [1-4] when X represents either I or SCN.

[1] x + X"

[2] Xz + Xz i=i X3 + X"

[3] Xz + X •»• Xi

[4] X + X - X2

•
The extinction coefficient of I2 at 385 nm and 725 nm was determined to be
10,000 and 2560 mol'L^-cm"1 based on £475 = 7600 L-mol-^cnn1 for SCNf.
All the extinction coefficients remained unchanged over the temperature,
range studied. The apparent bimolecular rate constants of if and (SCN)l,
2k., are summarized in Figures 3.2.2.1 and 3.2.2.2. The value of Kx was
also determined and these, along with the AH for the equilibrium, are
listed in Table 3.2.2.1. This work has been submitted for publication.

Table 3.2.2.1

Equilibrium Constants (x lO"*) for 12 and (SCN)2 Formation

T°C : 22 31_ ^1_ 21 81 9]_ -AH° (kJ/mole)

it : 5.0 4.3 2.7 1.5 1.1 1.0 22.80+1.7

(SCN)t: 10.8 8.3 4.8 2.2 1.3 1.0 30.5 ± 2.9

(d) In i t ia l G-Values in Irradiated Water (25° - 300°C)

- A.J. E l l io t , A.S. Simsons and F.C. Sopchyshyn

When a degassed Fricke solution (1) is irradiated, the yield
of Fell l is related to the yield of primary species formed in the
radiolysis of water (pH = 0.4) by equation [1] .

[1] G(Felll) = 2 G(H2OZ) + G(0H) + G(H)
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io- * io-!

•

Fig. 3.2.2.1:

Fig. 3.2.2.2:

The dependence of 2k^ on temperature for N2O-saturated
solutions of KI (y is the ionic strength of the solution).
The lines in the graph serve only to connect points of the
same temperature.

[KSCN] IM)

I 1+fL*)

The dependence of 2kt on temperature for ^-saturated
solutions of KSCN (y is the ionic strength of the solution).
The lines in the graph serve only to connect the points of
the same temperature.



- 33 -

The results obtained from the irradiation of a degassed Fricke solution
over a 25° - 300°C temperature range are summarized in Table 3.2.2.2.

Table 3.2.2.2

G(Felll) for Irradiated Degassed Fricke Solutions

Temp(°C): 25 90 150 200 250 300

G(Felll): 7.98± 0.32 8.10 ± 0.23 8.23 + 0.23 >8.05 + 0.13 >7.94 + 0.43 >7.27 + 0.48...

At temperatures 200, 250 and 300 C, G(Felll) represents a minimum value as
Fell l slowly hydrolyzes at these temperature.

(1) C.J. Hochanadel and J.A. Ghormley, Radiat. Res. ]6^, 653 (1961).

(e) Radiolysis of Aqueous Solutions Containing Nitrate or
Nitr i te Ions

A.J. El l iot and A.S. Simsons

The nitrate and the n i t r i te ions are involved in chemical
reactions ini t iated by radiation in fuel reprocessing, in molybdenum-99
processing, and in using Gd(N03)2 as a neutron reactivity control agent
in reactor moderator circuits. However, the effect of organic impurities
on this chemistry is not well established. As part of a continuing study
of nitrate solutions (e.g. see PR-CMa-57, AECL-7416, PR-CMa-61, AECL-7780),
the effect of model hydroxyl radical scavengers, such as the formate ion
or various alcohols on the radiation chemistry of nitrate or n i t r i te
solutions has been studied.

( i ) Radiolysis of Nitrate Solutions

The n i t r i te yields from irradiated helium saturated
aqueous solutions containing 2 x 10"3mol-L"1 NaN03 and various hydroxyl
radical scavengers are shown in Fig. 3.2.2.3. In this figure G(NOz) is
plotted against the fractions of OH that form a reducing radical, either
COf or an alcohol derived radical of the structure RR'-COH. (These
radicals wi l l be denoted as R while the other OH derived non-reducing
radicals wi l l be denoted as Rn). The results can be rationalized in terms
of the following reaction scheme.
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5.0

2.0

r
5

I I
FORMATE ION

METHANOL

2-PROPANOL^ O

I-PROPANOL O

OI-BUTANOL

t-BUTANOL

1.0

±
0.2 0.4 0.6

REDUCING RADICAL FRACTION

0.8

Fig. 3.2.2.3: G(NO2) as a function of the fraction of OH radicals forming
reducing radicals for irradiated helium saturated solutions
containing 2.5 x 10"3 mol-L^NaM^ and 0.1 mol-L"1 (o) or
1 mol-L"1 (o) hydroxyl radical scavenger.
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H20 .
[1] NO; + e" -> N02 + 2 OH"aq

[2] RH + OH,H -> Rr + H2O(H2)

[3] RH + OH,H -> Rp + H2O(H2)

[4] NO2 + Rr -* NO2 + H+ + Rr(-H)

[5] NO2 + NO2 -»• N2O4

[6] N2O4 + H2O -> N02 + NOl + 2H+

[7] R r, Rn -»• Products

In order for G(N02) = G(eaq), not only must G(NO2) < G(Rr) but reaction
[4] must be fast enough to compete with reaction [7 ] . This condition is
sa t is f ied in the case of the formate ion. With t-butanol where the radical
CH2-C(CH3)2-OH is formed, reaction [4] does not occur_at a l l ; the n i t r i t e
y ie ld is formed via reactions [5] and [6 ] . Here G(NO2) = h G(e" ).

aq
( i i ) Radiolysis of Ni t r i te Solutions

Table 3.2.2.3 shows the G-values for n i t r i t e ion loss when
lO'^M N02 solutions containing various organic hydroxyl radical scavengers
and saturated witn either helium or nitrous oxide are irradiated. The N20
results indicate that the radicals ((^3)3 COH and C02 can reduce the n i t r i t e
ion to, probably, NO, (reaction [8]).

H20
[8] (CH3)2C0H (C0^) + N02 •*• NO + (CH3)2C=0 (C02) + 20H'

# •
However, the radicals CH2OH and CH2C(CH3)2OH derived from methanol and
t-butanol, respectively, do not react with the nitrite ion on the time
scale of these experiments. As G(-N02) is essentially the same for all
OH scavengers in helium saturated solutions, this indicates that the HO
formed by reaction [9],

H20
[9] e" + NO; -• NO + 20H"aq

acts as a spin trapping agent for the OH derived radicals. Some of the
possible reactions are l isted below.
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[10] R + NO -> RNO

[11] R + RNO + R2NO (or RHNO + R(-H})

[12] R,e" + R2NO, RHNO + Products
aq

Table 3.2.2.3

G(N02) Loss from Irradiated Solutions Containing lO'^mol-L"
1 Nitrite

Compound

Sodium Formate
Sodium Formate
Sodium Formate
Sodium Formate
Sodium Formate

2-Propanol
2-Propanol

Z-Praganal
2-Propanol

2-Propanol
2-Propanol
Z-Propanol)*
Acetone f

Methanol
Methanol
Methanol

t-Butanol
t-Butanol
t-Butanol

Concentration
mol.L"1

1
0.1
0.1
0.1
0.01

1
1
7

O.I
0.1
0.1
0.4
0.2

0.1
0.1
0.1

1
1
1

dose rate
HO 1 7 eV)

220
220
220
6.4

220

220
220
6.4

220
220
6.4

220

220
220
6.4

220
220
6.4

Sat,. Gas
I

N20
N20
He
N20
N20

N20
He

NzD
N2O
He
N20
He

;J2O
He
N20

N20
He
N20

4.

2.
1.
_

1.

_
-
-
1.
-
-
-

_
_
-

—

-
_

G(N03)
5

0
9

9

5

6

1
1
1
1
1

1
1

at
.8

.7

.8

.8

.6

.3

.5

.5
1.6
1
V
1
2,

0.
1.
0.

0.
2.
0.

.4

.8

.5

.2

.2

.8

.4

.4
,1
,4

pH of
9.4

1.1
1.1
_

0.7

-
-
1.3
-
-
2.4

-
-

-

[N02] = 10-
3mol-L-i
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(f) Kinetic Studies Involving the Langmuir Surface Balance

- A.J. Elliot and S. Padamshi

Studies on trans-9-octadecenoic acid (elaidic acid) monolayers
were commenced in the last six months. It was found that the monolayer
was unstable in the laboratory atmosphere so a glove box was built to
enclose the surface balance. Initially it was thought oxygen was oxidizing
the monolayer, but as can be seen in Fig. 3.2.2.4, the monolayer was fairly
stable in an atmosphere of oxygen. However on removal of the front panel
of the glove box so that laboratory air could enter, the monolayer was
again unstable. The monolayer was stable in a nitrogen atmosphere
(Fig. 3.2.2.4). Experiments are in progress to determine the species
responsible for destruction of the monolayer.

The oxidation of the unsaturated double bond in elaidic acid
by the permanganate ion dissolved in the subphase is currently being
studied. Some of the results are illustrated in Fig. 3.2.2.5.

3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

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

(a) Gain Measurements in 1 3C 1 6Q 2 and
 1 2C 1 60 2

The 1 3C 1 60 2 laser has been further characterized by making com-
parable gain measurements on the same transitions using 1 3 C 1 6 0 2 and

 1 2C 1 60 2.
The measurements consisted of measuring the laser output energy with front
optics of 35%, 60% and 85% reflectivity. Not all of the optics could be
used in each case, but there was always one common reflectivity for both
isotopic species and each transition. The energies determined are re-
corded in Table 3.3.1.1. These results have been communicated to
I.P. Herman at Lawrence Livermore National Laboratory for comparison with
measurements on CW isotopically substituted C02 lasers (1) using the tech-
nique of Tulip and Seguin (2).

(b) Multiphoton Decomposition of Cyciobutanone

Cyclobutanone is a molecule which can be decomposed with low
energy fluences (< U/cm ) using a C02 lasp^. It has a well-defined
stoichiometry with a measure of the C2HH product being essentially a
measure of the number of cyclobutanone molecules decomposed. This system
thus provides the possibility of testing various models of multiphoton de-
composition as they apply to non-uniform irradiation geometries. Work has
begun to determine the values for f(<j>), the probability of decomposition
as a function of laser fluence, <J>, for fitting by the various models.
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Fig. 3.2.2.4:

20 -

The change in the area per molecule (10"zotn2) at a surface
pressure of 6 dynes-cnf1 with time for elaidic acid mono-
layers spread in a nitrogen atmosphere (A) and in an oxygen
atomosphere (B). At the arrow point in trace (B), the mono-
layer was exposed to the laboratory atmosphere.

80

6 0

4 0
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Fig. 3.2.2.5: The change in the area per molecule (10"20m2) at a surface
pressure of 6 dynes-cm"1 with time for e la id ic acid mono-
layer spread on aqueous subphase (pH 2, nitrogen atmosphere) con-
taining various concentrations of KMnO.̂  (A = 5.G x lO'^mol-L"1 ;
B = 3.6 x 10"1* mol-L"1 ; C = 1.0 x 10"" mol - L " 1 ; D =
3.0 x 10"5 mol-L"1)-
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Table 3.3.1.1

Laser Energy Measurements

The energy from various transitions using output couplers of 35, 60 and
85% R for 1 2 C 1 6 0 2 and

 1 3C 1 60 2. The laser was operated with a 1.1 cm
diameter intracavity iris. Energies in the table are in mJ.

Transition

00°l-10°0P(16)

P(20)

P(24)

R(16)

R(20)

R(24)

00°l-02°0P(16)

P(20)

P(24)

R(16)

R(20)

R(24)

(c)

12(

35%R

239

285

275

i.77

218

227

220

230

206

212

186

209

Multiphoton

: 1 6o 2
60%R

318

324

348

342

323

318

319

301

294

262

250

271

Absorption

35%R

186

193

< 1.0

< 1.0

(MPA) of C07

1 3 C 1 6 0 2

60%R

228

188

253

244

238

228

89

62

88

113

83

67

80%R

157

162

178

158

141

140

80

83

84

95

90

76

Laser Radiation by CDF3

Recently we reported the effect of self collisions on the MPA
cross section for CDF3 (3). These results suggested that, for low fluences,
rotational relaxation processes allow the laser to access a greater fraction
of the ground rotational distribution than just that determined by the
effective laser line width. For high fluences, both rotational and vibra-
tional relaxation processes appear to be important. In order further to
probe the effect of rotational relaxation at low fluence, and rotational
and vibrational relaxation at high fluence, we have undertaken an MPA study
of CDF3 with the addition of two collision partners, CHF3 and Kr. Both
partners are similar in mass to CDF3, and thus should have about the same
efficiency for rotational relaxation. Kr cannot participate in inter-
molecular V-V transfer but can induce intramolecular V-V transfer in CDF3.
CHF3 can participate in both intra- and inter-molecular (though not as
efficiently as CDF3) V-V transfer and, in addition, excited CHF3 may absorb
C02 laser photons. A comparison of the effect of these additives is



expected to assist in elucidating the relative importance of these various
relaxation processes in the MPA of CDF3.

