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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

The trapping of vacancies by Au atoms in Ni-0.1 at.% Au crystals has
been studied by the backscattering-channeling method. The tetravacancy-Au
atom complex, in which an interstitial Au atom is surrounded by four nearest
neighbour vacancies, is a dominant defect in He ion irradiated crystals.
These results correlate well with data from perturbed angular correlation
studies of Y-Y emission during nuclear decay of solute atoms in Ni.

Bombardment of a solid by energetic heavy ions results in rearrangement
of the target atoms, due not only to atomic collision or ballistic mixing but
also diffusion and other processes depending on crystal lattice defects. For
targets consisting of layers of different elements, bombardment therefore
produces atomic mixing across interfaces. Atomic mixing caused by 0.4 to 1.0
MeV Xe ion bombardment of Al-Sb-Al, Al-Ag-Al and Au-Si layers has been studied
over the temperature range 45-300 K. Surprisingly, in some cases the mixing
was greater at 45 K than at 300 K. These data are important in understanding
the relative importance of ballistic and diffusional mixing.

Radiation Chemistry

Computer simulations of nitrogen atom yields from radiolysis of
N2-O2 mixtures agree with experiment and reveal that up to 75% of the
total nitrogen atom yield arises from direct dissociation of N2 into the
excited metastable atomic species N(2D) and N(2P).

Surface Science

A CRNL scientist, while on attachment at the University of Munich,
participated in experiments which showed temporal oscillations in the kinetics
of oxidation of carbon monoxide over the (100) face of single-crystal
platinum. I t is thought that the reaction kinetics result from an oscil lation
of the structure of the surface between two phases. The changes in phase
cause concomitant variations in the sticking coefficient of oxygen and this is
responsible for the oscillation in reaction rate. The surface phase is known
to be controlled by the extent of surface coverage by CO. Further experiments
were done at CRNL to test this hypothesis but i n i t i a l l y i t was d i f f i cu l t to
establish conditions to produce the oscillations. I t has now been shown that
the di f f icul t ies arise from hydrocarbon impurities which preferentially
accumulate on the catalytic surface.
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The effect of CO coverage on the phase changes or reconstruction of
the Pt(IOO) surface has been investigated using measurements of Rutherford
backscattering, nuclear microanalysis, work function changes, and LEED. At a
constant CO pressure, a pronounced temperature hysteresis was observed in a l l
of these measurements. Such combined data wi l l faci l i tate the evaluation of
atomic mechanisms for the nucleation and growth of reconstructed atomic
layers on the crystal surface.

Analytical Chemistry

A procedure for the determination of thorium-230 in Canadian uranium-
thorium ores that overcomes interferences which previously prevented this
determination has been developed. In the procedure, thorium is extracted
from waste mine liquor and irradiated with epi-thermal neutrons. The
protoactinium-233 and thoriutn-231 which are produced are separated by ion
exchange and measured separately. The sensitivity of the method is better
than 100 ug/g thorium-230 in total thorium.

A commercial application of high specific act iv i ty methyl bromide
tracer prepared in the General Chemistry Branch has been successfully
completed. A tracer consisting of 2 ml of methyl bromide labelled with 4.6
GBq of Br-82 was used by Environmental Research Branch personnel in
cooperation with Commercial Operations to calibrate the flow of f lu id in
pipes at a customer's plant. Further commercial contracts are being
sought.

Experience has shown that a need exists for a very simple and quick
means to determine the D2O content of water grab samples at CANDU reactor
sites. A small, unbreakable, soft bulb hydrometer has been developed using
polyethylene tubing. The hydrometer has a 10 cm scale calibrated from
0-100% DgO. The soft bulb of the device is f i l l ed with 6.9 wt.% aqueous
sodium chloride, or alternatively, 50% D2O. Because the exact volume of
the bulb is temperature-dependent, reasonable temperature compensation is
inherent in the device, and readings accurate to within t 2% D2O can be
made over a temperature range between 15°C and 30°C.

Sulfide concentrations were measured in ground water at a waste
disposal site using a portable monitor based on a specific ion electrode.
The ground water was contaminated by inorganic and organic chemicals from
domestic and industrial wastes. The portable monitor showed several
advantages over more conventional instruments or techniques: calibration
errors were reduced by as much as 100- to 1000-fold; allowances could be made
for site-specific interferences; continuous operation ensured the attainment
of steady-state measurements; chemicals that interfere in other methods did
not affect these measurements.

Progress has been achieved in studies dedicated to finding the best
method for determining burnup in (Th,U)02 fuels. Preliminary assessment
of fission product lanthanum-139 separated by high performance l iquid
chromatography (HPLC) as a burnup monitor shows that good agreement has been
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obtained between the new mass spectrometric Nd(145 + 146) method and this
chemical method. I f further testing confirms preliminary findings, this
could be a major breakthrough in burnup analysis. Four samples can be done
by HPLC in 3 to 4 hours; mass spectrometry requires 5 to 7 days. Equipment
costs also are much reduced for HPLC compared to mass spectrometry.

Materials Science

Experiments to determine whether or not there is a true incubation
time for stress-corrosion cracking (SCO in iodine vapour have shown that, as
for Cs/Cd mixtures, i f equilibrium chemistry conditions can be rapidly
achieved in the apparatus, then immediate failure wi l l result when the stress
is applied. Thus rapid failures in fuel ramping tests are to be expected i f
the chemistry is already capable of giving SCC, and such speedy pellet-clad
interaction (PCI) failures cannot be used to distinguish between the fission
products which probably cause the fai lure.

Examination of the hydrogen contents of fuel cladding from bundles
which showed in-reactor PCI failures reveal that invariably the failed pins
had higher hydrogen contents than intact pins in the same bundle, and that
for early manufacture fuel this hydrogen was above the hydrogen solubil i ty at
operating temperature for most of the fuel l i fetime. Becaue this is
hydrogen (and not deuterium) i t was present i n i t i a l l y in the fuel pin, and
suggests that hydrogen above the solubil ity l imi t may be the cr i t ica l factor
in deciding, when a number of fuel pins in the same bundle receive similar
power-ramps, which pins f a i l . This may arise because cracked hydrides
present in Zircaloy can act as in i t ia t ion sites for SCC of the cladding.

We have demonstrated that one proposed in i t iat ion mechanism for
"nodular" corrosion of fuel-cladding in high-temperature steam, namely
in i t ia t ion at hydrides precipitated in the Zircaloy matrix is not valid.
Hydrogen released at intermetallic particles in the oxide, which disrupts the
oxide, seems to be a more viable in i t iat ion mechanism.

Neutron diffraction studies using the Intense Pulsed Neutron Source at
the Agonne National Laboratory have shown residual grain interaction stresses
up to 200 MPa in tensile specimens of Z1rcaloy-2 plastically deformed in
tension.

Positron annihilation in hydrided titanium has shown that the signals
are related to the hydrides themselves, and not to other defects introduced
in the same time. The prospects for a non-destructive method of analysing
for hydrogen in Zr and T1 have thus been improved.
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SOLID STATE SCIENCE BRANCH

1.1 STAFF
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1.2 ION PENETRATION

1.2.1 Absolute Measurement of Implanted ^He Concentrations

- W.N. Lennard, H. Geissel, D. Phill ips and H.H. Plattner in collabora-
tion with T.K. Alexander and G.C. Ball (Nuclear Physics Branch)

In order to measure the 3He + 4He -> 7Be* absolute cross section, we
have implanted thick Au and Nb targets with 35 keV 3He to fluences of 5 x 1Q17

and 7 x 10*' ions-cm"2, respectively. The concentration of 3He retained
can be deduced from a measurement of the 3He(d,ppHe nuclear reaction yield
using l i terature values for this cross section. In order to check the preci-
sion of our absolute measurements, we have also used elastic scattering of 2D+

and 4He+ ions from (a) a 90 yg«cnr2 self-supporting Au target, and (b) a 2 0 9 Bi -
implanted Si standard in the same geometry. The l°O(d,p)l'0 reaction yield
(whose cross section is also known) from a thin Ta20s standard was also measured.
All results are consistent on a relative basis, but there remains a discrepancy
of ^28% that appears to be related to beam current integration problems. Fur-
ther measurements are continuing in order to locate the source of this discrep-
ancy.

1.3 SURFACE PHENOMENA

1.3.1 Investigation of the (5x20) •*• ( l x l ) Phase Transition on Pt(lOO) Induced
by Adsorption of ~C~ff

- K. Gr i f f i ths, T.E. Jackman, J.A. Davies and C.W. Sitter in collabora-
tion with P.R. Norton (Physical Chemistry Branch)

In an effort to obtain a detailed understanding of the time-dependent
oscillations in the kinetics of oxidation of CO over Pt(lOO) (1), Behm et a l .
(2), using a fast video-LEED system and thermal desorption techniques, reached
the following conclusions:

(a) During CO exposure to the reconstructed (5x20) Pt surface at 395 K,
c(2x2)-C0 islands, indicative of localized completion of the (5x20) -*• ( l x l )
transit ion, form continuously from low coverage.

(b) Areas of unreconstructed ( l x l ) surface f i r s t appear via a nucleation
step; these patches of ( l x l ) surface then act as traps for the mobile CO
adsorbed on the remaining (5x20) areas.

(c) This nucleation may occur at a CO coverage as low as ^0.05 monolayers.

(d) The difference in the low-coverage heats of adsorption on the (5x20) and
( lx l ) surfaces (27.5 and 37.5 kcal«mol~vrespectively), is only indirectly
responsible for the adsorption induced (5x20)-'•(lxl) phase transformation.

(e) Temperature hysteresis in the CO adsorption/desorption cycle may be
caused in part by the kinetic l imitation of gas arrival rate.
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However, the conclusions of Behm et al. (2) are dependent on a number of
assumptions. For example, the absolute CO coverage at various stages of the
phase transformation was not measured directly but was Inferred from the sym-
metry of the high coverage LEED pattern. In addition, the relative contribu-
tion from each of the surface phases to the total intensity of monitored LEED
beams had to be assumed.