Preliminary transmission results are listed in Table 3.3.1.2.
For a fluence of 0.08 J/cm2, the results for CHF3 rise more quickly and
towards a larger saturation level, a(°°), than does CDF3 (3). The Kr
results initially follow the same curve as CDF3. Studies of this system
are continuing.

Table 3.3.1.2

MPA transmission results for CDF3 with CHF3 and Kr added for the 10R(26)
C02 laser line. These results were obtained by transmission technique
using a cell of length 89.5 cm. Experiments marked (*) were done with a
cell of length 1.9 cm. The results were fitted to a($) = k$b. The
temporal pulse width is AT.

Range
of $
J/cm2

0.003-0.3

0.01 -0.3

0.06 -0.4

0.01 -0.4

0.01 -0.4
0.02 -0.5
0.06 -0.4
0.003-0.1
0.005-0.1

0.01 -0.1

0.02 -0.1
0.03 -0.3
0.05 -0.4
0.009-0.4
0.03 -0.4
0.003-0.1

0.003-0.1

PCDF3
(kPa)

0.720

0.731

0.731

0.731

0.731
0.731

0.731

0,731

0.731

0.731

0.731

0.731

0.731

0.731

0.731

2.533*

2.416*

PCHF3
(kPa)

0.011

0.603
1.936
0.076

0.076

0.076

0.076

0.076

0.076

3.269

9.268

5.935

9.268

1.269

1.935

0.133

0.251

PKr
(kPa)

_

-

-

0.527

1.860

3.193

9.192

3.193

9.192

-

-

•

-

-

-

-

AT
(ns)

60

60

60

60

60

60

60

6

6

6

6

60

60

60

60

60

60

20.

19.
19.

19.

19.
19.

19.

20.

19.

19.

19.
19.

19.

19.

19.

19.

19.

- log
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(d) Multiphoton Absorption (MPA) and Decomposition (MPD) of
CDC13 using a pulsed

 13CQ2 las"er

MPA and MPD studies, first discussed in PR-CMa-63 (AECL-7987)
have continued. Using the 1 3C0 2 laser line 00°l-10°0 P(8) (X = 11.026 um)
MPA cross-sections were determined using the photoacoustic effect, cali-
brated by transmission techniques (4). For a constant fluence of 0.1 J/cm2,
the MPA cross-section, a, plotted against P follows the empirical form:

[1] o(P) - oQ = (aoo - oQ) (1 - exp P/PQ)

This is shown in Fig. 3 .3 .1 .1 . For these data, a = 2.5 x 10"20 cm2;
aoo = 4.8 x lO"1 9 and Po = 4.9 kPa. The form of Equation [1] is s imi lar
to that observed for CDF3 (3) and methanol (5) with P replacing PAT and
Po replacing T 0 . I f we assume that the form of Equation [1] is determined
by relaxation processes, we can define T 0 for CDC13 and P0Ax where Ax is
the laser pulse width. For the 13C02 laser the pulse has an i n i t i a l spike
of ^ 100 ns followed by a t a i l of ^ 1 ys. Hence, for CDC13, x0 = 490 -
4900 ns-kPa.

The primary MPD channel for CDC13 is (6) :

[2] CDC13 -»• DC1 + CC12

followed by:

[3] 2 CC12 + C2C1.,

[4] CC12 + CDC13 •*• C 2CU + DC1

[5] C2CU + CI2 + C2C12

Reaction [5] may occur for hot C2Cli». C 2CU is the major product observed
by us, with significant quantities of C2C12 and small quantities (< 1%) of
CCU, and C2DC13 also observed.

For a constant fluence, 0 = 18 J/cm , the MPD depletion of various
initial pressures of CDC13 was studied and was fit to both first (ki) and
second (k2) order rate laws. These results, shown in Fig. 3.3.1.2, clearly
demonstrate that the MPD of CDC13, using the

 1 3C0 2 laser, is second order
(and thus collisionally assisted) for pressures above ̂  0.6 kPa. Our
results for P < 0.6 kPa show that neither first nor second order adequately
describes the MPD, and we conclude that in this region we are observing a
transition from collisionless to collisionally assisted MPD.

Using long focal-length lenses (50 and 100 cm focal length) and
short cells, the decomposition probability (f(<j>) = number of CDC13 molecules
decomposed 7 number of CDC13 molecules illuminated, for fluence <J>) has been
measured, as a function of fluence, using cylindrical geometry. Results
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6 8 10
PRESSURE (KPa)

Fig. 3.3.1.1: The dependence of the cross-section (a) for MPA of the
13C02 00°1 - 10°0 P(8) laser line by CDC13 on pressure,
P. The solid l ine is a f i t of the results to Equation
[1] with a = 2.5 x 10i - 2 0 c m 2 , = 4.8 x 10-i9cm2

and
Po = 4.9 kPa. Different symbols represent different
absorption path lengths.

1.0

PRESSURE (KPa)

Fig. 3.3.1.2: Values of first and second order rate constants (kx and k2
respectively) for 1 3C0 2 laser induced MPD of CDC13 at
various initial reactant pressures. Above a pressure of
ca-0.6 kPa, k2 is constant indicating a collisionally
assisted MPD mechanism.
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of this study are shown in Fig. 3.3.1.3. Values of f((j>) > 1 are observed
for (j) > 15 J/cm . This indicates that molecules outside the zone illuminated
by the laser are obtaining sufficient energy through second order collisional
processes to undergo MPD. This result is consistent with the second order
kinetics discussed above. Currently we are extending these experiments
to conditions where collisionless MPD may be studied.

(e) Processing of Photoacoustic Data

In the past the raw data from photoacoustic experiments (7) were
recorded on punched paper tape and then processed at the CRNL computing
centre. This was a slow process and involved a long time delay between
doing an experiment and seeing the plotted results. To overcome these
problems, a Radioshack TRS-80 Model III computer with two 13.3 cm floppy
disk drives, high resolution graphics and FORTRAN language package was pur-
chased. A program has been written to do real time data acquisition and
plotting at up to 2 Hz, which is the optimum pulse repetition rate for the
short pulse C02 laser used for these experiments. The immediate feedback ob-
tained from the real time plotting allows optimum experimental conditions
to be achieved, reducing the need to repeat experiments. The TRS-80 is
connected to the CRNL mainframe computer via a modem. Processing of data,
following transfer from the microcomputer, is carried out on the mainframe
computer as before.

(1) L.E. Freed, C. Freed and R.G. O'Donnell, IEEE J. Quant. Elec, QE-18,
1229 (1982).

(2) J. Tulip and M. Seguin, Can. J. Phys. 48, 1086 (1970).
(3) R.D. McAlpine, D.K. Evans and H.M. Adams, J. Chem. Phys. 78, 5990

(1983). ~
(4) S.L. Chin, D.K. Evans, R.D. McAlpine and W.N. Selander, Appl. Optics,

21, 65 (1982).
(5) D.K. Evans, R.D. McAlpine and H.M. Adams, submitted for publication.
(6) U.P. Herman, F. Magnotta, R.J. Buss and Y.T. Lea, J. Chem. Phys.,

in press.
(7) S.L. Chin, D.K. Evans, R.D. McAlpine and W.N. Selander, Appl. Optics,

21, 65 (1982).

3.3.2 Laser Magnetic Resonance (LMR)

- J.S. Geiger in collaboration with J.M. Brown, University of
Southampton and D.R. Smith, McMaster University

A search has been made for additional LMR spectra from vibra-
tionally excited states of OD. Six Zeeman components of the V = 3 2n 3/ 2
J = 5/2 *• 2n 3/ 2J= 3/2 transition have been observed at a wavelength of
235.6 ]M. The results are summarized in Table 3.3.2.1. A search for
two lines of the V = 2 2n 3/ 2 J= 11/2 •*• 9/2 transition at a wavelength of
103.1 ym has produced ambiguous results. Two of several very weak lines
observed in scans of the reaions of interest are potential candidates



1.0 10 100

FLUENCE (J /cm 2 )

Fig. 3.3.1.3: Plot of the decomposition probability f(c|>) vs <j> for MPD
of CDC13 by the 13C02 00°l - 10°0 P(8) laser l ine. The
results were obtained using a cylindrical photolysis
geometry obtained with either a 100 cm (0) or a 50 cm (.)
focal length lens.
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and are being compared with predictions to see if consistency exists.
If affirmative, further measurements will be required to confirm the
assignments. A search for components of the V = 4 2Il3/2 J = 7/2 +• 5/2
transition at a wavelength of 170.6 ym was unsuccessful. Failure to
observe the transition is attributed to low V = 4 production by the
D + N02 reaction used to produce 0D in these measurements.

Table 3.3.2.1

Zeeman Components of the V = 3 2n 3/ 2 J = 5/2 -*- J = 3/2.
Transition in 0D observed at a wavelength of 235.6541 vim.

9698

10471

5871

6344

9949

10768

Field
Value

(Gauss)

.4 ± 5

.7 + 6

.2 + 4

.4 ± 4

-7 + 5

.0 ± 6

Polarization

TT

a

a

a

a

A Component
2 n 3 / 2 J = 5/2 ^
2 n 3 / 2 0 = 3/2

+ <- -

- <- +

+ <- -

- 4- +

+ -(- -

- -<- +

Zeeman
M j ' J

j '

1.5 «-
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-0 .5 -e-
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= 5/2 +•
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1.5
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3.4 HYDROGEN-WATER EXCHANGE

3.4.1 Kinetic Studies of the Isotope Exchange Between Hydrogen
and Mater

- J.P. Butler, J. den Hartog, F.W.R. Molson, J.H. Rolston,
L.M. Paterson, K.L. Gale, J.D. Halliday and J.C. Au

3.4.2 X-Ray and UV Photoelectron Spectroscopy

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

3.4.2.1 Instrument Development

(in collaboration with E.B. Selkirk)

(a) Kelvin Probe

Development was continued on the Kelvin work function probe.
A second probe was constructed for the Rutherford backscattering
chamber. Discussions have been initiated with Commercial Operations
Division concerning possible commercialization of the probe. Currently
it is felt that, since the potential market is small, construction
should be undertaken at CRNL.

(b) UHV Manipulator for Low Temperature RBS Studies

(in collaboration with C. Sitter, R. Klatt, Solid State Science
Branch. See Solid State Science Branch, Section 1.3.9)

3.4.2.2 Interaction of Pt(lOO) with Og

(in collaboration with K. Griffiths, Solid State Science
Branch)

(a) Low Temperatures: T <. 120 K

As reported in PR-CMa-63 (AECL 7987), Section 3.4.2, adsorption on
02 on hex-Pt(IOO) previously called Pt(100)-(5x20) at T £ 120 K occurs into
a molecular state with an i n i t i a l sticking coefficient of MD.l.
Desorption of this state at T _> 150 K leaves behind a completely clean
surface.

Work has now been completed on a study of the interaction of
Oz with Pt(100)-(lxl) at T £120 K. The (1x1) surface was prepared by
a new method described elsewhere (Solid State Science Branch, Section
1.3.8). Oxygen adsorbed with an in i t i a l sticking coefficient of " 0 .1 .
By constrast to the hex-surface, no desorption was detected at any
temperature ^600 K. X-ray photoelectron spectroscopy (XPS) and work
function (A<J>) studies indicate that the oxygen is atomically adsorbed
at T £ 120 K; i .e . , there appears to be no barrier to O2- dissociation
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on Pt(lOO)-(lxl) at low temperatures. The low sticking coefficient of
0 2 on Pt(100)-hex at T >. 300 K is thus not due to the absence of a
molecular precursor state but rather to an activation barrier to
dissociation. Adsorption of O2 on a (lxl) surface at T 1 120 K
produced no visual change in tne (lxl) LEED pattern. However, on
warming to ^ 240 K a faint p(2xl) pattern appeared which transformed
irreversibly to a (3x1) pattern characteristic of an oxygen-reconstructed
Pt(lOO) surface, (Solid State Science, Section 1.3.8). This work will
be submitted to J. Vac. Sci. Technology for publication.