By using the available techniques of nuclear microanalysis (NMA) and
Rutherford backscattering (RBS), we were able to investigate the validity of
these assumptions. NMA provides a direct measure of the CO coverage at the
measured temperatures, while the RBS yield from both phases of the Pt(lOO) sur-
face is well understood and provides a direct measure of the amount of surface
in each phase.

The reported hysteresis (2) is clearly visible from both sets of data.
For example, the normalized surface peak yield measured as a function of tem-
perature for a Pco = 6-7 x 10~5 pa is shown in Figure 1.3.1.1. A comparison
of RBS and NMA data as a function of decreasing temperature at constant CO
pressures confirmed that the (5x20) -*(1x1) transition is initiated by £0.1
monolayers of CO and that the CO coverage then increases to ^0.5 monolayers
(at which point, the phase transition is complete) for a decrease in substrate
temperature of only 5-8 degrees. During desorption of CO (increasing tempera-
ture) the critical coverage for the onset of reconstruction is ^ 0,3 monolay-
ers. We are attempting at present to reconcile these findings with the propos-
ed theory of the mechanism for the phase transition.

Figure 1.3.1.2 shows the work function changes (A<}>) accompanying the ad-
sorption/desorption of CO at an ambient pressure of 6.7 x 10"5 Pa CO as a
function of substrate temperature and heating/cooling rate. Again, the hyster-
esis loop in the adsorption/desorption cycle is clearly visible. However, &f
measurements were also made after waiting at each temperature until equilibrium
was attained. Clearly, the width of the loop is reduced, but only by some
5-10 K. These results show that the hysteresis is not caused by the kinetic
limitations of, for example, gas arrival rate, but is a genuine phenomenon re-
lated to the underlying phase transition. The extremely narrow temperature
range over which the (5x20)-• (lxl) transition occurs is taken as confirmation
of the nucleation theory (2).

The data from all three techniques are thus self-consistent and agrees
well with the data of Behm et al. (2).

Our near-future aim is to make RBS measurements during the oscillating
CO-oxidation reaction (1). Collaborative experiments are underway to gain an
equal understanding of the interaction of O2 with the Pt(lOO) surface (see
Progress Report PR-CMa-63, Section 3.4.2.2; AECL-7987).

(1) G. Ertl, P.R. Norton, J. Rustig, Phys. Rev. Lett. 49 (1982) 177.
(2) R.J. Behm, P.A. Thiel, P.R. Norton and G. Ertl, SuEmitted to J- Chetn.

Phys., 1982 November.
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1.3.2 Wuclear Reaction Analysis for 14W

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

In an earlier study (1), a technique was developed for calibration of
certain nuclear reactions relative to the 160(d,pi)170 reaction using thin
(frozen) molecular gas targets. These calibrations have permitted measurements
of the absolute coverages of various adsorbed gases (D2, CO, O2, etc.) on
platinum surfaces. (See Progress Report PR-CMa-59, Section 1.3.2; AECL-7607).

In order to extend such adsorption studies to nitrogen-containing gases,
we have carried out a similar calibration of the uN(d,a)12c and 14N(d,p)15N
reactions relative to the 160(d,pi)170 reaction at the same deuteron energy

Table 1.3.2.1 - Normalized Peak Yields (970 keV deuterons)

Target
Nucleus

160

" N

14N

14N

14N

14N

Peak

Pl

P6

P5

P4

(Pl +

Po

al

14.

Energy

Before
Mylar

1.6

1.6

1.8

1.9

3.6

8.4

6.7

9.8

(MeV)

After
Mylar

1.2

1.2

1.5

1.6

3.4

8.3

5.2

8.8

normalized Yield

N20
target

0.500

0.057

(a)

(a)

0.0778

(a)

0.1180

0.0082

NO
target

1.000

0.057

0.4562

0.0857

0.0757

0.0329

0.1194

0.0080

NH3

target

-

0.057

0.4562

0.0833

0.0797

0.0317

0.1207

0.0079a0

(a) A 300 \aa detector was used in the N2O runs; this depletion depth is
too shallow to resolve the high energy p 0 group which then appeared as a
broad peak under the P4 and P5 peaks. A 1000 1.1m detector was used in
the other runs.
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(970 keV). Me used NO (purified by G. Macdonald, Physical Chemistry Branch)
and N2O as frozen gas targets. The resulting spectra contained six clearly
resolvable 'nitrogen peaks' identified (2) as the ct0 and ax peaks, and the
the p0, (pi + P2), P4 and P5 peaks. One very small 1 4N peak (pg) fell too
close to the pi peak of the 1 60 reaction to be resolved; hence, in order to
determine accurately the l»0 pi yield, we needed to establish the magnitude of
the group relative to one of the major nitrogen peaks. This was accomplished by
measuring the spectrum from a frozen NH3 target. Two other ^ N (012 and P3)
were not clearly resolved. The six major nitrogen peak intensities, relative
to the l"0 pi cross section, are summarized in Table 1.3.2.1. The beam-induced
erosion of the frozen gas was usually less than 4$.

For analytical purposes, the higher-energy groups (a0, p0, pi + P2, and
c*i) are the most reliable ones to use, since they occur at energies well above
the major background from bulk contaminants such as oxygen, carbon or silicon.
Al four peaks may be summed together in order to improve the statistical
accuracy.

(1) J.A. navies and P.R. Norton, Nucl. Instr. Meth. 168 (1980) 611.
(2) G. Amsel and D. David, Rev. de Phys. Appl. 4 (1959T 383.

1.3.3 Progress on the Construction of the New Ultra High Vacuum (UHV) System

- C.W. Sitter, T.E. Jackman and K. Griffiths in collaboration with
P.R. Norton (Physical Chemistry Branch)

The construction of the new ultra high vacuum (UHV) system is continuing
(see Progress Report PR-CMa-61, Section 1.3.5; AECL-7780). The liquid nitrogen
cooled shaft of the new goniometer with its associated feed-throughs has been
constructed and will undergo vacuum tests shortly. With the previous comple-
tion of the rotary motion component, this leaves only the actual goniometer
head to be constructed.

A Kelvin work function probe, built by P. Bindner and B. Selkirk of the
Physical Chemistry Branch (see Progress Report PR-CMa-63, Section 3.4.2.1;
AECL-7987) has been installed on the present chamber and tested. The initial
results have been satisfactory (see Progress Report PR-CMa-63; Section 1.3.1;
AECL-7987) but an increase in the noise level of the signal was observed during
or after the operation of the mass spectrometer. This increase is thought to
be caused by a charging of the Insulators on the mass spectrometer. In the new
two-level chamber, the work function probe and the mass spectrometer will be
separated by 35 cm whereas the present distance is only ^ 5 cm. This should
reduce the noise level greatly but there remains the possibility that further
shielding of the probe may be necessary.

The gas handling system of the present chamber has been modified to in-
corporate a second leak valve and a separate dedicated backing pump. This will
enable us to proceed with the planned oscillation experiment (see Progress
Report PR-CMa-63, Section 1.3.1; AECL-7987).



- 9 -

1.34 Ge 111 Crystal Preparation

- H.H. Jorch, T.E. Jackman and H.H. Plattner

Surface preparation techniques have been evaluated for a Ge <111> sample
which w i l l be used to check our previous *He+ ion channeling results {see
Progress Report PR-CMa-61, Section 1 .3 .1 ; AECL-7780) along a d i f fe rent crystal
axis (not normal to the surface). Since evidence for a surface destabi l izat ion
ef fect is being monitored, i t is important that surface contamination, which
may act as an external s tab i l i z ing layer, be minimized, although ul t ra-high
vacuum conditions are not at tainable.

We have compared surfaces which have been exposed to atmosphere for sev-
eral months or for less than a minute after etching in a HN(h:HF mixture, and
found no difference in oxygen (16±2 x 1015 cm"2) or carbon (43 ±4 x 1015 cm"2)
contamination. The oxygen content corresponds to ^ 2.3 nm of GeO2, similar
to the native-oxide contamination found on s i l i c o n . The minimum y ie l d for th is
sample was 7.3%. After heating near 1100 K for ^ 7 minutes, over 80% of the
oxygen had been removed, while 78% of the carbon remained. Further heating
above 1100 K for over 30 minutes resulted in no s ign i f icant changes.

1.3.5 Interaction of Pt(lOO) with O2

- K. G r i f f i t hs in collaboration with P.R. Norton and P.E. Bindner
(Physical Chemistry Branch)

See Progress Report PR-CMa-63, Section 3.4.2.2; AECL-7987.

1.4 RADIATION DAMAGE

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

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

Evidence was presented previously (see Progress Report PR-CMa-61,
Section 1.4.2; AECL-7780) for the creation of vacancy-solute complexes in
Ni( In) crystals during i r rad ia t ion and subsequent annealing. A similar chan-
neling invest igat ion has now been undertaken for the Ni(Au) system. A nickel
single crystal was implanted with 40 keV Au to a fluence of 1 0 ^ ions»cm"2 and
then annealed 1n vacuo for 90 minutes at 1138 K. This resulted in a Au concen-
t ra t ion of 0.11 at.% over the depth of ^ 120 nm which was used in the analysis
of the channeling data.
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Figure 1.4.1.1 - The apparent displaced fraction f ^ n > of Au atoms into <100>,
<110> and <111> channels in a Ni(Au) crystal as a function of irradiation flu-
ence of 1.5 MeV *He ions. The initial irradiations were at 35 K followed in
each case by a 600 s anneal at 400 K (measured at ̂ 50 K). The second set of
irradiations and measurements were at 80 K.
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Figure 1.4.1.2 - Angular dependence near a <100> direction of the normalized
backscattering yields X of *He ions from Ni and Au atoms 1n a N1-0.ll at.% Au
crystal. The angular scan was performed after the seqeunce of 35 K Irradia-
tions and 400 K anneals depicted in Figure 1.4.1.1 had been completed (i.e.
after an accumulated ion fluence of 2.2 x 10 1ons«cm"2). The temperature of
the crystal during the angular scan was ^50 K.
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In an isochronal annealing experiment, which was performed following an
irradiation at 35 K with 1.5 MeV 4He to a fluence of 2.2 x 1016 ions.cm""2,
essentially no displacement of Au atoms occurred up to 200 K, a small fraction,
f^JJn > , of the Au atoms were displaced in the region 200-275 K, and a consider
able fraction of the Au atoms were displaced from 275-400 K. Throughout the
temperature range 200-400 K, we find that f ^ j ] 0 > > f ^ u

0 > > fdAu^' I n a seP"

arate experiment, fdAun> was monitored as a function of irradiation fluence.
In i t i a l l y , consecutive irradiations at 35 K and anneals at 400 K were performed
and the increase in f^n> was determined for <100>, <110> and <111> channels,

as shown in Figure 1.4.1.1. Note that f^0> > f j j u ^ > fdAu1:> o v e r t h e e n t 1 r e

fluence range. At the completion of the 35 K irradiations, an angular scan
through the <100> axis was performed prior to the 80 K irradiations; see Figure
1.4.1.2. A pronounced peak in the Au atom yield is evident (peak to valley
ratio 1.96) thus indicating that an appreciable fraction of the Au atoms have
been displaced to positions near the center of the <100> channel. Subsequent
irradiation at 80 K, where interst i t ia ls but not vacancies are mobile, resulted
gradual decrease in f ^ u n > for all axial channels, as shown in Figure 1.4.1.1.

Consistent with the previous Nit In) results, i t appears that vacancy-
solute atom complexes are formed when divacancies and vacancies migrate and be-
come trapped at In or Au solute atoms. These complexes can be annihilated dur-
ing subsequent irradiation at 80 K by trapping migrating in terst i t ia l atoms. A
detailed analysis of the build-up and decay of various possible complexes wil l
be performed as soon as the pertinent flux calculations have been made. How-
ever, i t is already evident that at least one of the complexes contains Au
atoms near the center of the <100> channel. This argues in favour of the for-
mation of an appreciable fraction of tetravacancy-solute complexes in which the
displaced solute atom is surrounded by a tetrahedron of four vacancies. The
tetravacancy-solute complex was proposed by Hohenemser et a l . (1) as one of the
complexes revealed by perturbed angular correlation measurements when l " I n
atoms trap vacancies in Ni, i .e. a defect for which the electric f ie ld gradient
is essentially zero (and hence having cubic symmetry) but having a magnetic
hyperfine f i e ld .

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

1.4.2 Interst i t ia l Trapping in Fe-Impianted Al After Excimer Laser Annealing

- M.L. Swanson, L.M. Howe and A.F. Quenneville in collaboration with
J.A. Nil son (Lumonics Incorporated, Kanata)

Further measurements of the trapping of Al sel f - interst i t ia ls by Fe
atoms have been made using an Fe-implanted Al crystal which was excimer laser
annealed (see PR-CMa-62, Section 1.4.3; AECL-7909). The crystal, containing
<\, 0.3 at.* Fe in the implanted region, was irradiated with 1 MeV He+ at 70 K
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to a fluence of 5 x 1015 ions«cnr2. This treatment resulted In the displacement
of ^30% of the Fe atoms from lat t ice sites by the trapping of self-1ntersti-
t ia ls . The sample was then annealed isochronally up to 300 K, and the normal-
ized yields of backscattered 1 MeV He+ ions were measured along <110>, <IOO>
and <l i l> axial channels after each anneal. During annealing up to 180 K, the
apparent displaced fractions f<jFe of F"e atoms into <110> and <l i l> channels

were approximately equal and were considerably greater than f^Q>' During
annealing from 180-220 K, strong recovery in f^Fe f ° r a ^ channels was observ-
ed, indicating that most of the trapped interst i t ia ls had been annihilated by
vacancies. This recovery stage occurred in the same temperature range as ob-
served previously for other Al alloys.

The results are consistent with the off-si te Fe atoms being displaced
from substitutional sites by ^0.12 nrn along <100> directions. A corresponding
displacement with different defect symmetry, as proposed by Retry et a l . {1),
cannot be excluded at present.

(1) W. Petry, G. Vogl and W. Mansel, Phys. Rev. Lett. 45 (1980) 1862.

1.4.3 Lattice Location of 15N in Fe

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

Channeling studies to determine the position of N in Fe crystals are
useful for several reasons:

(a) The solutes N and C are thought to occupy octahedral in ters t i t ia l sites
in Fe, primarily from measurements of the Snoek effect (1). Channeling
measurements can be used to check this assumption.

(b) Positron annihilation experiments have indicated that C atoms which have
trapped vacancies in Fe are relaxed from their normal in ters t i t ia l sites (2).
Channeling is the most appropriate technique to determine the magnitude of such
a relaxation.

(c) Studies of the stress alignment of defects by channeling measurements
could provide useful information about the configuration and mobility of de-
fects and defect complexes. Model systems to in i t iate such studies are the
in ters t i t ia l solid solutions Fe-C and Fe-N.

In a preliminary experiment to study the f i r s t two of these topics, we
have implanted a high purity Fe crystal (supplied by H. Schultz of the Max-
Planck- I nsti tut in Stuttgart, Germany) with 300 keV 15N to a fluence of
7.5 x 1015 1ons»cnrz at 35 K. The latt ice position of the 15N atoms was deter-
mined by measurements of backscattering yields of 0.8 MeV H+, and alpha par-
t ic le yields from the nuclear reaction i5N(p,a)12c. The presence of a sharp
peak in the yield of alpha particles for <100> alignment, superimposed on a



broad dip in yield indicated that most of the 15N atoms occupied octahedral
latt ice sites.

After this analysis, the crystal was annealed at 250 K, where vacancies
are mobile, and the <100> aligned yield of alpha particles was measured again.
A considerable reduction in this normalized yield X ^ O * was observed, suggest-
ing that the lat t ice position of N atoms had been altered by vacancy trapping.
More detailed annealing experiments, as well as interstitial-vacancy annihila-
tion experiments wi l l be undertaken to verify this conclusion.

(1) A.S. Nowick and B.S. Berry, "Aneiastic Relaxation in Crystalline
Solids", p.225 (Academic Press, New York, 1972).

(2) P. HautojaYvi, J . Johansson, A. Vehanen, J . Yli-Kauppi1 a and P. Moser.
Phys. Rev. Lett. 44 (1980) 1326.

1.4.4 Collision Cascades in Ge and Si

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

Previously, preliminary investigation showed some interesting features
developing as the regions within collision cascades began to overlap. This is
now being investigated more extensively using Si and Ge crystals implanted at
35-40 K with 120 keV Bi to fluences in the range 1.0 x 10 n - 2.0 x 1012 ions.
cm"2. The results of electron microscope observations of these implanted
crystals can best be described by referring to Figure 1.4.4.1. At fluences of
^ 1.0 x K>11 ions»cm~2 multiple damaged regions exhibiting strong diffraction
contrast begin to form within an area covered by a single coll ision cascade
(see Figure 1.4.4.1 (a)). As the ion fluence is increased to ^5 x 1011 ions-
cm"2, as in Figure 1.4.4.1 (b), the number density of the multiply damaged
regions increases, as expected. However, additional regions having l ighter
contrast also appear. These lighter contrast regions become even greater in
extent as the ion fluence is increased to 1.0 x 1012 - 2.0 x 1012 ions«cm~2;
as shown in Figure 1.4.4.1 (c). At this stage, diffuse rings are present in
the electron diffraction patterns along with the crystalline spot pattern;
thus, some regions of 'amorphous' nature are becoming extensive enough to give
rise to diffuse scattering.

A channeling investigation has been performed on a Si crystal implanted
with 120-keV Bi to a fluence of 2.0 x 1012 ions-cm-2. The damage distribu-
tion is bimodal, having a relatively broad peak superimposed on a narrow peak.
By contrast, in Si crystals implanted with 15-keV Bi to fluences as high as
1014 ions cm"2, only a single damage peak could be resolved.

The following model is proposed for the observed behaviour of the Si and
Ge crystals implanted with 120 keV Bi.

(a) At low ion fluences (^ 1 x 10^ ions«cnr2), highly damaged regions are
produced in discrete regions throughout a coll ision cascade ( i .e . sub-cascade
structure is developing) and these regions give rise to strong diffraction
contrast.
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Figure 1.4.4.1 - Bright f i e l d electron micrographs showing the evolution of
damage after implanting a Ge crystal at 35-40 K with 120 keV Bi to fluences of

(a) 1.3 x 1011 ions.cm"2, (b) 5 5 x 1011 ions-cm"2 and (c) 2.1 x 1012 ions«
cm"2. The incident ion beam was at an angle of 7° to the surface normal
and was incident along a non-channeling d i rect ion.
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(b) The volume of the col l is ion cascade covered by the regions described in
(a) is s t i l l con s i d e : ̂  ly less than the calculated volume of the cascade.
Hence, many more la t t ice defects are presumably present throughout the cascade
volume but are not visible.

(c) As the ion fluence increases and overlap of the individual col l ision
cascades occurs, the damage level in the region peripheral to the areas of dark
contrast becomes great enough to produce dif fract ion contrast in more extensive
regions of the cascades.

(d) I t is conceivable that the nature of the damage may be appreciably d i f -
ferent in the discrete darker contrast regions compared to the l ighter and more
extensive regions. Annealing experiments wi l l be implemented to investigate
this further.