(b) High Temperatures: T 1 300 K

(in collaboration with K. Griffiths, T.E. Jackman and
J.A. Davies, Solid State Science Branch)

The interaction of 02 with Pt(lOO) at 300 < T <. 800 K at
P 1 10"2 Pa has been investigated by RBS, NMA, LEED, A<)> and thermal
desorption techniques. The details of the equilibrium studies appear
elsewhere in this progress report, (Solid State Science, Section 1.3.8).
Briefly, two new oxygen stabilized surface phases have been discovered
(so-called complex and (3x1) phases) in which substantial numbers of
Pt atoms are displaced laterally by 2:0.025 nm from their expected bulk-
termination positions.

The kinetics and energetics of the interaction have been studied
by A<$>, XPS and thermal desorption techniques. Earlier results were
described in PR-CMa-63 (AECL-7987). The use of work function techniques
makes possible a direct correlation of the equilibrium and kinetic measure-
ments which were carried out in two different chambers. Three states of
adsorbed oxygen were detected. In order of increasing desorption
temperature they are: 3i, B2 and 33.

The 3i state which exhibits so-called autocatalytic behaviour,
in that the desorption rate increases with decreasing coverage, was shown
to be associated with a. first order phase transition, the complex
-*• (3x1). The enthalpy associated with this transition is
260 + 20 kJ-mol"1.

The 62 state desorbs with normal second order kinetics with a
preexponetial ^ 10"-3cm2 atom"1^"1 and a desorption activation energy
of 160 ± 10 kJ-mol"1 and is associated with the (3x1) ->• hex transition.

The B3 state was less well characterized but is believed to be
oxygen adsorbed at steps on the surface.

All three states are atomically adsorbed and are very reactive
towards CO and H2. Two papers on this work have been submitted to
Surface Science.
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3.4.2,3 Tempera! Oscillations in CO Oxidation Over Pt(lOO)

(in collaboration with K. Griffiths, T.E. Jackman, J.A. Davies
and C.W. Sitter, Solid State Science Branch)

For details see Solid State Science Branch, Section 1.3.2)

3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water

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

(a) Equilibrium Isotope Effects

The separation (fractionation) factor, a, for equilibrium
deuterium distribution between fluoroform and l iquid water h;:s been
determined over the temperature range 70 to 130°C in 1.0 mol-L"1 NaOH
solution containing 0.49 mole fraction deuterium. The isotope equi l i -
bration times of - 10 half-l ives were based on exchange rate constant
data obtained earlier (1). The results are shown in Fig. 3.5.1.1,
with the solid line calculated from a least square f i t t i ng of the data
to equation [1]. Deuterium is favoured over protium in the fluoroform
molecule; this is an advantage for redeuteration of a depleted CF3H
stream in a heavy water production process based on laser-activated
photodecompesition of CF3D in CF3H.

[1] In a = -0.3929 + 263.5 _ 21,200 (T -n ^

By extrapolation the value of a for liquid water is 1.29 at
25°C. This is higher than available estimates of 1.10 (2) and 1.14 (3),
for liquid water, derived from the isotopic reduced partition function
ratio via the molecular absorption spectra of isotopically substituted
fluoroform and gaseous water (harmonic oscillator approximation). The
experimental data at higher temperature are also M 5 % above values
predicted from the absorption spectra (3). The reason for the lack of
agreement is not known.

(b) Exchange Kinetics

Organic anion exchange resins in the hydroxide ion form are '
thermally unstable above ^90°C, and hence are not suitable as "supported"
"OH catalysts for CF3D-H2O exchange. Several types of very stable
inorganic solids containing hydroxide ions are being examined for
catalytic activity. A slurry of Ca(0H)2 powder at 100cC yielded an
exchange rate constant corresponding only to the low concentration of
"OH calculated to be in solution; there was no special surface effect.
The sodium aluminosilicate "hydroxysodalite" is thought to contain
hydroxide ions inside the zeolite cages (4). A sample of finely
powdered hydroxysodalite prepared by reaction of sodium aluminate and
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s i l i ca in concentrated NaOH solut ion at 100°C (5) was tested in a s lurry
at 100°C. Some exchange reac t i v i t y was observed, and further work is
planned in th is area.

Curvature had been observed in the In k(exchange) versus 1/T
plots above 100°C for both NaOH and A-935 resin catalysis (Figure 3.5.1.2
in progress report PR-CMa-63, AECL-7987). New k inet ic data obtained at
8000 r/min for NaOH in a high speed s t i r red reactor f a l l on the extra-
polation of the l inear sect ion, and confirm that the f a l l - o f f in
reac t i v i t y occurred because of i ne f f i c ien t gas- l iquid mixing. In solut ion
exchange ha l f - l i ves are now predicted to be ^30 s at 110°C, 11 s at 120°C
and 4 s at 130°C for well agitated solut ions.

(c) Hydrolysis Kinetics

The extent of fluoroform hydrolysis at temperatures above 90°C
was determined by measuring the F~ concentration in each solut ion af ter
the 24 hour equ i l ib ra t ion runs fo r a. The amounts of f luoroform consumed
relat ive to the i n i t i a l charge were about 0.008% at 100°C, 0.2% at 110°C,
4% at 120°C and 15% at 130°C. CHF3 makeup costs for replacing hydrolysis
losses in a commercial process w i l l become s ign i f i can t by 120°C.

(1) E.A. Symons, J.D. Bonnett and M. De L. Martins, Can. J. Chem.,
6J_, (1983) ( in press).

(2) J. Bigeleisen, W.B. Hammond and S. Tuccio, Nucl. Sci . Eng. J . ,
83, 473 (1983).

(3) S.M. Dave, S.K. Ghosh and H.K. Sadhukhan, Ind. J . Chem., 2'CW,
1107 (1981).

(4) V. Yu G a l i t s k i i , V.N. Shcherbakov and S.P. Gabuda, Soviet Phys.
Crysta l logr . , 1_8, 620 (1974).

(5) R.M. Carr, P.W. Larking and G.L. Lyon, Aust. J . Chem., 2]_,
2555 (1968).

3.5.2 Deuterium Exchange Between Chloroform (CC13H) and Water

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

A study of hydrogen-isotope-selective laser photodecomposition
of chloroform has recently been s tar ted, (PR-CMa-63, AECL 7987, Section
3.3.1 (c) and Section 3.3.1 (d) in this report ) . We have begun a
complementary invest igat ion of catalysis of hydrogen isotope transfer
between l i qu id chloroform and water. The main goals of th is work are:
1) to examine both the isotope exchange and hydrolysis reactions in
alkal ine solutions under the two phase conditions that would be necessary
for a redeuteration step in a possible heavy water production process
based on laser-induced decomposition of chloroform; 2) to test organic
anion exchange resins for s u i t a b i l i t y as supported catalysts below 30°C,
where they are thermally stable.
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Hine et al. reported data in the 1950s for deuterium exchange
(1) (infrared analysis) and hydrolysis (2) of chloroform in alkaline
aqueous solution. Both processes are much faster than for fluoroform,
and could be studied at 0 to 35°C. An efficient, mass spectrometr'c
method of deuterium concentration analysis has been developed for liquid
chloroform. Vapour is withdrawn from liquid kinetic samples contained
in small tubes attached to the spectrometer. The 12CH+ and 12CD+ peaks
at m/e 13 and 14 are used after corrections for 13C and lhH contributions.
The system has been calibrated with standard mixtures prepared from
CC13H and 99.8 atom % CC13D- A Pyrex stirred reactor has been modified
to permit removal of samples of the aqueous chloroform emulsion, which
are then quickly quenched with aqueous acid prior to layer separation
for analysis.

(1) J. Hine, R.C. Peek and B.D. Oakes, J. Am. Chem. S o c , 76_, 827
(1954).

(2) J. Hine and S.J. Ehreson, J. Am. Chem. S o c , 80, 824 (1958).

3.5.3 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday

Research programs under this heading have been significantly
curtailed owing to a transfer of research effort to the Hydrogen/Water
Catalys Development Program.

(a) Ami no Proton Exchange in Anhydrous Methyl amine

No evidence of intermolecular amino-proton self-exchange,
( i . e . , no added catalyst) has been found in anhydrous methylamine at
elevated temperatures. The absence of exchange on the NMR timescale was
indicated by the observation of well-resolved spin-coupling between the
methyl and ami no protons in the methyl group resonances, even at 75°C.
Consequently, the experimentally determined values of the 11(N spin-
lifetimes from the amino proton lineshapes (1) could not be affected by
this exchange mechanism.

(b) Ammonium Ion Proton Exchange

Proton exchange in aqueous solutions of methyl-substituted
ammonium ions is much reduced when the solution is acidified (2). It
was shown that this exchange was effectively stopped on the NMR timescale
for 6 mol.L"1 solutions of these ions in 6 mol-L"1 HC1 at room
temperature (PR-CMa-60, AECL 7692). To confirm this at higher temperatures,
the methyl group resonances of the mono-, di-, and tri-methylammonium
ions were observed at 90°C. Some broadening of the resonance lines was
noted. Analysis of the magnitude of the broadening indicates that the
exchange has very little effect of the 1<fN spin-lifetimes of ammonium
ions.

(1) D. Halliday and P.E. Bindner, J. Phys. Chem., 83, 1829 (1979).

(2) A. Loewenstein and S. Meiboom, J. Chem. Phys., 27., 1067, (1957).



- 102 -

3.5.4 Deuterium-Protium Separation Factor for Exchange Between
Hydrogen and Aqueous Methanoi Mixtures

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

The precision of previous measurements (PR-CMa-58, AECL 7517),
of the overall separation factor, a, between hydrogen gas and l iquid
methanol-water mixtures has been refined by preparing mixtures from
aliquots of stock solutions.of methanol and water containing in i t i a l
deuterium atom fraction, Fi i = 0.030. Measurements covering the fu l l
composition range at 25, 40 and 55°C reveal that a increases smoothly
with increasing mole fraction of methanol but for intermediate compositions
is significantly below the straight line joining the separation factors
for the methanol-hydrogei, oij, (1), and the water-hydrogen, a^ (2),
systems determined indep mdently.

An expression relating a and the atomic fraction of exchangeable
hydrogens in methanol, X(vje, at low deuterium concentrations has been
developed.

fl] a = aw(aL - 1) X ^ + c*w

This equation has been used to obtain the deuterium-protium separation
factor, a[_, (see Fig. 3.5.4.1) between the hydroxyl groups of water and
ntethanol and the equilibrium constant Ki(£) of equation of [2] since
q_ = 2-KAD.

[2] CH30HU) + HD0(-e)«=*CH30D(£) + Hz0(l)

The new data support the composition dependence of equation [1] and
show that Ki(£) is greater than the statistical value of 0.5 and indep-
endent of solution composition. At 25°C, Ki(£) = 0.57 ± 0.02 which is
in good agreement with less precise thermochemical measurements (3,4)
where Ki(£) = 0.6 * 0.1 and the most recent estimates derived from
vapour pressure measurements (5). The enthalpy of exchange reaction [2],
calculated from the temperature dependence of Ki(£), shows
AHex = -0.43 kJ-mol"

1.

(1) J.H. Rolston, J. den Hartog and J.P. Butler, J. Phys. Chem.,
80, 1064 (1976).

(2) J.H. Rolston and K.L. Gale, J. Phys. Chem. (in press).

(3) G.L. Bertrand and T.E. Burchfield, J. Phys. Chem.,79_, 1547
(1975).

(4) J.R. Khurma and D.V. Fenby, J. Phys. Chem., 83, 2443 (1979).