1.5 ION BEAM MODIFICATION OF MATERIALS

1.5.1 Atomic Motion in a Au-on-Si Mixed Layer

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

Investigation of ion-beam mixing of 40 nm Au films on Si <111> substrat-
es by 1 MeV 132Xe+ has been extended to fluences as high as F = 4 x 1016 Xe
ions.cm"2 (PR-CMa-52, Section 1.5.1; AECL-7909). Analysis of the 1 MeV 4He+

RBS spectra in terms of the minimum Si concentration in the mixed layer (C$i;
Figure 1.5.1.1) shows the same general behaviour at room temperature as at 46 K.
Below F = 1016 Xe ions*cur2, the data closely follow C$i = VDF (where D =
3.1 x 10~17 ions«cm2 per Xe) suggesting random-walk (dif fusion-l ike) motion of Si.
At higher fluence levels and generally near the 50% concentration level , the
mixing rate decreases at al l but the lowest temperatures, suggesting either (a)
a temperature-sensitive motion-inhibiting mechanism becomes important (e.g.
some form of de-mixing) or (b) the nature of the motion is no longer diffusive.
I t is important to note that the mixing rate below F = 1016 ions-cm"2, in terms
of the slope of the Si concentration (Figure 1.5.2.1), is the same at 46 K and
room temperature, while above this fluence level the mixing rate is lowest at
the highest temperature.

Sputtering of the Au f i lm during mixing experiments was investigated
using the absolute yield of He ions backscattered from Au atoms (Figure
1.5.1.2). Only the 300 K data (x, no cryopumping in effect, vacuum in lO"4 Pa
range) show no sputtering, l i ke ly due to a protective layer of carbon bu i l t up
during the Xe bombardments.
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1.5.2 Atomic Motion in Al-Sb-AI and AI-Ag-AI Mixed Layers

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

RBS measurements of ion-beam mixing of Sb-Al and Ag-Al (see Progress
Report PR-CMa-62 Section 1.5.2 AECL-79O9), using 400 keV 132Xe+ at room tem-
perature and near 45 K, are now complete. The minimum Al concentration in the
Sb-Al (Figure 1.5.2.1) and Ag-Al (Figure 1.5.2.2) mixed layers does not agree
well with a square root dependence on fluence (F), unlike the behaviour shown
in Au-Si mixed layers (see Progress Report PR-CMa-63, Section 1.5.1 AECL-
7976). The data are better described by two linear regions with the transi t ion
occurring at -v lO^ Xe ions»cm~2. This difference in behaviour may be due to
configurational effects, in that the Al can migrate into the Sb (or Ag) from
both sides, whereas the Si could only move from underneath the Au in the Au-Si
case. The mixing is rapid for F £ 10^^ Xe ions»cm~2 and also, for larger
fluences, we observe a decrease in the mixing rate for a l l systems studied thus
far.

The Sb-Al system shows more mixing at the lower temperature (49 K) be-
yond ^ l O * 6 Xe ions»cm~2 (as was the case with Au-Si). However, in the case of
Ag-Al, the mixing seems to be independent of temperature both below and above the
1Q16 xe ions*cm~2 fluence level .

1..6 INTERDISCIPLINARY RESEARCH

1.6.1 The Transient Magnetic Field for High Velocity 2^Si Ions Recoiling
TiTMagneti zed*~Fe*

- I.V. Mitchell in collaboration with J.S. Forster, T.K. Alexander,
G.C. Ball and D. Horn (Nuclear Physics Branch)

See Progress Report PR-P-133, Section 2.6; AECL-7982.

1.6.2 Bending of Proton and Pion Beams at Fermi lab by Bent Single Crystals of
Sil icon

- I.V. Mitchell in collaboration with J.S. Forster (Nuclear Physics
Branch), S . I . Baker and R.A. Carrigan, Jr. (Fermilab), W.M. Gibson,
I .J . Kim. M. Pisharody, S. Salmon and C.R. Sun (SUNY, Albany)
P. S i f fe r t (Strasbourg) and E. Tsyganov (Dubna)

See Progress Report PR-P-136; Section 2.2; AECL-7982.
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1.6.3 Measurement of the Absolute Cross-Section of the 3he{a,y)7Be
Reaction

- W.N. Lennard and H. Geissei in collaboration with T.K. Alexander,
G.C. Ball (Nuclear Physics Branch) and K.B. Mak (Queens University)

See Progress Report PR-P-136, Section 2.4; AECL-7982.

1.6.4 Source Preparation for the Neutrino Mass Experiment

- H.H. Plattner in collaboration with H.R. Andrews, J.L. Gallant and
P. Dmytrenko (Nuclear Physics Branch)

See Progress Report PR-P-136, Section 2.17; AECL-7982.

1.7 COMPUTATIONS

1.7.1 Calculation of the Yield of Ions Scattered fr-om Displaced Atoms in
Vacancy-Solute Complexes

- L.M. Howe

The computer programs developed for calculating the flux profiles of
ions in axial channels (see Progress Report PR-CMa-60, Section 1.7.1; AECL-
7692, and PR-CMa-62, Section 1.7.2; AECL-79O9) have been used to determine the
yield of ions scattered from displaced atoms in vacancy-solute complexes.
Three different types of complexes were considered:

(a) A trivacancy-sclute complex in which the soluv atom is at the center of
a triangle of three nearest neighbour vacancies in a 1111} plane.

(b) A tetravacancy-solute complex in which the solute atom is surrounded by
a tetrahedron of four vacancies. In such a complex the solute atom is displac-
ed into the center of the <100> channel, i .e. into a tetrahedral latt ice si te.

(c) A hexavacancy-solute complex in which the solute atom is at the center
of an octahedron of six vacancies. In this complex the solute atom is displac-
ed into the center of the <110> channel.

In Table 1.7.1.1, the calculated yields are given for 1.0 MeV 4He ions
scattered from displaced atoms in these complexes in Al at 30 K. Similarly
calculated values are given in Table 1.7.1.2 for 1.5 MeV *He ions in Cu at
40 K. The yields have been normalized with respect to the yield from a random-
ly oriented crystal. The mean depth of penetration of the ion beam was 150 ran
in Al and 38 run in Cu; these depths were the same as used in our channeling
studies on vacancy-solute complexes for In and Sn in Al (1,2) and In in Cu (3).
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For all of these calculations the displaced atoms were assumed to have the same
thermal vibrational amplitudes as the atoms on normal lattice sites. Comparing
Tables 1.7.1.1 and 1.7.1.2, 1t can be seen that there Is an appreciable differ-
ence between the Al and Cu calculated values for the <100> scattering yield for
tetravacancy-solute complexes; and similarly the <110> yields for hexavacancy-
solute complexes. This is mainly due to the fact that a different ion penetra-
tion depth was used for Al than that used for Cu. An indication of the manner
in which the calculated ion flux varies with penetration depth is given in
Figure 1.7.1.1 for 1.0 MeV 4He in the <100> channel of Al at 30 K. It should
be noted that the present analytical calculations are based upon a continuum
model in which statistical equilibrium is assumed. Hence at shallow depths of
penetration, no flux oscillations of the ion beam are taken into account al-
though these oscillations are evident in Monte Carlo calculations (4) in which
the trajectories of individual ions are followed. At shallow depths of pene-
tration where flux oscillations are expected (4,5), it is important when com-
paring experimental results with the analytical calculations to use a suffic-
ient depth 'window' in the analysis of the data so that the effect of any flux
oscillations will be averaged out. The calculated yield values will now be
used along with the experimental channeling data (1-3), to determine the con-
centration of the various vacancy-solute complexes resulting from different
irradiation conditions.

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B22 (1980)
2213. ~~

(2) M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J. Phys. F.:
Metal Phys. 11 (1980) L185.

(3) L.M. Howe amTM.L. Swanson, Point Defects and Defect Interactions in
Metals (Proceedings of Yamada Conference V), University of Tokyo Press
(1982) p.53.

(4) D.V. Morgan and D. Van Vliet, Rad. Eff. 12 (1972) 203.
(5) M.L. Swanson, T.E. Jackman, L.M. Howe antTA.F. Quenneville, Nucl. Instr.

Meth. 194 (1982) 139.

Table 1.7.1.1 - Calculated yields for 1.0 MeV 4He ions incident along specif
ic directions and then backscattered from displaced atoms in
vacancy-solute complexes in Al

Complex

trivacancy-solute

tetravacancy-solute

hexavacancy-solute

Normalized Ion Yields

<11

0.

0.

0.

1>

58

01

01

<100>

1.61

2.25

0.01

0.3° from

1.14

1.14

0.01

<100> <1

1

1

2

10>

.32

.12

.21

<1

1

0

2

12>

.01

.69

.01
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Table 1.7.1.2 - Calculated yields for 1.5 MeV 4He ions incident along specif-
ic directions and then backscattered from displaced atoms in
vacancy-solute complexes in Cu.

Normalized Ion Yields

Complex

tri vacancy-solute

tetravacancy-solute

hexavacancy-solute

<IU>

0.51

0.01

0.01

1.7.2 Thickness Dependence of

<100>

1.61

3.15

0.01

Energy Loss

0.3° from
<100>

1.20

1.20

0.01

<1

1

1

2

10>

.41

.01

.84

0.4°
<

1

1

1

from
110>

.14

.14

.14

- W.N. Lennard in collaboration with J.P. Biersack (Hahn-Meitner-
Insti tute, Berlin, Germany)

In order to account for the observed thickness dependence of energy loss
for Ne in C (see Progress Report PR-CMa-59, Section 1.2.1; AECL-7607), we have
performed a Monte Carlo calculation using the computer code TRIM, where the
electronic energy loss was assumed to be correlated with the impact parameter
(1). A comparison of the f i r s t calculation with the observed data is shown in
Figure 1.7.2.1. Further calculations using more collisions are necessary in
order to determine more precisely the calculated values for small target thick-
nesses. However, reasonable agreement is already obtained between the experi-
mentally observed and calculated thickness dependence.

(1) J.P. Biersack and L.G. Haggmark, Nucl. Instr. Meth. 174 (1980) 257.

1.7.3 Low Energy Scattering of Li and He Ions from a Nickel (110) Surface with
Adsorbed Oxygen

- D.P. Jackson in collaboration with E. Taglauer and W. Englert (IPP,
Garching, Germany) and W. Hei'iand (University of Osnabrtlck,
Germany)

The work (See Progress Reports PR-CMa-52, Section 1.6.1; AECL-6966 and
PR-CMa-60, Section 1.7.2; AECL-7692) has now been completed and submitted for
publication.

For L i + ions incident on a clean and unreconstructed Ni (110) surface,
i t was found in earlier work (1,2) that the backscattered L i + yield could be
calculated without including neutralization effects. In contrast, the He+

yield from the same surface required a trajectory-dependent neutralization
model which assumed that only the single coll ision trajectories contributed to
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the observed experimental yield; this model gave good agreement with experi-
ment.

The present investigation extended these concepts to the study of oxygen
adsorbed on Ni (110). The surface structure was assumed to be (2x1)0, i.e. a
missing row structure with the oxygen atom sitting in the <001> surface rows.
The calculations for a Li + beam again gave excellent agreement with experi-
ment for both the Ni and 0 backscattering yields. However, the He+ calcula-
tions were only in partial agreement. Both the trajectory-dependent model and
a local neutralization model were used in attempts to reproduce the experiment-
al results. The reasons for the lack of satisfactory agreement for the adsorb-
ed oxygen case are not understood.

(1) E. Taglauer, W. Englert, W. Heiland and D.P. Jackson, Phys. Rev.
Lett. 45 (1980) 740.

(2) D.P. Jackson, W. Heiland and E. Taglauer, Phys. Rev. B24 (1981) 4198.

1.8 ACCELERATOR OPERATION

1.8.1 2.5 Mv Van de Graaff

- G. Kyle

The accelerator ran well during the final quarter of 1982, with five
days down-time for regular maintenance.

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

XH + 2 D + 3He + 4He + 3 0N 9
+ Total

October

November

December 25

17

60

12

-

21

-

61

112

97

-

-

10

78

193

144

Total 25 89 21 270 10 415

1.8.2 High Voltage Mass Separator

- G.A. Sims

Machine operation during the last quarter of 1982 was Interrupted only
by minor inconveniences i.e., T.V. camera repairs, burnt-out source parameter
meter lights and two empty source gas bottles. The accelerator functioned very
satisfactorily and experiments were conducted on a routine basis.
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A terminal voltage conditioning test was carried out during the third
week of December to determine the acceleration tube "de-conditioning" leve l .
This threshold was reached at 1.24 MV. Microdischarges (vacuum-kicks) were
evident above this point as the GVM reference voltage was Increased in 10 kV
steps. However, the vacuum settled down to a base vacuum reading of
5 x 10~5 Pa in ^ 1 minute, after each voltage Increase. This step-up and
wait procedure was followed until a GVM reading of 2.1 MV was attained. This
was accomplished in ^20 minutes. The terminal voltage was then levelled off
at this reading for 40 minutes. During this time, several small vacuum kicks
were observed but were of much smaller intensity than those observed during
conditioning. The SFs insulating gas was dried for two days before this test
was attempted.

The total "beam-on" time during the previous three months was 333 hours.
This was the highest number of hours ever recorded for one quarter since the
HVMS was commissioned.

1.8.3 70 kV Mass Separator

- O.M. Westcott

The following implants were accomplished during this quarter.

Isotope

°2+

3He

HB

H B

20N e + +

51Cr

58Co

59Fe

60Co

209Bi++

Implant
Energy
(keV)

55

35

15-20

25-45

55

50

30

40-50

50

60

Time

(Days)
1

4

2

5

1

3

2

7

3

6

Experimenter

T.E. Jackman

W.N. Lennard

T.E. Jackman

D. Phil l ips

T.E. Jackman

E. McAlpine

E. McAlpine

E. McAlpine

E. McAlpine

L.M. Howe

Branch

SSS

SSS

SSS

SSS

SSS

Syst.

Syst.

Syst.

Syst.

SSS

Mat.

Mat.

Mat.

Mat.

No. of Targets

6

3

2

8

1

8

8

12

8

6
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1.9 PUBLICATIONS, REPORTS AND LECTURES

1.9.1 Publications

Lifetimes of Low-Lying Levels in
by G.C. B a l l , T.K. Alexander, W.G. Oavies, J.S. Forster and I.V. Mitchell
Nucl. Phys. A386 (1982) 333-345

The Pt( l lO) Phase Transit ions: A Study by Rutherford Backscattering, Nuclear
Microanalysis, LEED and Thermal Desorption Spectroscopy
by T.E. Jackman, J.A. Davies, D.P. Jackson, W.N. Unertl and P.R. Norton
Surf. Sci . ^20 (1982) 389-412

Ion Channeling Investigations of the Interactions Between
Irradiation-Produced Defects and Solute Atoms in Metals
by L.M. Howe and M.L. Swanson
Proceedings of the Yamada Conference V on Point Defects and Defect Interactions
in Metals, University of Tokyo Press (1982) p.53.

Channeling Studies of Defect Trapping Configurations in Aluminum
by M.L. Swanson and L.M. Howe
Proceedings of the Yamada Conference V on Point Defects and Defect Interactions
in Metals, University of Tokyo Press (1982) p.364.

Differences Between Radiation Damage to GaAs by Implantation of P and Al
Ions
by J.A. Davies, I .S. Tashlykov and D.A. Thompson, Sov. Phys. Semiconductors 16
(1982) 577-581 (Russian), 373-377 (English) ~

Absolute Coverages of CO and 0 on P t ( l l l ) ; Comparison of Saturation CO
Coverages on Pt(100), (110) and (111) Surfaces
by P.R. Norton, J.A. Davies and T.E. Jackman
Surf. Sci . UZ (1982) L593-L600; AECL-7867

Absolute Coverage and Isosteric Heat of Adsorption of Deuterium on P t ( l l l )
Studied by Nuclear Micronalysis
by P.R. Norton, J.A. Davies and T.E. Jackman
Surf. Sci . Let t . 121 (1982) 103-110; AECL-7739

A Comparison of Ion Channeling with Other Selective Methods for Studying
I n t e r s t i t i a l Trapping in Metals
by M.L. Swanson, in Advanced Techniques for Characterizing Microstructures,
AIME (1982) p.305

1.9.2 Lectures

The following lectures were presented at the Symposium for North Eastern
Accelerator Personnel (SNEAP), Seattle, 1982 October 6-8

1) Experience with a 2 MV Pelletron Accelerator Tube Conditioned with a Low
Voltage Discharge
by O.A.S. Walker and G.A. Sims
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2) The Chalk River High Voltage Mass Separator - 1982
by D.A.S. Walker and G.A. Sims

A series of Six Lectures on Ion Implantation and Atomic Collisions In Solids
by J.A. Davies
Presented at the Huang San lecture school, China, 1982 October 11-22

Calibration of an Analyzing Magnet Using a Time-of-Flight Technique
by W.N. Lennard, D. Phillips and R. Hill
Presented at the 7th Conference on the Application of Accelerators in Research
and Industry, Denton, Texas, 1982 November 8-10

Recent Developments in Ion Scattering Theory
by D.P. Jackson
Presented at the Institute for Materials Research, McMaster University, 1982
December 20
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2.2 ANALYTICAL CHEMISTRY

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

- J.P. Mislan, G.J. Jarbo, M.T. Hurteau, P.L.J. Faught,
P.K. Leeson and K.D. Wright (EI&P Branch)

2.2.1.1 Instrument Automation

Application of the sequential ICP-AES and CRNL-developed
automation system to analysis of service samples has commenced. Documenta-
tion of the microprocessor-based data system is proceeding. The low cost
microprocessor based data system operating in BASIC and ASSEMBLER (for
data acquisition routines) appears to satisfy most of our requirements for
quantisation, but provides only limited scope for rapid qualitative
analysis.

Consequently we have interfaced a 16 b i t 32K high-performance
microcomputer to our sequential ICP-AES and developed a software progra.ii
in FORTRAN and MACRO to accomplish rapid qualitative and semi-quantitative
analysis. The program has been designed to scan the region from 200 nm
to 400 nm as rapidly (^ 120 s) as practical, acquire data during the
rapid scan cycle and subsequently provide qualitative and quantitative
analysis data for three or more emission lines per element. The objective
of extracting the maximum amount of information from the sample solution
per unit time is consistent with our objectives to develop a capability to
analyze radioactive solutions. Rapid qualitative analysis (5-10 min per
sample) by sequential ICP-AES wi l l provide an attractive alternative to
the use of the arc/spark source spectrograph with manual spectral l ine
search and identi f icat ion.

The high-performance microcomputer has been interfaced in a
manner which permits rapid interchange of the development system and the
microprocessor based data system used for development/service analysis.
Preliminary test results have been encouraging. The rapid scan system
has been used to scan, record and display the prominent emission lines
of mercury (scan range 200 nm) emitted by a low pressure discharge lamp
in approximately 3 minutes. Testing of the qualitative/semi-quantitative
analysis software with simulated ' real ' l i f e multi-element solution samples
is in progress.

2.2.1.2 Component Development

Testing of a custom-made, inert nebulizer and torch assembly
has resulted in encouraging analytical performance results. Addition
of a wetting agint (Triton x 100) has minimized the signal and background
noise mentioned in the previous progress report (PR-CMa-62). Frequent
torch t ip (MACOR, glass ceramic) melting has reduced re l i ab i l i t y . A
newly developed, easy-to-replace, alumina torch t ip should alleviate
th is .
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A prototype of a microprocessor controlled syringe pump for
programmable, pulse-free delivery of sample to an ACP torch has been
developed. In addition to minimizing signal noise, a computer controlled
syringe would permit variation in signal strength and consequently
dynamic range without the need for sample di lut ion.

Attempts to enhance the sensitivity of ICP-AES determinations
of analytes in water samples by 5 to 10 fold using a dried aerosol
generator as reported by Goulden, P.D. and Antony, D.J.H., Anal. Chem.
1982, 54, 1678-1681, were not successful. The lack of success may be
due toThe use of heating tape in place of a quartz lamp for the pro-
duction of a 'dry' aerosol. A microwave source has been acquired for
heating purposes. Tests wi l l be conducted to determine whether a signi-
ficant gain in heating efficiency can be realized.