(5) Z.S. Kooner, R.C. Phutela and D.V. Fenby, Aust. J. Chem., 33,
9 (1980).
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Fig. 3.5.4.1: Comparison of the Overall Separation Factor, a, with
Atomic Fraction of Exchangeable Hydrogen in Methanol, XM,
at 25, 40 and 55°C using equation [2] and selected
values of a|_- Bars indicated 1% standard deviations
on individual measurements and the dotted curves
show the effect of changing oq_ at 25°C.
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3.5.5 Chemical Methods for Zirconium Isotope Separation

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

Ligand exchange reactions in 3-diketonate complexes of zirconium
are being examined for evidence of isotope effects. The system chosen for
initial analysis involves successive replacement of an acetylacetonate
(acac) ligand by a trifluoroacetylacetonate (tfac) ligand. This process
may be represented by the following equilibria:

[1] Zr(acacK ( ^ c ) Zr(acac)3(tfac) ( t ^ ) ^ Zr( t fack

The complex equilibria involved in this sytem can be monitored by nuclear
magnetic resonance (NMR) spectroscopy. A proton NMR spectrum of the
methyl group region is shown in Fig. 3.5.5.1 where the mixed ligand
species are clearly resolved. The final product, Zr(tfac)i,, is a good
candidate for isotopic analysis by mass spectrometry.

Experiments to test a novel cascade procedure for isotope
separation are underway. This procedure involves repeated fractional
vacuum sublimation of Zr(tfac)t,. The resulting fractions wi l l be
analysed on the UF-5 mass spectrometer after recent modifications to the
instrument have been tested.

3.6 PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Publications

The Radiolysis at Room Temperature and 118°C of Aqueous Solutions
Containing Sodium Nitrate and e i ther Sodium Formate or 2-Propanol
- A.J. E l l i o t and F.C. Sopchyshyn
Can. J . Chem. ( in press) 1982

Radiolysis of Solutions Containing Organo-Disulphides
- A.J. E l l i o t , A.S. Simsons and F.C. Sopychyshyn
Rad. Phys. Chem. ( in press) 1983

Detection of Transient Laser Magnetic Resonance Signals in Pulsed C02
Laser I r rad ia t ion of SF6/H20 and SF6/N0 Mixtures
- J.S. Geiger, D.R. Smith and J.D. Bonnett
Chem. Phys., 74, p. 239-245 (1983); AECL-7736

Vibrational Excitat ion of 0H(X2n) Produced in the Reaction of 0( !D)
with H2

- J.E. But ler , R.G. Macdonald, D.J. Donaldson and O.J. Sloan
Chem. Phys. Let t . 95, p. 183-188 (1983)
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Fig. 3.5.5.1: Methyl region of the 1H NMR spectrum containing
Zr(tfach: Zr(acacK = 9.64:1. The spectrum shows
the species (a) Zr(tfach, (b) Zr(tfac)3(acac), (c)
Zr(tfac)2(acac)2 and (d) Zr(tfac)(acac)3.
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Intensi ty Dependence of CO2 Laser Induced Multiphoton Absorption and
Decomposition of Monomethylamine
- D.K. Evans, R.D. McAlpine, H.M. Adams and A.L. Creagh
Chem. Phys. ( in press) 1983

Possible Source of Anomalous Results in IR Laser Photochemistry
- S.L. Chin, D.K. Evans and R.D. McAlpine
Appl. Optics, 22, 963 (1983); AECL-7949

HF Laser Induced Multiphoton Decomposition of 2,2,2-Trif luoroethanol
- R.D. McAlpine, D.K. Evans and J.W. Goodale
Can. J . Chem. ( in press) 1983

CO2 Laser-Induced Multiphoton Absorption of Fluoroform-d: The Effects
of Collisons
- R.D. McAlpine, D.K. Evans and H.M. Adams
J. Chem. Phys., 78, 5990 (1983); AECL-7993

The Effect of Added Nitrogen on Multiphoton Absorption by Ammonia
- I.M. Waller, D.K. Evans and R.D. McAlpine
Appl. Phys. B ( in press) 1983

The HF Laser-Induced Photochemistry of 2,2,2-Trif luoroethanol
- D.K. Evans, R.D. McAlpine and J.W. Goodale
Quantum Electronics and Electro-Optics, Edited by P.L. Knight
(J . Wiley & Sons, 1983) p. 179-182; AECL-7433

The adsorption of CO on Pt(lOO) Parts I and I I
- P.A. Th ie l , R.J. Behm, P.R. Norton and G. Er t l
J . Chem. Phys. ( in press) 1983

The Interact ion of Oxygen with Pt(lOO)
- P.R. Norton, K. G r i f f i t hs and P.E. Bindner
Surface Sci . ( in press) 1983

Absolute Coverages and Hysteresis Phenomena Associated with the
CO-induced Pt(lOO) t (1x1) Phase Transit ion
- T.E. Jackman, K. G r i f f i t h s , J.A. Davies and P.R. Norton
J. Chem. Phys. ( in press) 1983

Auger Electron Emission Induced by MeV H+ and He+ ions
J.R. MacDonald, L.C. Feldman, P.J. Silverman, J.A. Davies, K. G r i f f i t h s ,
T.E. Jackman, P.R. Norton and W.N. Unertl
Proc. I n t . Conf. on Ion Beam Analysis, Tempe, Arizona ( in press) 1983

The Deuterium-Protium Separation Factor Between Hydrogen and Liquid
Methanols
- J.H. Rolston and K.L. Gale
J. Phys. Chem. (in press) 1983
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Hydrogen Isotope Exchange Between Fluoroform (CF3H) and Water.
4. Catalysis by NaOH and Anionic Resin Above 100°C as an Alternative
to DMSO Addition for Rate Enhancement
- E.A. Symons, J.D. Bonnett and M.L. Martins
Can. J. Chem. (in press) 1983

The Reaction of Trimethylamine in Liquid Hydrogen Sulphide: An
Electrical Conductivity Study
- J.D. Halliday and P.E. Bindner
Can. J. Chem. (in press) 1983

3.6.2 Patents

Ordered Bed Packing Module
- J. den Hartog, J.P. Butler, F.W.R. Molson
Canadian Patent #1 146 148, issued 1983 June

3.6.3 Lectures

Kinetic Isotope Effects in the Hydrogen-Water Exchange Reaction
- J.P. Butler, J.H. Rolston, F.W. Molson and D.E. Clegg
Gordon Conference on Isotopes, Santa Barbara, California
1983 January 31 - February 4

Collisional Effects on Infrared Laser Induced Multiphoton Absorption and
Decomposition
- R.D. McAlpine and D.K. Evans
The Royal Society of Chemistry Faraday Division - Intermolecular Kinetics,
University of Warwick, England, 1983 April 18-20

Effect of L.E.T. on Steady-State in the Radiolysis of Aqueous Solutions
- J.W. Fletcher
Miller Conference for Radiation Chem., Hunfield, W. Germany, 1983 June 26
- July 1

NMR Effects Associated with the Quadrupole Moment of the Nitrogen Nucleus
in Methyl-Substituted Ammonium Ions
- J.D. Halliday, P.E. Bindner and S. Padamshi
The Chemical Institute of Canada, Calgary, Alberta, 1983 June 5-8

Vibrational Relaxation of NO
- R.G. Macdonaldand F.C. Sopchyshyn
Conference on the Dynamics of Molecular Collisions, Gull Lake, Minnesota,
1983 June 26 - July 1

Photochemical Enrichment of Isotopes
- R.D. McAlpine
Department of Physical Chemistry, Centre d1Etudes Nucleaires de Saclay,
Gif sur Yvette, France, 1983 May 3
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Surface Science and Catalysis: Temporal Oscillations in the Oxidation
of CO over Platinum
- P.R. Norton
(a) Chemistry Department, University of Western Ontario, London, Ontario,

1983 March 2 .
( t ) Bell Labs., Murray frill, New Jersey, 1983 March 4

Surface Science and Catalysis: Temporal Osci l lat ions in the Oxidation
of CO over Platinum
- P.R. Norton
Invi ted paper at meeting of: New Mexico Chapter of American Vacuum
Society, Alburquerque, New Mexico, 1983 Apr i l 26-28

Interact ion of Pt(lOO) with 02 : Equil ibrium and Kinetic Properties
- P-R- Norton
(a) Sandia Labs, Alburquerque, New Mexico, 1983 Apr i l 22
(b) Los Alamos National Lab., Los Alamos, New Mexico, 1983 Apr i l 29

The Interact ion of O2 with Pt(lOO): A Study by Rutherford Backscattering,
Nuclear Microanalysis, A<f>, LEED and Thermal Desorption Spectroscopy
- P.R. Norton, K. G r i f f i t h s , P.E. Bindner, J.A. Davies and T.E. Jackman
Physical Electronics Conference, Santa Fe, New Mexico, 1983 June 19-22

Deuterium-Protium Separation Factors Between Hydrogen, Water and Liquid
Alcohols
- J.H. Roiston and K.L. Gale
Gordon Conference on Isotopes, Santa Barbara, Ca l i fo rn ia , 1983 January 31
- February 4

Development of Wetproofed Catalysts for H2/H2O Exchange
- J.H. Rolston
Review Paper presented, to Heavy Water Steering Committee at Atomic Energy
of Canada Limited, Head Of f ice, Ottawa, Ontario, 1983 March 2

Catalysis of CF3D-H20 Exchange by NaOH and Anionic Resin Above 100°C:
An Alternat ive to DMSO Cosolvent Addition fo r Rate Enhancement
- E.A. Symons, J.D. Bonnett and M. de L. Martins
Chemical Ins t i tu te of Canada, Calgary, Alberta, 1983 June 5-8

Equil ibrium Dist r ibut ion of Deuterium Between Water and Fluoroform
- E.A. Symons and J.D. Bonnett
Gordon Conference on Isotopes, Santa Barbara, Ca l i fo rn ia , 1983 January 31
- February 4
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4.2 SURFACE CHEMISTRY

4.2.1 Environmental'iy-induced Cracking

(a) Gaseous Hydrogen Cracking

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

Unlike the s i tuat ion for delayed hydride cracking (DHC), where the crack
veloc i t ies (at the same temperature) of d i f ferent zirconium alloys increase
markedly in the order Zircaloy-2 < Zr-2.5 \nt% Nb < Excel, the crack veloci t ies
in the same three alloys exposed in hydrogen gas at room temperature are very
nearly the same. This raises the question of whether the crack velocity in
unalloyed zirconium w i l l also be of the same magnitude, i f i t were possible to
obtain cracking of th is al loy in hydrogen gas. After > 150U h exposure, we have
not been able to obtain any crack propagation in a pre-fatigued double canti lever
beam specimen of unalloyed zirconium. This may indicate that the al loying addi-
t ions are important in the i n i t i a l process of absorbing hydrogen at the t i p of
the pre-fatigued crack, and that i t is th is i n i t i a t i o n step which is. d i f f i c u l t .
This would follow from the i n i t i a t i o n d i f f i c u l t i e s we have had throughout the
gaseous hydrogen cracking work. Unless we can get the crack to i n i t i a t e ,
however, we w i l l not be able to deduce anything about the crack veloc i ty .

Fractography of Zircaloy-2 cracked in hydrogen gas (C.E. Coleman and
B. Cox, paper presented at 6th I n t . Conf. on Zirconium in the Nuclear Industry,
Vancouver, July 1982) showed that , while being generally similar to that seen
for DHC, there were surprisingly large areas of re la t ive ly smooth trans granular
pseudo-cleavage f racture. The poss ib i l i t y of gett ing such areas of cleavage in
other environments would render i t d i f f i c u l t to decide ( in instances of Stress
Corrosion Cracking for example) whether or not hydrogen absorption was a
c r i t i c a l factor in the crack propagation mechanism. Some d is t inc t ion between
areas of cleavage produced by absorption of hydrogen gas and areas produced by
SCC involving other active species was therefore sought. Examination of
cleavage facets produced in Zircaloy-2 in hydrogen gas (Figure 4.2.1.1) has
shown that the edges of steps in the cleavage face (col loquia l ly called ' r i ve r
pat terns ' ) are 'stepped' in gaseous hydrogen cracking, whereas they are cusped
(small versions of duct i le ' f l u t i n g ' patterns) in l i qu id metal embrittlement or
SCC, because they are caused by s l ip on the prism planes of the hexagonal system
in the l a t t e r instance. In hydrogen-induced cracking, they would be stepped
because the hydride phase being fractured is tetragonal.