2.2.2 Determination of Hafnium in Zirconium by ICP-AES

The determination of hafnium in high purity zirconium oxy-
chloride by ICP-AES has given a result (15 + 3 ug-g"1) which is in good
agreement with a neutron activation result (17+ 2 pg.g"1). Documenta-
tion of the ICP-AES procedure is continuing.

2.2.3 Determination of H and D in Metals

- J.P. Mislan, H. Herrington, L. Junop and K.D. Wright
(EI&P Branch)

We have achieved reliable performance from the automatic H and
D-in-metal analyzer (sample changer, mass spectrometer, and equilibration
manifold) during the last quarter.

We are currently studying the factors which affect the time
required for completion of equilibration of hydrided titanium, zirconium
and zirconium alloys with deuterium. The primary parameters are tempera-
ture, sample thickness, surface condition, and the mole ratio of deuter-
ium cover gas to hydrogen in the metal. Although some equilibration
studies were performed by other workers at CRNL (1) and elsewhere (2)
we do not feel that the data are sufficiently comprehensive to set program
parameters to maximize sample analysis rate for a variety of metals and
alloys. We have obtained good accuracy and precision (20.5 ± 5 pg-g"1 vs
20 ± 2 pg.g"1 cert i f ied value) for NBS-SRM #357 unalloyed zirconium wire
for a ten minute equilibration at 900 ± 25°C while Russian workers report
that 15 minutes at 1100°C is required. For the manual, batch analysis,
isotope equilibration procedure, an extended (30 min or greater) equi-
l ibration time at 900 ± 25°C has been used to provide a wide margin of
safety.

(1) R.W. Ashley and A.S. Denovan, AECL-2202 (1972).

(2) A.N. Zaidel and K.I. Petrov, Zh. Pr ik l . Spektrosk. 283 (1965).
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2.2.4 Multipurpose Quadrupole Mass Spectrometer

- A. Denovan and J.P. Mis]an

A quadrupole mass spectrometer with a mass range of 3-1000 atomic
mass units has been retrofitted with the following inlet systems:

1) GC/MS inlet system with glass lined stainless steel
tubing, glass, jet-separator and microvolume valves.

2) high temperature (900°C) quartz direct sample insertion
probe.

3) heated, stainless steel, batch inlet system backed by
turbo-molecular pump.

All inlet systems have been tested and found to operate effec-
tively without noticeably degrading the mass spectrometer vacuum system.
Data system components are being assembled and tested. Software will
be an 'in-house' project. The upgraded mass spectrometer has been used
to examine gas and solid samples for isotopic abundance measurements
which are described below.

2.2.4.1 Boron Isotope Abundance Measurements

A sample of National Bureau of Standards (NBS 951) boric acid
(H3BO3) was used to determine abundances of 10B and n B . The H3B03
powder was sampled using the quartz direct insertion probe, heated to
90°C. The prominent peaks were observed at ™/e values of 61 and 62
corresponding to the parent ions of H 3

1 0B0 3 and Ha^BOa. The measured
and certified abundances of the two boron isotopes are given in
Table 2.2.4.1.1.

Table 2.2.4.1.1

Isotope Measured Abundance {%) Actual Abundance (%)
10B 19.3 ± 0.2 19.82 ± 0.01
1XB 80.7 ± 0.2 80.17 ± 0.01

Additional isotopic abundance measurements are in progress to
assess the potential (i.e. accuracy and sensitivity) of a direct sample
insertion probe coupled to a low cost quadrupole mass spectrometer for
the determination of 10B in H$BOa added to a nuclear reactor for re-
activity control. The direct insertion probe/quadrupole mass spectro-
meter option does not have the inherent accuracy of the NBS procedure
utilizing a thermal ionization source and medium resolution, magnetic
sector mass spectrometer, but with an anticipated accuracy of + 1%,
good analysis speed, a cost of 50-75$K and transportability, the quadru-
pole based measurement may be an attractive alternative to the CRNL
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neutron activation instrument for on-site reactor commissioning
tests.

2.2.4.2 Carbon Isotope Abundance Measurements

A sample of reagent grade barium carbonate was placed in the
quartz solids probe for determination of carbon isotope abundances
from thermally evolved carbon dioxide. Carbon dioxide parent ion
peaks (m/e 44, 45) were observed at an indicated probe temperature of
650°C. Carbon abundance data are shown in the following table.

Isotope

12C

Carbon abundance measurements with the quartz solids probe appear to
offer promise for the determination of 1!*C content of BaC03 produced
by the Radiochemical Company. The mass spectral data would serve as
a verification for radiochemical measurements. Development samples
have been requested from the Radiochemical Company.

2.2.4.3 GC-MS Measurements

A quadrupole mass spectrometer is being used to support
attempts to develop a gas chromatographic method for the determination
of nitrogen oxides in l33Xe product gas from the "Mo production
facility. Two peaks have been observed from a 5A molecular sieve
column during capacity factor measurements for N02. We hope to
characterize these peaks by GC/MS measurements.

Table

Measured

2.2.4.2.1

Abundance [%)

98.88

1.12

Actual Abundance*(%)

98.89

1.11

Handbook of Chemistry and Physics, 49th Edition.
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2.2.5 Chromatography

2.2.5.1 Column Development - Inorganic Anions

- S.E. Elchuk and R.M. Cassidy

During this quarter development work has continued on
a number of dynamic ion exchangers prepared from the interaction between
hydrophobic ionic molecules and hydrophobic supports. Six different
column systems were compared with respect to column efficiency and
sensitivity. The smaller particle packings (5 ytn) gave the best column
efficiency and sensitivity, but these packings, which have a silica core,
could not be used for F~ determinations and have a limited pH range of
stability relative to the styrenedivinylbenzene packing (PRP-1) studied.
The PRP-1 phase exhibited the best overall behaviour and consequently was
chosen for further studies.

The reproducibility of the coating procedures used to sorb a
modifier on the surface of the PRP-1 packing was determined by repeated
sorption and removal of cetylpyridinium ions. Six repeated coatings
showed that the weight sorbed on a 15 cm column was \/ery consistent,
23.3 ±1.7 mg, and that the maximum deviation in retention times was 7%.
Two different columns were used for this study, and thus the results
suggest that column-to-column behaviour should be uniform. The amount
of modifier coated can be easily "tailored" to the requirements of the
analysis to obtain maximum sensitivity and selectivity. Studies showed
that minor changes in the coating procedure permitted a ten-fold change
in the weight of sorbed modifier. Most separations were carried out 2
with a coating of 66 yg.nf2 which corresponds to one molecule per 9 nm .

The stability of the sorbed modifier and the column efficiency
were determined by monitoring retention times and column efficiencies as
a function of volume of eluent. Column efficiencies were constant through-
out this study. Retention times showed a decrease of ^ 6% after 11 L of
eluent, indicating minor losses of the modifier. At this point a small
coated precolumn was placed "in line" before the injector and retention
times stabilized and remained constant to the end of the test (40 L).
At this point the volume of eluent used corresponded to 80 days of normal
use.

Previous work had shown that dynamic systems (small modifier
present in eluent) gave better sensitivity than coated systems (large
modifier permanently coated on support), but were limited with respect
to adjustment of retention times. Recent studies have shown that the
advantages of both systems are retained when a coated column is used with
an eluent containing a small modifier. With this combination detection
limits for F", Cl", NO2, Br", NOl, and SO?" were in the 5 to 25 ng-mL"
range for 20 pL samples.

These ion chromatographic techniques have also been applied to
analysis problems such as the determination of anions in moderator water,
the analysis of river water, the identification of anions generated from
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the decomposition of Teflon in a steel vessel, and the analysis of NO2
and NO3 in solutions containing large concentrations of formate.

The features of these dyanmic ion exchange systems have been
described in more detail in a paper that is being drafted for publica-
tion.

2.2.5.2 Anion Chromatography

- D. Everall and K.I. Burns

A liquid chromatograph (LC) for anion chromatography of
development and service samples (active and inactive) has been
assembled.

During this quarter considerable effort was spent on the re-
pair and upgrading of the existing equipment.

Presently, conditions for the optimum separation and detection
of various anions are being determined. Lower limits of detection (LLD)
for common anions are listed in Table 2.2.5.2.1.

Table

nion

F"
Cl"

NO;
Br'
HPOI;
NO3

sol

2.2.5.2.1

LLD*(yg.L-a)

50**
5

15

30

50

15

30

Based on a 100 yL injection volume

Varies with size of water peak

Some service work has been done on the chromatograph. Ten
samples of D2O (5 irradiated and 5 unirradiated samples) were analyzed
for various anions. Work on the determination of low levels of nitrate
[^ 100 ppb) in the presence of high levels of H 20 2 (0.7 mole'L"

1) is
continuing (see Section 2.5.1).



2.2.6 Analysis Requests

Received From

System Materials

Chemical Operations

General Chemistry

Type of Sample

Reverse Osmosis Rig #1
Dissolved Steel

Samples
Glass Leaching Samples
Scale from GBHWP
Calandria Alloys
Corrosion Product

(solid)
Process Water from

LaPrade HWP
Groundwater Sample
Zr Alloy
Zr-4 Alloy
ZrNb Alloy
ZrNb Alloy
l 3 3Xe Production Gas

X-5 Loop Water
Xe Gas
N0x
Process Gas
Test Solution

U/Al/Si Samples
K2ReBr6
Fuel Extract
Test Solution
Fly Ash
H2 Gas
Process Development

Samples

No. of
Samples

45
15

3
1
2
2

1

1
19
60
50

108
39

100
10
3
1
4

21
3
5
2
1
4

75

No. of
Determinations

45
60

15
3

12
26

4

2
19
60
50

108
403

117
69
30
5
8

33
3

108
6

10
8

75

Technique*

FAA
FAA.ICP

FAA
FAA.ISE
ICP
ICP

IC

IC
MS
MS
MS
MS
MS

FAA,ICP
MS
MS
MS
ICP

FAA
FAA
ICP
ICP
ES
MS
IC

Elements Determined or
Type of Analysis

Na
Fe, Cr, Ni
Quanti ta t i ve-Compositi on
Na, K, Ca, A l , Si
Fe, A l , Leachable Cl
Quantitative-Composition
Quantitative-Composition

N03

C l , SO.,
H2
H2
D2 w
H2 «*
Quantitative-Composition '

B
Composition
Composition
Composition
B

A l , Si
K
Quanti t a t i ve-(impuri t i es)
B
Quanti t a t i ve-Composi t i on
Quanti t a t i ve-(iinpuri t ies)
N03



2.2.6 Analysis Requests (Cont'd)

Received From

Fuel Materials

Metallurgical
Engineering

Chemical Engineering

Commercial Operations

Engineering Research

Fuel Engineering

Environmental
Research

Radiation &
Industrial Safety

No. of
Type of Sample Samples

Fission Gas
Waste Disposal Solution
Thorium Powder
U/Si/Al Fuel
ZrNb Alloy

Excel Alloy
ZrNb Alloy
Zr Alloy
Zr Alloy Test Material
3He in H2

Water Treatment

Electrolyte Solutions
Titanium Sponge
Heavy Water (CECE Loop)

Production Grade D20
Li Solutions

Westinghouse Wear Test
Corrosion Test Rig

Sample
Process Sample

Fission Gas

Environmental Samples

Filter Papers, Handy
Flux, Solder
Air Fi l ter
Powder

25
2
2
5
6

5
19
12
3
1

23

2
2
2

10
10

11
3

1

12

12

7

4
1

No. of
Determinations

462
54
48
10
6

19
19
12
6

11

92

C
O

 C
M

 C
M

C
M

156
10

48
5

3

224

42

14

12
14

Technique*

MS
ICP
ICP
MS
MS

ICP,MS
MS
MS
MS
MS

ICP

ICP
ICP
ISE

ICP
FAA

pH,ICP,EC
FAA.IC

pH.EC.FAA

MS

FAA

ISE

ICP
ES

Elements Determined or
Type o f Analysis

Quanti t a t i ve-Composi t i on
Quanti t a t i ve-Composi t i on
Quanti t a t i ve- ( i mpuri t i es)
H2
H2

Quant i ta t ive-Composi t ion, H2

H2

H2
H23He

Quanti t a t i v e - ( i mpuri t i es)

Quanti tat i ve-(i mpuri t i es)
Quanti tat i ve- (impuri t i es)
F

Quantitative-(impurities)
Li

pH, conductivity, Cu, Fe
Na, Cl, SO*

pH, Conductivity, Na

Composition and Isotopic

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

Cl, F

Qualitative
Qualitative



2.2.6 Analysis Requests (Cont'd)

Received From

NPD (Rolphton)

Materials Science

Mechanical Equipment
Oevelopinent

Protective Services

Mechanical Services

NRU

Accelerator Physics

CPD Ottawa

Reactor Technology

Reactor Loops

Advance Engineering

Type of Sample

Process Water

Moderator Water

Zr Al loy
Process Gas (H2,02)

Deposit on Glass Slide
"Mo Process Gas
Water Condensates

Vehicle Fuel

Leak-Trace Samples

D20

Alumina Insulator
Gas Sample

l j 3 Xe
He-C02 Mixture

Xe Gas

Impellor Blade

Deposit on Carbon
Steel Tube

Total

(PR-CMa-62)

*FAA Flame Atomic Absorption
ICP Inductively Coupled Plasma
ISE Ion Selective Electrode
MS Mass Spectrometry

No. of
Samples

7

2

6
3

2
1
3

4

4

4

2
1

2
1

3

2

1

803

1012

FES
IC
ES
EC

No. o f
Determinat ions

32

52

22
6

8
11

3

48

28

8

8
1

13
11

23

12

6

2870

2298

Technique*

IC

ES

ICP,MS
MS

ICP
MS
IC

ES

IC

IC

ICP
IC

MS
MS

MS

ICP

FAA

Flame Emission Spectrometry
Ion Chromatography
Emission Spectrography
Electrical Conductivity

Elements Determined or
Type of Analysis

F, Cl , N02, P0-, Br, N03,
SO*, Cl , F
Quanti ta t i ve-(impuri ties)

Quantitative, (Sn,H2)
Quanti ta t i ve-Composi tion

Zn
Quanti tat i ve-(i mpuri t i es)
N03

Qualitative

F, C l , N02, PO.,, Br, N03, SO,,

N03, N02

Quantitative (surface deposit)
NO3 (in scrubbing solution)

Quanti ta t i ve-Composi t i on
Quanti tat i ve-Composi tion

Quanti tat i ve-Composi t i on

Quantitative (surface deposit)

Fe, Cu, A l , Na, Sn, Zn

CD
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Gamma Spectrometry arid Neutron Activation Analyses

- L.P.V. Corriveau

During this period 463 gamma spectra were obtained and measured.
Their distribution by origin is given in Table 2.3.1.1.

Table 2.3.1.1

Distribution of Gamma Analyses

Accelerator Physics
Chemical Engineering
Metallurgical Engineering
NPD
NRU
Physical Chemistry
General Chemistry

12
68
5
9

150
48
171

The Y-spectrometry analyses were approximately equally divided
between active samples such as flux monitors and unknowns, and initially-
stable samples analyzed by instrumental neutron activation. Flux monitors
were measured to determine the 3^-concentrations in the irradiations of
22 batches of silicon (78 crystals) in the Neutron Transmutation Doping
Facility. Approximately 100 neutron activation analyses were carried out
for platinum and various catalytic materials. These included samples of
Pt/Silicalite and similar platinum-deposited powders for the Physical
Chemistry Branch (J. Rolston, J. Butler) and also various supported
catalysts prepared at the University of Alberta and submitted by Chemical
Engineering Branch (K. Chuang).

2.3.2 Determination of 230Th in Canadian U-Th Ores

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

The lack of success in measuring 230Th in Th by means of epi-
thermai neutron activation mentioned previously (PR-CMa-60) has been over-
come. After thorium extracted from waste mine liquor has been irradiated
by an epithermal flux, a further ion exchange step separates the inter-
fering 233Pa from the desired 23iTh. These two products are then
measured separately. Sensitivities to less than 100 ug-g"1 230Th in Th
are easily obtainable. Studies are currently in progress to define the
practical lower limit.
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2.3.3 Preparation of 82Br-Labelled Methyl Bromide

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

The process for the preparation of 82Br-labelled methyl bromide
described previously (PR-CMa-59/60), has been used to produce the first
commercial quantities of product. Two mL of methyl bromide labelled with
4.6 GBq of 82Br were prepared and have been successfully employed by
Commercial Operations and Environmental Research Branch personnel for the
measurement of fluid flow in pipes at a customer's plant.

2.3.4 Radiochemical Analysis of Environmental Samples

-K.I. Burns

A proposal has been submitted to the Low Level Waste Management
Office for the characterization of Port Hope contaminated soil. Part of
the characterization involves the determination of levels of certain radio-
nuclides (226Ra, 230Th, 210Po and 210Pb) in the soil. A literature search
on radiochemical methods to separate and determine these radionuclides has
been completed. Should the proposal be accepted, appropriate radiochemical
methods will be selected and tested.

The CRNL Environmental Authority requested that we .determine the
levels of certain actinides (U, Pu, Am, Pa, Np), fission products ("Tc,
90Sr, 1 Z 9 I , 1<t7Pm, 93Zr) and activation products (63Ni, 55Fe) in their low
level radioactive waste incinerator ash. These nuclides can not be deter-
mined directly by y-spectrometry or g-counting. A literature search on
radiochemical separations for these nuclides has been completed, and an
assessment of the required effort is being made.

2.4 DEUTERIUM ANALYSIS

2.4.1 Analysis of Water for Deuterium

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

The following is a summary of deuterium analyses for the period.

No. of Analyses Group Program

13 Pickering D2O inventory control
109965 Physical Chemistry H2O-H2 Exchange
6000 General Chemstry Absolute D20 deter-

minations
6 Engineering Company D2O Standards for

(Argentina and Korea) CANDU operations
laboratories



- 41 -

2.4.2 D20 Analysis

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

A small "pocket" hydrometer has been developed for quick on-the-
spot analysis of unknown D20 grab samples such as drums, of D2O from driers
at reactor sites and ion exchange equil ibration systems. The basis of the
"instrument" is a soft bulb polyethylene hydrometer with a 10 cm scale
covering a range from 0 - 100% D20. The soft bulb, which has a wall
thickness of ^ 1.4 mm and an internal volume of ^ 7.7 cm, is f i l l e d with
a 6.9 wt % NaCl solution or ^ 50% D20 solution adjusted for optimum scale
length. The soft bulb approach provides a reasonable degree of tempera-
ture compensation so that direct measurements can be made to within ± 2%
D20 content without temperature control over a range of 15° to 30°C.

The l i fet ime of the hydrometers is being tested and the practical
application of the approach is being reviewed at both NPD and WNRE reactor
laboratories.

2.5 ELECTROCHEMISTRY

2.5.1 Ion Chromatographic Determination of Trace Levels of N02 in
Xenon

- W.J. Olmstead, J . Gulens in collaboration with K. I . Burns
and D.W. Everall

Experiments to determine the smallest volume of N02 that could
be quantitatively converted to NO3 by reaction with hydrogen peroxide
(RP-CMa-62) were continued. Because l iquid chromatographic determination
of ni t rate ions was biased by the hydrogen peroxide concentrations, the
concentration had to be reduced from 1.5% to 0.3% to minimize the inter-
ference.