(b) Stress Corrosion Cracking by Fission Products

- B. Cox and R. Haddad

The unusual features reported previously (PR-CMa-63, (AECL-7987)) have
been reproduced by doping the iodine with methyl iodide. Although not duplica-
t i ng the previous results exactly, i t strongly suggested that a mixture of
organic iodides, probably result ing from attack of iodine on 0-rings in the



(X10.000)

Figure 4,2.j_J Cusped nature of "river pattern" edges formed in mercury (a) compared with stepped
edges produced in hydrogen gas (b)
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system, was the causative agent. Experiments done in mixtures of methyl iodide
and iodine showed that the former was a very potent promoter of SCC; an increase
in crack in i t iat ion frequency of about a factor of ten, and an increase in crack
propagation velocity resulted from \/ery small additions of methyl iodide to the
system.

(c) In i t iat ion of PCI Failures In-Reactor

- B. Cox and R. Haddad

The observation that methyl iodide was a good promoter of crack in i t i a -
tion during SCC in iodine and reports that methyl iodide might be formed under
some conditions in reactor fuel, led us to examine some incipient cracks from
in-reactor fuel ramping tests. The cracks selected were from a failed siloxane-
coated bundle from experiment DME-168. No examples of features characteristic
of the presence of organic iodides were seen, and the crack in i t ia t ion region
provided to be primarily intergranular, unlike incipient PCI cracks examined
earlier which were primarily transgranular.

4.2.2 Corrosion of Zircaioy-4 in Lithium Hydroxide Solutions

- N. Rainsubrainanian and N. Preocanin

Samples of Zircaloy-4 fuel sheathing tube were corroded in oxygen-free
lithium hydroxide solutions (bubbled and charged with hydrogen to 1.4 MPa at
room temperature) at 5J9 K. The kinetics were followed in 10~3, 10"* and 10^
molar solutions. Weigit gain, impedance (at room temperature using aqueous
ammonium nitrate solution) and polarization (at 589 K in LiN03~Li0H melt)
measurements were made following each oxidation step. Samples were also examined
on the scanning electron microscope.

Weight gain in 10~3 and 10~l molar solutions was quite similar. I t
increased from 7.5 mg/dm^ after a one-day test to 15 mg/dm^ at the end of a
65-day exposure. In one molar solution, the weight gains after 1- and 4-day
exposures were 15 and 95 mg/dm .̂ From the impedance measurements effective
or barrier layer thickness, i .e. oxide impervious to the ammonium nitrate solu-
t ion, was calculated and compared with the weight gain data. Oxides grown in
10-3 and 10"1 molar solutions had an effective oxide thickness corresponding to
^ 60% of the weight gained. The changes in the impedance with time of immersion
were quite small. Oxides grown in the one molar solution showed an average
effective thickness of < 25% relative to the weight gained. Large increases in
impedance, by about 40% of the in i t ia l measured values, were observed with time
of immersion. Polarization measurements in the molten salt also showed
differences in the rest potential and the currents for the types of films.
Oxides grown in the one molar solution had more cathodic rest potentials but
passed currents nearly two orders of magnitude larger than the oxides grown in
10~3 and 10~l molar solutions. The scanning electron microsgraphs of all the
samples were quite similar. They all showed etch pits from where second-phase
intermetallies, have been partially dissolved out during the in i t i a l surface
preparation step of pickling. However, in the case of oxides grown in the one
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molar solution, an additional distinct feature was observecu Hon.:'-. ^_0.i JJI.I
diameter, smaller in size than the etch pi ts, were distributed unii\.niilv- over
the surface at a density of ^ 106/cin2.

These results indicate that a porous oxide is formed right at the
beginning stages of oxide growth in the one molar solution. Other experiments
are being planned to investigate the mechanism of this porous oxide growth.

4.2.3 Nodular Corrosion of Zircaloy in Steam at 723 K and 7 NPa.

- N. Ramasubramanian and N. Preocanin

The kinetics of oxidation of Zircaloy-2 and Zircaloy-4 samples, from six
different batches, were followed at 723 K in 7 MPa steam. Zircaloy-4 (sheet DO)
and Zircaloy-2 (fuel sheathing MLI-437) suffered nodular corrosion and were
partial ly consumed after two weeks of testing. Our identification code for the
material is given in parenthesis. Zircaloy-2 (sheets bH and AC and fuel sheath-
ing MLI-789) and Zircaloy-4 (fuel sheathing MLI-3033) did not suffer nodular
attack and gained an average of 200 mg/dnr in 50 days.

4.2.4 Oxidation of Low Alloyed Zirconium

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

Figure 4.2.4.1 is a plot of oxide fi lm thickness (nm) vs. duration of
exposure to 573 K dried oxygen. After 8000 h exposure, i t can De seen that the
precipitates formed as a result of alloying additions have resulted in the
accelerated oxidation of zirconium. I t was noted in PR-CMa-63 (AECL-7987) that
the Zr/Fe precipitates were causing the oxide film to bulge and crack in a
manner characteristic of 'breakaway' oxidation. Indeed, i t is now clear that
the Fe precipitates have init iated accelerated oxygen pickup after 600U h expo-
sure. A more dramatic effect in the oxidation kinetics is seen in the case of
Ni. In this latter instance, the 'breakaway' has init iated earlier due to the
presence of excessively large precipitates (^ 5 ym diameter) which resulted in
very small radii of curvature in the etched metal and hence, early cracking of
the developing oxide f i lm. Indeed, after 8000 h exposure, the oxidation rate
can be directly related to the precipitate size. As noted in PR-Clia-b3 (AtCL-
7987), regions of accelerated oxidation are characterized by a distinct
granularity in the oxide at the oxide/metal interface.



Figure 4.2.4.1 Oxide film thickness vs. oxide time for zirconium and several alloys.



4.3 ELECTRON MICROSCOPY

4.3.1 Radiation-Induced Amorphvfratiefl/of a TiNi-Based Alloy *•

,; - O.T. Woo 'If '/

dhe many useful industrial applications demonstrated/for shape-memory
alloys +»ave made i t worthwhile to investigate the compatibility of these alloys
with a nuclear^environment.

'^k TiNi-based alloy (supplied:by Raychem Corporation) in the form of
well-arwealed pre-polished 3 rnm disc^, was bombarded with 100 keV and 1.2 MeV 6 i+ -
ions at-room temperature, which fs a quick way to observe damage structures that
may be groducecL by neutron irradiatiion. Electron diffraction patterns showed
that diifractidh rings^attributable to amorphoŷ  damage regions began to"develop
early, with the materi£l!beconWng ful ly amorphous at a dose of 1.3 x 101? m"2 for
1.2 MeV^Bi+-ions. At p fluence of 5 x 1020m-2 using 100 keV Bi+-ions, however,
some reerystallizationS,takes place. This is due to the high ion current:of
<_ 1 pA used in the irradiation, whifch heated up the poorly conducting disc. This
heating^effect ^as circumvented in the 1.2 MeV irradiations by using a 4 nA ion
current, although recrystalfi?ed grjains were s t i l l observed at the edge of the
fOi l . :; 2

•The number of displacements per atom (dpa) which leads to complete
amorphization is given by Howe (1):

dpa =0.8

where O(AR)/AR is the deposited energy per unit depth, Ê  the displacement
threshold energy taken to; be 25 eV, N the number of atoms per unit! volume and <j>t
the ion;fluence. Theoretical Calculations (courtesy of Bruce Wint«rbon,
Theoretical Physics Branch) yield an effective damage energy of 633 keV for
1.2 MeVTBi+->TiNV, peaked a t ' v 100 nm. I f we assume a fo i l thickness of 250 mn,
the deposited energy is estimated to be 2.5 x 1010 eV cm"1. Using; this value for
u(AR)/AR, and a fluence of 1 x; lO

1^ m"2 for complete amorphvzatiort; the dpa value
is calcWated to be 5.5. This compares favourably with values of G.5 dpa for
TiNi (2j^and 14-28 dpa for Z^Al (1).

These results are being written up for publication.

( 1 )
( 2 )

L.%; Howe and |»UH. Rainv i l le , J . Nucl. Mat., 68 (1977) 215.
J.LV Brimhap.H7 H.E. Kissinger and\..A. Cha.rl.qt,. in 'Metaatable Materials
Formation by Ion Implantat ion' , edited by S.T.- Picraux arfd W.J. Choyfee,
Elsevier Science Publishing C-aiFlBcr.; l ^ ^ 2 3 8
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4.3.2 Deuteride Precipitates in a-Titanium

- O.T. Woo, with C.E. Coleman (Metallurgical Engineering Branch) and
B.M. Powell (Neutron and Solid State Physics Branch)

Since the last progress report, more deuteride electron diffraction
patterns have been obtained, with the objective of verifying the previously
determined crystal structure of gamma titanium hydride. By assigning the two
shortest observed d-spacings of 0.209 nm ard 0.25 nm to (002) (as opposed to
(200) earlier) and (111) planes, the face-centred-tetragonal y-structure can now
be interpreted to have latt ice parameters of a = 0.441 nm and c = 0.418 nm
(c/a = 0.948), identical to those reported by Jaffe (1) and by Liu and Steinberg
(2). Reanalysis of the electron diffraction patterns obtained so far appears to
be consistent with these latt ice parameters.

(1) L.D. Jaffe, Trans. A.I.M.E., 206 (1956) 861.
(2) T.S. Liu and M.A. Steinberg, Trans. ASM 5£ (1958) 455.

4.3.3 Crystal Lattice Imaging of Hexagonal Germanium

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

The 'explosive' or self-sustaining crystall ization of a thin fi lm of
amorphous germanium is fascinating to observe with an electron microscope.
Crystallization is init iated by removing the condenser aperture to expose a
localized area to the fu l l intensity of the focussed electron beam in the
microscope. Once nucleated, the transformation propagates at high speed through
the amorphous matrix and the final structure consists of large grains surrounded
by a band of fine grained polycrystalline material which in turn is surrounded
by the amorphous matrix.

Much to our surprise, crystal latt ice images from some of the crystals in
this polycrystalline matrix had interplanar angles that were not characteristic
of the expected cubic structure. For example, Figures 4.3.3.1 and 4.3.3.2 were
obtained from different crystals in an electron beam crystallized area. In
Figure 4.3.3.1, four sets of resolved planes intersect with cubic interplanar
angles of 55°, 55°, 70° and 90° characteristic of a crystal with a [110] cubic
orientation, whereas in Figure 4.3.3.2, the interplanar angles are 56°, 62°, 62°
and 86° characteristic_of a crystal with a [12l3] hexagonal orientation.
Crystals with this [1213] hexagonal orientation appeared as frequently as did
crystals with the [110] cubic orientation shown in Figure 4.3.3.1.

Explosively crystallized amorphorus germanium films contained numerous
defects, the most common of which were bubbles that ranged in size from 3 nm to
8 nm and very often, as seen in Figure 4.3.3.1, were polyhedral rather than
spherical in shape. Dislocations, microtwins and grain boundaries were also
present in the crystallized films. Of particular interest, and the subject of
further study with crystal latt ice images are grain boundaries and the effect of
annealing on their structure.
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Figure 4.3.3.1 Cubic germanium in f l lO j or ientat ion showing the 'J.326 nm
spacing of (111) and ( i l l ) planes and the 0.283 nm spacing of
(002) planes.

Figure 4.3.3.2 Hexagonal germanium in 11213] or ientat ion shewing the 0.343 niii
spacing of (1010) planes and the 0.324 nm spacing of (1101) and
(0111) plane.

4.3.4 Simulation of Kikuchi Patterns

- R.A. Ploc

The work reported in PR-CMa-62 (AECL-7909) has succeeded to the point
where agreement has been achieved between experimental and simulated patterns.
Further, simulations are produced such that the black (excess) lines in the
photographic negatives correspond to thicker lines in the plot . This feature
allows rapid and unambiguous pattern matching. Without f u l l and extensive
electron dynamic theory calculat ions, the question of which Kikuchi lines should
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be presented in the simulation remains a minor problem. Further work needs to
be done; however, this is of low priority since i t wi l l not affect the accuracy
of the results.

4.3.5 Examination of Colloids by Transmission Electron Microscopy

- C.W. Hoelke

Colloidal samples received from System Materials Branch were examined by
TEM to determine their sizes. The samples were in the form of dilute aqueous
mixtures, and were prepared for microscopy by drying approximately 0.1 ml volumes
onto carbon films supported on 400 mesh copper grids. Particle sizes ranged
from 1-2 nm for a platinum sample to 10-20 nm for a gold sample. The crystal-
l ine nature of the platinum particles was demonstrated by the correspondence of
their bright and dark f ie ld images. The gold colloid particles were large
enough to show some internal structure, with their size and shape well-defined.

4.3.6 Chalk River Meeting of the Microscopical Society of Canada

- Members of the local organizing committee.
J.R. Parsons (Chairman), O.T. Woo (Treasurer), L.M. Howe, J.R. Parsons,
R.A. Ploc, P. Unrau (Scientific Program), R.W. Gilbert, C.W. Hoelke
(Commercial Exhibits), J.F. Watters, R.H. Zee (Local Arrangements)

The 10th annual meeting of the Microscopical Society of Canada was held
at Chalk River Nuclear Laboratories, 1983 May 17-19, and is now but a memory.
The effort required by the local organizing committee was very much assisted by
the co-operation received from CRNL General Services, from the Mechanical
Services Branch and from the Protective Services Branch. Also deserving of
special mention is the permission given to us to use the Public Information
Center for lectures and commercial exhibitors.

In a l l , there were 82 registrants from outside CRNL and 10 from CRNL.
Together, they represented 16 Universities, 4 Hospitals, 9 Government Research
Laboratories and 2 Industrial Research Laboratories. Fourteen commercial
exhibitors of relevant ancillary equipment were accommodated in the exhibition
area of the Public Information Center. The close proximity of the lecture room
and exhibition area provided much beneficial interaction between exhibitors and
registrants. Another aspect of the meeting that has elicited favourable comment
was the inclusion of Tutorial/Workshop sessions and Topical Lectures. The
former were intended to involve and educate the registrants in relevant areas of
microscopy. The Topical Lectures were intended to place the f ie ld in perspective
and address the sequence - what has been, what is , and what wi l l be the role of
microscopy in the subject of the lecture? Both are l ikely to be repeated at
future meetings.



_ 12C -

4.4 METAL PHYSICS

4.4.1 Damage Production and Recovery in Zirconium Irradiated with Fusion
Neutrons

- R.H. Zee and M.W. Guinan (Lawrence Livermore National Laboratory)

A high purity zirconium f o i l , with a res i s t i v i t y ra t io , of 170, was
ir radiated with fusion neutrons at 4.2 K to a dose of 1.8 x 10^1 n/m^ at the
Liverrnore Rotating Target Neutron Source (RTNS-II). The res i s t i v i t y of the f o i l
was measured during i r rad ia t ion at close dose increments providing a detailed
damage rate history. The results of this damage rate study reveal a pronounced
concave (posit ive) curvature in a plot of dAp/d<t>t versus Ap. The curvature
persists over the entire range of Ap investigated (up to 9.47 nfi.ni).

Following i r rad ia t ion , isochronal annealing was performed up to 34u K..
Two annealing peaks, at 116 K and 245 K, were found, both the peak positions
and the re lat ive peak heights are in good agreement with ear l ier work using
f iss ion neutrons.

A more detailed analysis of these results is now under way.

4.4.2 Helium Induced Bl is ter ing in Zirconium Single Crystals

- R.H. Zee, J.F. Watters and O.M. Westcott (Solid State Science branch)

Several well-al igned zirconium single crystals were i r radiated with
50 keV helium ions at 573-773 K to determine the effects of channeling and grain
boundaries on b l i s te r ing . Extensive b l i s te r ing was detected in a l l these single
crystals even though no surface damage was found in the polycrystal l ine material
i r rad iated under the same conditions. This observation suggests that the helium
atoms implanted in the polycrystals are able to dif fuse out of the material inuch
easier than those in the single crysta ls. Since the average grain size of the
polycrystals (^lOU vim) is much larger than the penetration depth of the
implanted ions (% u.3 ym), rapid grain boundary di f fusion is unl ikely to play an
important role. Many investigations have shown that the damage production rate
in unaligned single crystals (or polycrystals) can be as high as 14 times that
in well-al igned single crystals (see e.g. (1) ) . This reduction in point defect
production due to channeling could resul t in a lower radiation enhanced d i f f u -
sion rate in the aligned zirconium single crystals thus preventing the implanted
helium ions from migrating to the surface. This, of course, enhances b l is ter ing
in agreement with the present observation.

(1) T.S. Noggle, Proceedings, Sixth International Congress for Electron
Microscopy, Kyoto (19t>6) 367.
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4.4.3 Electrotransport

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

(a) Purification of Zirconium

A fourth zirconium rod, 160 mm long and 2.54 mm in diameter, was purified
in the electrotransport apparatus. It was treated at 1875 K for 720 n in a
vacuum better than 10~8 Pa. Both the temperature and the time are the highest
used thus far in this new apparatus. The overall purity of this rod was the
best obtained to date with an average resistivity ratio of ^ 350.

The optical pyrometer used to measure temperature was calibrated by yet
another method. A small blind hole, 0.25 mm in diameter, was spark-machined in
the specimen to simulate the black-body condition. The surface emissivity of
the specimen was obtained by comparing the pyrometer reading of the hole with
that of the adjacent surface. This emissivity value was in good agreement with
that obtained earlier (see PR-CMa-63 (AECL-7987)).

(b) Electrotransport of Oxygen in Zirconium

The two ends of a 40 mm long zirconium rod of sponge grade purity
(̂  1500 ppm 0) were heli-arc welded to two similar zirconium rods but of higher
purity (̂  20 ppm 0). The two junctions were carefully marked. The composite
rod was then electrotransported in the system at 1973 K for 6.7 h. Thin slices
of ^ 1.5 mm thick each were cut from the 'transported rod1. These slices have
now been sent to WNRE for oxygen analysis. This analysis will provide us with
an oxygen concentration profile from which various electrotransport parameters
of oxygen in zirconium can be determined.

(c) Effect of Contamination on Electrotransport Purification

- with G.E. Lee-Whiting (Theoretical Physics Branch)

We have already solved analytically the continuity equation for electro-
transport purification under a contaminating environment using the Laplace
transformation (see PR-CMa-63 (AECL-7987)). A computer programme has now been
written to determine the effects of various contaminants on the electrotransport
purification of zirconium. According to calculations, contamination from oxygen
does not pose a problem in zirconium at partial pressures below 10"? Pa, whereas
for molecules containing carbon, a partial pressure of < 10"^ Pa must be
maintained to achieve the same result. The electrotransport and diffusion para-
meters used in this calculation were taken from reference 1. It was assumed
that all the contaminants hitting the specimen surface were absorbed.

(1) F.A. Schmidt, O.N. Carlson and C.E. Swanson, Met. Trans. 1, 1371 (1970).
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(d) Effect of Cold-Ends on Electrotransport Purification

- with G.E. Lee-Whiting (Theoretical Physics Branch)

During an electrotransport experiment, the temperature of the specimen
is generally lower at the ends where the specimen is attached to the rest of the
apparatus. Under this condition, the continuity equation must be written as

subject to the boundary condition that there is no solute flux across the enas
and a uniform initial solute concentration. D, the diffusion coefficient, and
u, the solute mobility, are no longer independent of position x.

The FORSIM IV (1) package was used to solve the differential equation
numerically. The temperature profile of the specimen was chosen as follows, to
simulate the cold ends

T = Tj+AT sin p . X 0<X<L/10 and 9L/10<X<L

T = Tj+AT L/10<X<9L/10
[2]

where L is the total length of the specimen.

The effect of the cold ends on oxygen in zirconium with Ti = 1275 K and
AT = 600 K was calculated, and i t was found that the presence of cold ends only
sl ightly perturbs the concentration profile at the middle where the temperature
is constant. The main effect is to store the solutes at the cold ends at short
times.

(1) M.B. Carver, D.G. Stewart, J.M. Blair and W.N. Selander, Atomic Energy
of Canada Limited, Report AECL-5821 (1979).

4.4.4 Experiments at IPNS

- S.R. MacEwen

In the period 1983 May 1-18, two experiments were done at the Intense
Pulsed Neutron Source (IPNS) at the Argonne National Laboratory. The f i r s t
(with C.E. Coleman, Metallurgical Engineering Branch) was designed to measure
the partial molal volume of deuterium in Zr. Samples of crystal bar Zr were
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doped with deuterium, to concentrations of up to 630 wt.ppm (2.8 at%), ana were
then oxidized to produce an oxide film on the surface. Time-of-fliyht neutron
diffaction patterns were obtained at 727 K and 777 K. At these temperatures,
a l l of the deuterium was in solid solution. In i t ia l experiments established
that the protective oxide prevented the loss of deuterium during the b to 10 h
required to obtain a diffraction pattern (at elevated temperature). The
Rietveld analysis was used to obtain optimum values for the latt ice constants
for each concentration of deuterium. I t was determined that the volume of the
unit cell increased linearly with deuterium content at a rate of 2.6 x 10"4 A-fy
ppm D, independent of the test temperature. From this slope, the partial molal
volume is found to be 1.7 x 10'6 or/mole. (Further details are reported
in the Metallurgical Engineering Branch Progress Report).

The second experiment was designed to measure the residual stresses that
are produced in Zircaloy-2 as a result of differential thermal expansion. The
f i r s t part of the experiment involved measuring the (0002) and (1010) interplanar
spacings of a single crystal of Zr-2, at 50 K intervals starting at 600 K and
cooling in steps to room temperature. The second part required repeating the
test procedure using a polycrystalline specimen. Complete analysis of the 22
diffraction patterns thus obtained wi l l require the use of IPNS computer
programmes. However, preliminary examination of the data (using the position of
the cursor on the computer screen to estimate the mean position of a diffraction
line) has shown that, relative to the single crystal, the basal planes of the
polycrystal are le f t in residual tension after cooling, while the (lOTo) prism
planes are lef t in residual compression. The result is consistent with the
texture of the specimen and the anisotropy of the thermal expansion coefficients
of Zr.

4.4.5 Line Broadening in Deformed Zircaloy-2

- S.R. MacEwen

The results of experiments done to measure residual, grain-interaction
stresses in deformed Zircaloy-2 were reported in PR-CMa-63 (AECL-7987), Section
4.4.3. The data of Figure 4.4.3.3 in that report were obtained from shifts in
the positions of lines in neutron diffraction patterns. Concurrent with the
shifts of the lines were changes in the profiles of the lines. Figure 4.4.5.1
plots the line broadening, as characterized by the full-width-at-half-maximum,
FWHM, as a function of the final plastic strain in the specimens. In i t i a l l y ,
for plastic strains less than about 0.75%, al l lines broaden at the same rate.
For higher strains, all of the lines except (0002) continue to broaden at about
the same rate. The basal l ine, however, exhibits markedly different behaviour.
After the in i t ia l U.75% e, the rate of broadening increases very rapidly, and
then decreases to a new rate which is significantly higher than that of non-
basal lines. When the direction of straining is reversed, after 3.5% tensile
strain, al l lines show a remarkable sharpening. The FWHM decreases with reverse
flow for at least 2% strain, and only then begins to broaden again. Generally,
one would relate line broadening to dislocation density and particle size
effects. Since the grain size is large, 20 ym, and there is negligible twinning
in the samples, the latter can be safely ignored. While the broadening of the
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lines during the tensile straining could be rationalized by an increase in
dislocation density, the extreme amount of sharpening observed during reverse
flow would seem to preclude dislocation annihilation as the cause. An alternate
possibility is that the line broadening is produced by the combined effects of
dislocations and a distribution of grain-interaction stresses in the specimens-
Experiments have been initiated to study the production and annihilation of
dislocations during cyclic deformation of Zr-2.
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Figure 4.4.5.1 Line broadening in deformed Zircaloy-2.

4.4.6 Measurement of Bulk Residual Stresses in Metals

- S.R. MacEwen

The fabrication of metal components invariably leaves the part in a state
of residual stress. The residual stresses can be of three types - long range,
resulting from non-uniform deformation during fabrication, short range, of the
order of the grain sfze, resulting from grain interactions, and very short
range, resulting from the presence of dislocations. Neutrons, because of their
large penetration in metals, offer a unique, nondestructive technique to measure
residual stresses in bulk samples. The basis for determining residual stresses
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by neutron diffraction is as follows. Suppose that a spacially-varying residual
strain tensor, e-jj, exists in a large body. At any point within that body,
one can choose a small volume, AV, such that the £j j can be considered tojse
approximately constant within AV. The strain in an arbitrary direction, "?, is
given in terms of e-jj by

By the judicious positioning of collimating sl i ts in both the incident and
diffracted beams of neutrons, one can ensure that the lines observed in a
diffraction pattern originate from a small volume at a known position in the
sample. By measuring the interplanar spacings, of crystallographic planes that
l i e perpendicular to specific X, directions in the small volume before and after
the deformation that produced £ j j , one can determine eg as (d-do)/do, where d0
and d are the interplanar spacings before and after deformation, respectively.
Since eq.[ l ] contains the six unknown components of the residual strain tensor,
i t is necessary to measure e& in six directions: two in each of the three
orthogonal planes that define AV.

For isotropic metals, the procedure just outlined should give an unambi-
guous measurement of the residual, tr iaxial strain tensor at any point in the
body, subject to the proviso that e-jj can be considered to be constant over
the AV sampled by the neutron beam. For anisotropic metals, such as Zr alloys,
an added complication arises since in addition to the long range strains
produced by the fabrication there wi l l be grain interaction strains which wi l l
vary from grain-to-grain. In this case, one must ensure that the six measure-
ments of ££ required to define e-jj a l l come from crystal lographic planes in
a single orientation of grain. Only in highly textured material would such
measurements be feasible.

The NRU triple-axis spectrometer has been used to determine the residual
strain tensor in one particular orientation of grain in a coupon cut from an
overrolled Zr-2.5% Nb pressure tube. The results, which are reported in PR-P-
137 3.5, are consistent with the cutting procedure relieving most of the long
range stresses associated with the overrolled region, and the residual strain
tensor being representative of the interaction among the grains during
deformation.

4.4.7 Mechanical Properties

(a) Instron

- S.R. MacEwen and T.P. Trottier

Experiments to determine the saturation flow stresses of Zr-2.5% Mb
pressure tube material at high strain rates, in the temperature range 773-973 K,
have been completed. The stress dependence of the steady-state deformation rate
obtained from these experiments is in good agreement with an extrapolation of
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. obtained previously from creep tests at lower strair rates. At. 773 K and
K, the flow curves obtained at the highest strain rate (2.4 x 10~2 s"1)

pronounced work softening. Stress relaxation tests have been used to
determine the stress, dependence of the plastic strain rate during transient
flow, after the saturation flow stress had been reached. Comparison of these
data with the stress dependence of the saturation flow stress indicates that the
specimen remains in quasi steady-state during a stress-relaxation test.

The interface between the Computer Automation Alpha-16 computer and the
Instron test frame has been disassembled, and the computer has been removed, in
preparation for the installation of a new computer control system.

Work is continuing to modify the design and construction of the miniature
three-zone furnace in order to minimize the temperature gradient in the test
specimen. With the current design, the gradient is less than +_ 1 K, for sample
temperatures in the range 600 to 1000 K. The possibility of using ceramic
grips, to reduce the heat loss to the pull rods, is being investigated.

(b) MTS Alpha System
- S.R. MacEwen and J.F. Mecke

( i ) HS-21 Alloy (with M» Laanemae and G. Weatherly, of University of
Toronto)

HS-21 is a Co-base, Cr-Mo-C alloy that is used extensively for surgical
implants. A continuing programme at the University of Toronto is attempting to
determine a heat-treatment which wi l l allow optimum adhesion of an implant to
bone, without degrading the mechanical properties of the alloy. The objective
of this work was to investigate the effect of three types of heat-treatment on
the room temperature mechanical properties of cast tensile bars. Tensile tests
(done over four orders of magnitude in strain rate), stress relaxation, and
strain-rate-change experiments have been performed to determine the nature of
the rate controlling deformation mechanism. Low cycle fatigue tests, done at
constant strain amplitudes ranging from 0.25% to 1%, have been used to investi-
gate cylcic hardening and the fatigue failure mechanism. I t has been found that
solution hardening, most probably from C "in the Co matrix, controls the strain
rate sensitivity of the alloy, independent of the heat-treatment. I t appears
that the main effect of the heat-treatment is to alter the work-hardening
behaviour by changing the size and distribution of second-phase particles.
Heat-treatment was found to have no- significant influence on the number of
cycles to failure in a fatigue test, suggesting that crack in i t iat ion is related
more to casting porosity than to the metallurgical microstructure.

( i i ) Dislocation Structures in Cyclically Deformed Zr-2

Line broadening experiments (see this progress report) have shown that
the width of diffraction lines in neutron diffraction patterns increases during
tensile deformation as expected, but decreases remarkably during the f i r s t 2%
strain of reverse flow. The sharpening of the diffraction lines by compressive
deformation could result from either a large amount of dislocation annihilation,
or from the removal of a distribution of grain interaction strains. Eight speci-
mens of Zr-2 rod have been deformed in precisely the same manner as described in
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PK-CMa-63 (AECL-7987), Section 4.4.3. Thin foi ls are being prepared from the
deformed samples in order to determine the manner in which dislocations are
generated during the tensile portion of the hysteresis loops, and are annihilated
during the reverse, compressive flow.

(c) DilatometrPilatometry
- S.R. MacEwen and F. Santone

A dilatometer, based on the basic design of an NRX irradiation growth rig
but using an LVDT, rather than a pneumatic gauge5 to measure strain has been
bui l t and bench-tested. The apparatus is designed to be used either to measure
recovery strains in deformed samples, or as an irradiation growth n"9 for
experiments at Los Alamos. To accommodate the latter purpose, the LVDT is
located 1.25 m away from the sample (arid the 3-zone furnace)s and extension of
the specimen is transmitted to the LVDT via a 6 mm diameter rod located axially
(by linear bearings) in a 12 mm tube. The in i t i a l version of the rig used
stainless steel for the rod and the tube, and while the sensitivity of the rig
was acceptable, the time taken for each thermal equilibrium after a change in
temperature was not. A second version is currently being bui l t using quartz for
the rod and tube.

4.4.8 Mechanical Testing

- N. Christodoulou

(a) Relation Between Macroscopic and Microscopic Hardening in FCC Poly-
crystals (in collaboration with C. Tom5, G.R. Canova and J.J. Jonas,

McGill University, and U.F. Kocks, Los Alamos National Labs.)

In order to find appropriate microscopic hardening laws from which the
macroscopic behaviour of FCC metals during plastic deformation can be obtained,
OFHC Cu was tested in tension, compression and torsion, at room temperature.
The flow curves from these tests, as well as those from roll ing obtained from
the l i terature, were predicted by employing a texture development, technique
proposed by U.F. Kocks, G.R. Canova and J.J. Jonas. This technique is called
the Relaxed Constraint Method and permits the calculation of the Taylor factor
during testing and also the variation of the number of independent slip systems
that are activated during deformation, as a function of the accumulated amount
of microscopic shear strain.

(b) State Variable Analysis of Flow Localization in Work Hardening
Materials (in collaboration with J.J. Jonas, McGill University, and

U.F. Kocks, Los Alamos National Labs.)

Kocks, Jonas and Mecking (Acta Met., 1979) assumed that at constant
temperature, the flow stress a is a unique function of the strain rate ana a
single state parameter t which characterizes the structure of the material that
is being plastically deformed. Thus, they arrived at the following evolutionary
constitutive law
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Olna/atL = M(3lne/3t)y + He . . . [1]
A A

which describes the evolution of the flow stress with time at a particular
material element x as a function of the two material coefficients H[a,&) and
H(J ,£ ) and the change of the strain rate with time. The coefficient
M = (Slna/eln )j is the instantaneous rate sensitivity of the flow stress and
H = (81na/8e)£ is the work hardening coefficient. By differentiating eq.[ l ]
with x and employing the relations that hold during plastic deformation of a
tensile bar, they arrived at the following second order differential equation

MY" + (H+B -1) Y'-CY = 0 . . . (2)

Here Y, Y' and Y" are the area, the strain rate and the acceleration gradients,
respectively. The coefficients BCT and C are the strain rate and stress
sensitivity of H, respectively. Equation (1) was solved numerically in order to
predict the flow curves obtained from constant acceleration tests. The experi-
mental data were predicted in a satisfactory way by Eq.(l), as shown by the case
of Al at 200°C. Also, eq. 2 was modified in order to account for the effect of
the sample geometry and subsequently solved numerically. Thus, the evolution of
Y vs. c was compared with experimental data that were obtained from tensile
experiments in which the evolution of flow localization was followed by photo-
graphic means. This work has been written up in the form of two manuscripts for
submission to Acta Met.

4.4.9 Positron Annihilation Studies of the Defect Structure of Ir and Ti

(a) Irradiation Damage

(i) Impurity and/or Orientation Effects .- 6.M. Hood, R.J. Schultz and
E. Bromley (in association with S. Kidner and M. Derewianko,
Accelerator Physics Branch)

Results from Positron Annihilation Spectroscopy (PAS) suggest that
crystal orientation may have an influence on the damage density and/or the anni-
hilation characteristics of the positron. The results are from Arhus University
(AU) irradiations of well-annealed Ti bicrystal line specimens. These had been
irradiated to a fluence of lO'l e"/m^ at an electron energy of l.'lb MeV, and ETA
(CRNL Electron Test Accelerator) irradiations of polycrystalline Zr samples. The
samples were in a well-annealed state and had been irradiated to a fluence of
7 x 11)2° e~/m2 at an energy of 1.4 MeV and a sample temperature of 275 K.

The ETA iradiations gave significantly different damage signals for
nominally identical samples, while the damage signal from the AU irradiation was
found to vary according to the orientational relationship between the samples
and the Ge(Li) photon detector. Subsequent investigation has shown that the AU
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irradiations were probably unduly subject to the influence of an H" contaminating
beam which contributed to some of these differences (G.M. Hood, H.E. Hansen and
R.J. Schultz, to be published, and B. Nielson, private communication).

Although the poiycrystalline samples irradiated in ETA are both from
Materials Research Corporation Marz grade material, they are from different
batches. The difference between the AS values for these two may be associated
with orientation (texture effects) and/or impurity effects. The origin of the
difference is being sought.

In order to quantify effects of specimen orientation on both the positron
annihilation signal from the bulk sample and the irradiation defect structure,
positron annihilation measurements are being made on specifically oriented
single crystals of Zr and Ti (see later).

(i i) Vacancy Recovery

Samples of a-Zr electron irradiated at 275 K and measured at 29b K, have
been annealed at 325 K. Neither this anneal, nor a prolonged period (100 days)
at 295 K have effected any change in the PAS damage (vacancy) signal. This
result indicates that appreciable vacancy motion in a-Zr does not occur below
325 K. The result is consistent with earlier measurements - see, for example,
G.M. Hood, J. Nuci. Mater., 9£, 372 (1981).

(iii) Vacancy/Depth Distribution (with H.E. Hansen, Technical University
of Denmark.)

Detailed analyses of Zr and Ti samples electron irradiated at both ETA
(CRNL) and AVhus University (AU) have been made. For the Au irradiations the
AS values measured with the 'soft' positron emitter, 22fja (encj point energy
0.54 MeV), are much higher than those measured with b^Ge, which is a relatively
'hard' positron emitter (end point energy 1.89 MeV), whereas the results for the
ETA irradiations show only a small sensitivity to the energy of the positron
source. The latter result is essentially in agreement with the theoretical
description of the vacancy distribution profile expected for the present irradia-
tions. The former result is not in agreement with theory and suggests a steeply
falling vacancy concentration near the specimen surface. It is this result
which is suggests the influence of the H" contamination of the AU beam on
the irradiation.

A correction, equivalent to a 10% increase in AS values where
was used as a positron source, has been made to account for e+ annihilation
in the Ni foil containing the ^ N a source. Such in-source corrections are
negligible for the deeply penetrating positrons from ^ G e . The '^Ha correc-
tion factor1 is based on the results shown in Table 4.4.9.1 and is in agreement
with the expectations of theory.
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TABLE 4 . 4 . 9 . 1

MEASUREMENTS OF S AND AS VALUES FOR WELL-ANNEALED AND DEFECTED SAMPLES OF Ir ANU
T i USING BOTH 2 2 N a AND 6 8 Ge POSITRON SOURCES

SAMPLE STATE

PROBABLE
DOMINANT __ fiQ AS(Ge)
DEFECTS AS(^Na) AS(bbGe) AS(Na)

Zr

Ir

Ir

Ti

Ti

T1/H

Zr

Ti

deformed
(35%)

as above
plus 10 mins.

at 640 K

neutron
irradiated

deformed
(39%)

as above
plus 10 mins.

at 600 K

quenched

well-annealed

well-annealed

dislocations
and point
defects

dislocations

vacancy
clusters

dislocations
and point
defects

dislocations

hydrides and
dislocations

+5.8

+3.4

+7.5

+6.20

+3.6

+2.9

S
1.0000

1.0000

+6.5

+3.6

+8.8

+6.7

+3.7

+3.3

S
1.002

1.002

1.

1.

1.

1 .

1.

1.

12

06

17

Ob

03

14

Work is now in hand to determine, experimentally and in some detail, the
characteristic depth distribution of vacancies in Zr following e" irradiation.
The results from this work will be compared with theoretical calculations by
H.E. Hansen. An anodizing and stripping method will be used to section the
specimen - this has recently been calibrated. Preliminary measurements on the
samples, prior to sectioning, are almost completed.
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(b) Anisotropic Effects associated with the defect structures (irradia-
tion and deformation defects) and intrinsic positron annihilation
characteristics of Zr and T i ) .

Studies of electron irradiation damage in Zr and in Ti (Hood, Eldrup and
Mogensen 1977, Hood, Eldrup and Pedersen 1979, Hood and Schultz 1983) have shown
effects which, in the l ight of recent work (Hood and Schultz 1983), suggest the
possibil ity of an appreciable influence of crystal orientation (or texture) on
the defect structure and/or the measured parameters. The latter refer to quanti-
ties measured in positron annihilation spectroscopy investigations.

The object of the present work was to determine i f positron annihilation
parameters from Doppler-broadening measurements on single crystals of Zr and Ti
were sensitive to the orientation of the specimens. Similar studies on other
hep metals, Zn and Cd, have shown that the results can depend quite strongly on
the crystal orientation and its relation to the detector. The general result
for Zn and Cd is that the intensity of annihilations taking place with electrons
with momentum kz parallel to the c-axis appears to be enhanced relative to
annihilations with electrons whose principal momentum component lies in a plane
perpendicular to the c-axis.

In the present work, results are reported for both peak (S) and wing (W)
parameters derived from Doppler-broadened photopeak spectra and defined to
emphasize annihilation events with free and core electrons, respectively. The
bulk of the measurements were made with the sample c-axis either parallel (Sjj
and WIJ ) or perpendicular (Si and W,) to the cylindrical axis of the co-axial
Ge(Li) detector.

In contrast to the W data, which show no well-defined anisotropy, i t is
found that S(| ^ 1.02 S, for both Zr and T i , with the ratio (S../S,) for Zr
varying between ^ 1.0267 at 295 K, and 1.017, at 1125 K. The ''sense1 of these
results differs from that for Zn and Cd, where Sx > S» , and i t indicates a
greater intensity of annihilations with electrons with kz perpendicular to
the c-axis than for kz parallel to the c-axis. The difference in behaviour
may be associated with a change in the sign of the departure of the c/a ratios
for these hep metals from ideality. For Zr and T i , the c/a ratio is about 3%
less than the ideal close packing value (1.633), whereas for Zn and Cd c/a is
^ 15% greater than ideal.

The measured temperature dependence of the anisotropy is qualitatively in
accord with expectations based on thermal expansion and with the results of
previous investigations of the temperature dependence of positron annihilation
in Zr. The loss of anisotropy, found at 1170 K is associated with the
a(hcp) -* 3(bcc) transformation.

Preliminary measurements on electron irradiated Zr single crystals show
that defect (vacancy) trapping leads to a marked reduction of measureable
anisotropy.
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4.4.10 Diffusion Mechanisms in Metals

- 6.M. Hood, R.J. Schultz and E. Bromley

(a) Size Effects - Be Diffusion in A1

Previous work (G.M. Hood, J. Phys. F 8, 1677 (1978), and Phys. Rev. B Z3_
4253 (1981)), has shown useful correlations between solute diffusion character-
istics - activation energy and frequency factor describing the temperature
dependence of the diffusion coefficient, D, - and solute atom size. In particu-
lar, it has been found that there is a tendency for very fast interstitial
diffusion to occur for solutes of small atomic size in open solvent lattices,
e.g. Co, Fe or Ni diffusion in a-Zr or a-Ti.

At this time, these correlations are not well understood. A good
theoretical understanding of the nature of these 'size effects' would be of
great use in assessing the stability - or otherwise - of interstitial defects in
metallic lattices, which, in turn, is important in assessin9 irradiation damage.
To this end, the diffusion of the very small metallic solute, be, is being
studied in the relatively open lattice, Al.

The diffusion of chemically deposited and ion implanted ?Be in Al is
very small and not indicative of interstitial dissolution and diffusion. In terms
of favourable size effect conditions, this result is surprising, however, in
terms of the systematics of substitutional solute diffusion in metals, the rela-
tively slow diffusion of Be in Al (D ̂  lO"-^ n^s'l at 870 K) is not unexpected.

(b) Divacancy Effects - PAS on Quenched Al

It has been plausibly argued that divacancy effects influence the
thermally-activated self-diffusion characteristics of metals at high temperatures.
The argument is particularly developed for Al and is invoked in the analysis of
PAS data for Al under thermal equilibrium conditions. It has been shown (see,
for example, Hood and Schultz, J. Phys. F 10_ (1980) 545) that the PAS data for
Al are well-described in terms of monovacancies only and that invocation of the
divacancy concept is a superfluous procedure. Further, the results of recent
low temperature quenching experiments on Al show additional support for a
monovacancy only description.

PAS measurements on Al quenched from 605 and 550 K show that

(i) There is a strong temperature dependence associated with positron
annihilation for the vacancy-trapped state, and

(ii) That even at ̂  10~6 concentration level vacancy clustering still
dominates vacancy recovery in quenched Al.
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4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Papers and Publications

A FACILITY FOR PRECISE MEASUREMENT OF IHECHANICAL PROPERTIES AT ELEVATED
TEMPERATURES
- E.T.C. Ho and S.R. MacEwen
Submitted to Journal of Metals.

A STUDY OF DEFORMATION OF Zr AND Ti BY POSITION ANNIHILATION SPECTkOSCOPY
- G.M. Hood and R.J. Schultz
Submitted to Journal of Nuclear Materials.

EFFECT OF HYDROGEN ALLOYING ON POSITRON ANNIHILATION IN Ti
- G.M. Hood
Submitted to S c r i p t a M e t a l l u r g i c a .

EFFECT OF HYDROGEN INJECTION ON HYDROGEN UPTAKE BY BWR FUEL CLADDING
- B. Cox
To be publ ished by E l e c t r i c Power Research I n s t i t u t e , Palo A l t o , C a l i f . , as an
EPRI r e p o r t . (Work done on con t rac t 83028).

EFFECT OF TIN ON THE IRRADIATION GROWTH IN POLYCRYSTALLINE ZIRCONIUM
- R.H. Zee, A. Rogerson, G.J.C. Carpenter and J .F . Watters
Submitted to the Journal of Nuclear M a t e r i a l s .

EFFECTS OF CONTAMINATION AND COLD ENDS ON ELECTROTRANSPORT PURIFICATION
- R.H. Zee and G.E. Lee-Whit ing
Submitted to the Journal of Appl ied Physics, AIP.

ON Co TRACER DIFFUSION IN Al
- G.M. Hood, R.J. Schul tz and J . Armstrong
Submitted to Ph i losoph ica l Magazine A (Correspondence S e c t i o n ) .

OUT-REACTOR NODULAR CORROSION BEHAVIOUR OF ZIRCALOYS
- N. Ramasubramanian
Submitted to the Journal of Nuclear M a t e r i a l s .

OXIDE ION CHEMISTRY AND CORROSION IN MOLTEN ALKALI NITRATES AND NITRITES
- N. Ramasubramanian
To be publ ished in the proceedings of the Electrochemical Society 4th
I n t e r n a t i o n a l Symposium on Molten S a l t s , San Franc isco , C a l i f . , 1983 May 8-13.

THE USE OF TIME-OF-FLIGHT NEUTRON DIFFRACTION TO STUDY GRAIN INTERACTION
STRESSES
- S.R. MacEwen, J . Faber, J r . , and A .P .L . Turner
Submitted to Acata Me ta l l u rg i ca (paper processed at ANL).
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To be published in the proceedings of the 10th Annual Meeting of the
Microscopical Society of Canada, Chalk River, Ontario, 1983 May 17-19.
(1) COMPUTER ANALYSIS OF ELECTRON DIFFRACTION PATTERNS

- R.A. Ploc
(2) CRYSTALLOGRAPHY AND DEFECTS IN 'EXPLOSIVELY' CRYSTALLIZED AMORPHOUS

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

(3) ELECTRON MICROSCOPY OF COLLOIDS
- C.W. Hoelke

4.5.2 Lectures

DEFECT STUDIES OF METALS BY POSITRON ANNIHILATION SPECTROSCOPY (PAS) WITH
PARTICULAR ATTENTION TO DEPTH RESOLUTION EFFECTS
- G.M. Hood
Seminar presented at the I n s t i t u t e fo r Materials Research, Guelph, Ontario,
1983 March 27-30.

CURRENT ASPECTS OF VACANCY DEFECTS IN METALS
- G.M. Hood
Seminar presented at NRC (Ottawa), 1983 April 21-22.

OXIDE ION CHEMISTRY AND CORROSION IN MOLTEN ALKALI NITRATES AND NITRITES
- N. Ramasubramanian
Presented at the Electrochemical Society 4th Internat ional Symposium on foolten
Sa l t s , San Francisco, C a l i f . , 1983 May 8-13.

Presented at the 10th Annual Meeting of the Microscopical Society of Canada,
Chalk River, Ontar io, 1983 May 17-19
(1) CRYSTALLOGRAPHY AND DEFECTS IN 'EXPLOSIVELY' CRYSTALLIZED AMORPHOUS

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

(2) COMPUTER ANALYSIS OF ELECTRON DIFFRACTION PATTERNS
- R.A. Ploc

(3) ELECTRON MICROSCOPY OF COLLOIDS
- C.W. Hoelke

Presented at the 33rd Canadian Metal Physics Conference, Kingston, Ontario, 1983
June 22-24
(1) RELATION BETWEEN WORK-HARDENING AND FLOW LOCALIZATION DURING PLASTIC

DEFORMATION OF COPPER AND ALUMINUM
- N. Christodoulou and J.J. Jonas

(2) THE ELASTIC-PLASTIC TRANSITION IN ANISOTROPIC METALS
- S.R. MacEwen

(3) MEASUREMENT OF BULK RESIDUAL STRESSES IN PRESSURE TUBES BY NEUTRON
DIFFRACTION
- S.R. MacEwen, T.M. Holden, F. Santone, B.M. Powell and G. Dolling

(4) MECHANICAL PROPERTIES OF HS-21 SURGICAL IMPLANT ALLOY
- M. Laanemae and J.F. Mecke

(5) RADIATION-INDUCED AMORPHIZATION OF A TiNi-BASED ALLOY
- O.T. Woo
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4 .5 .3 Reports

PURIFICATION OF ZIRCONIUM BY ELECTROTRANSPORT
- R.H. Zee and J . F . Matters
AECL-8051.



ISSN 0067 - 0367

To identify individual documents in the series

we have assigned an AECL- number to each.

Please refer to the AECL- number when re-

questing additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ 1J0

ISSN 0067 - 0367

Pour identifier les rapports individuels faisant

partie de cette serie nous avons assigne

un numero AECL- a chacun.

Veuillez faire mention du numero AECL- si

vous demandez d'autres exemplaires de ce

rapport

Service de Distribution des Documents Officiels

L'Energie Atomique du Canada Limitee

Chalk River, Ontario, Canada

KOJ 1J0

Price $7.00 per copy Prix $7.00 par exemplaire

© ATOMIC ENERGY OF CANADA LIMITED, 1983

2429-83