Very low yields of ni t rate were obtained when 0.75 mL of
standard gas {100 pL.L^NOzin N2) were shaken with 0.25 mL of hydrogen
peroxide solution in a 1 mL gas-tight syringe. A s l ight ly higher y i e l d ,
but s t i l l low, was obtained when the volumes were doubled and shaken in
a 2 mL gas-tight syringe. Since close to theoretical y ie ld of n i t rate
was obtained when 1.5 mL of gas standard were shaken with 0.5 mL of
hydrogen peroxide solution in a 10 mL syringe, i t appears that low yields
in the 1 and 2 mL syringes was due to inef f ic ient mixing.

2.5.2 Photoionization Detector for N02

- W.J. Olmstead in cooperation with J.P. Mi si an

A nickel column, packed with 30-80 mesh 5A molecular sieve
and conditioned at 300°C for twenty-four hours under nitrogen, proved
to be no better for separating and resolving N02 in a i r or nitrogen than
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similar columns made from Pyrex or stainless steel. A different con-
ditioning procedure for the nickel column, involying saturation on-
column with NO; on-column conversion of NO to NO2 with 0 2 and finally
an argon purge, was tried. No improvement in resolution for N02 was
observed.

This project has been transferred to A.S. Denovan and J.P. Mislan.

2.5.3 Oxygen Isotope Analyses

- W.J. Olmstead and J. Gulens

The apparatus previously used to produce gaseous oxygen by oxi-
dation of water with BrFs (PR-CMa-58) was reactivated. Oxidation of
natural water samples showed that low oxygen yields were now obtained, in
comparison with the almost quantitative yields obtained previously. The
problem has been traced to incomplete collection of the BrF5 in the cold
trap, resulting in reaction between the water vapour and BrF5 vapour in
a section of the apparatus that is continuously evacuated to remove any
air introduced when the water sample is injected.

The experiment is being modified accordingly so that we can pro-
duce oxygen samples from water of known isotopic content for analysis by
mass spectrometry.

2.5.4 Response of Copper-Selective Electrode

- E.F. Hopkins and J. Gulens

2.5.5 Sulfide Determinations in Ground Water

- J. Gulens

The portable sulfide monitor previously studied at CRNL was used
to measure sulfide concentrations in ground water at a waste disposal site
near Ottawa. The ground water at this site is highly contaminated with
dissolved inorganics and organics because of the domestic and industrial
wastes (such as organic solvents) to which it has been exposed. Several
important advantages of the portable monitor over conventional measurement
approaches became evident during this study. Calibration of the monitor
in the field using the ground water itself showed that the presence of the
organics caused a shift of the calibration curve, relative to standards pre-
pared in the laboratory. If the latter solutions had been used to calibrate
the monitor, the estimated concentrations of dissolved sulfide would have
been too low by two or three orders of magnitude. In addition, the extent
of the interference by the organics varied from location to location. The
portable monitor operates continuously, and in several locations the monitor
showed that steady-state sulfide levels were not attained until after ninety-
minutes of continuous pumping. This fact was not evident from other measured
parameters (such as pH, Eu or dissolved oxygen levels) and would not have
been as evident from batch sampling. Several samples also contained appre-
ciable levels of reduced organics and dissolved metals, both of which inter-
fered with colorimetric analyses of grab samples.
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2.6 FUEL ANALYSIS

2.6.1 Routine Analysis for Recycle Fuel Fabrication Facility

- F.C. Miller, B.W. Hildebrandt, L.G. Shurrock and R.M. Cassidy

The fuel bundles for campaign W-1012 were completed and campaign
W-1010, which is to complete 1510 elements of (Th,Pu)02> has been under-
way for most of this quarter. In support of this program, the following
analyses were carried out.

Determination

Moisture
Metallic Impurities
Hydrogen
0/M ratio
Nitrogen
Fluoride
Carbon
Quantitative Thorium
Quantitative Plutonium
Plutonium Isotopic

Number of Determinations

8
8
6
5
2
2
2
6
12
5

Several analyses were also done for the Fuel Materials Branch
in aid of ongoing programs on (U,Th)O2 fuel production. These included
4 samples of thorium dioxide powders analyzed for metallic impurities,
and one carbon determination. Three qualitative alpha sources were
also prepared for the Radiation and Industrial Safety Branch.

2.6.2 Hot Cell and Glove Box Chemjstry

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

Four (Th,U)O2 fuels were dissolved and the Th, U, and Nd
fractions (spiked and unspiked) were separated and sent for mass spectro-
metric analysis. Eight other (Th,U)02 fuels were also dissolved and the
Nd fractions (spiked and unspiked) were separated and sent for mass
spectrometric analysis.

During this quarter approximately 15 L of highly-active liquid
waste solution, from 28 fuel-pellet dissolver solutions, were consolidated
to 400 mL and sent to retained waste storage. The condensate from the
condenser-evaporator system was monitored for excess activity prior to its
disposal.

A total of 12 U/Al/Si metal samples were analysed for the Fuel
Materials Branch to confirm the uranium content of low-enriched experi-
mental fuels.
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2.6.3 (Th,U)O2 Fuels

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

Studies of methods for determining the extent of fission in
(Th,U)02 fuels continued.

The atom percent fissions for eight additional fuel elements from
bundle BDL 417 AAX were determined using r*5+Jlf6Nd and 1Jf8Nd as fission
monitors. Both the standard and the shortened procedures (PR-CMa-59
and 60) were used; the former required analyses for Nd, U and Th whereas
the latter only required analyses for Nd and quantitative dissolution of
the fuel. In addition, for elements 4, 14,21 and 36, atom percent fissions
were determined by HPLC using I39La as the fission monitor (see Section
2.6.7). All of these results, along with the previously obtained results
and the calorimetry results, are listed in Table 2.6.3.1.

Table 2.6.3.1

Atom Percent Fission Values for Elements from BDL 417 AAX

Element Atom Percent Fission

Outer

Outer

Outer
Outer

Middle

Middle
Middle

Middle
Inner
Inner

Inner
Inner

4
9

14
18

21
24
28

30

32
33

35

36

Calorimetry

2.17

2.17

2.17

2.17
1.42

1.42
1.42

1.42

1.15
1.15
1.15

1.15

Standard method

2.29
2.10

2.21

2.20
1.43

1.32
1.36
1.40

1.04

1.06
1.09

1.09

l«5+l»6Nd

Short method

2.27
2.16

2.25

2.25

1.44

1.36
1.42

1.39

1.06

1.10

1.11

1.11

Short

2.
2.

2.

2.
1.

1.
1.

1.

1.
1.
1.
1.

'Nd
method

,34
,25

33

35
46

41
45
44
09

13
14

14

I

2

2

1

1.

39L

.32

.29

.42

09

As observed previously (PR-CMa-62), the l l f 5+ l l t 6Nd results are
consistently lower than the llt8Nd results. The differences are l ikely
due to significant neutron capture in.1<l7Nd, and thus "s+1»6Nd is the
preferred fission monitor of the two.
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The standard procedure frequently yielded results 2 to 3% lower
than the shortened procedure. The different may be due to weight loss
of (e.g. release of fission gas) of the fuel p-illet during irradiation;
negligible weight change during irradiation is assumed for the shortened
procedure. However, because of the small size and inconsistency of the
differences, it is not certain whether they are real or are due to
experimental error.

The 139La results are in good agreement with the I* 5 + I 4 6Nd
results, and more of the fuel elements are being analysed to complete our
assessment of the a39La method. The development of the 139La burnup
method is a very significant development for two reasons: first, it
supplies an independent check of the ll*5+:i''6Nd method, and second, it is
a much quicker and simpler method than the mass spectrometer method. The
139La method simply involves dissolution and dilution of the fuel, followed
by injection of a small aliquot into the liquid chromatograph.

2.6.4 Thermal Ionization Mass Spectrometry

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

Studies of the mass spectrometry of nanogram quantities of U,
Th and Pu continued.

The interference at mass 238 (PR-CMa-62) was investigated further
and appeared to be due to trace U in the rhenium filaments. Blank analyses
using the more contaminated filaments showed peaks at masses 234 and 235
as well as 238, at approximately their natural abundances in U. Calcula-
tions showed that concentrations of U in the rhenium filaments as low as
a few parts per million would cause significant interference. The inter-
ference was greatly reduced by using zone refined rhenium filaments, and
by avoiding the starch-rhenium deposit that was placed over the sample to
enhance sensitivity.

Studies of the two stage equilibration procedure (PR-CMa-61) for
sampling (Th.lOOa fuel revealed that ^ 10 times moreTh was being ad-
sorbed by the tributyl phosphate-impregnated beads than predicted by the
distribution coefficients. This was likely due to the high concentra-
tion of Th*+, *> 0.05 M; the latter being only slightly less than the con-
centration of F", 0.07M. For the tracer experiments that were used to
measure the Th distribution coefficients, the concentration of Th1* was
'V/ 1 x 10~*M and thus the ligand to metal ion ratio was much higher.
The higher quantity of Th adsorbed by the bead could be offset by in-
creasing the concentration of HF used for the second equilibration.
Studies are continuing to fully characterize the two-stage equilibration
procedure.

Mass spectrometry of nanogram quantities of Pu was attempted,
using the anion-exchange membrane. The quantity of Pu used was be-
tween 0.2 and 1 ng; the quantity was not accurately known because
the distribution coefficient has not yet been measured. The results
showed that steady ion beams and good precision for isotope ratios were
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obtained. This is a significant development, because Pu samples can now
be isotopically analyzed at a rate of ^ 3 per day using the automated
mass spectrometer compared with 1 or 2 per week using the old, manual
instrument.

A series of moderator samples taken during commissioning of the
Point Lepreau reactor were analyzed for boron concentration, to determine
reactivity balances. Isotope dilution mass spectrometry was chosen for
these analyses because of the high precision required. The procedure
used was that recommended by the U.S. National Bureau of Standards (1),
and involved addition of Na2C03 to the samples and measurement of the
Na BOJ ion at masses 88 and 89. Some problems were initially encountered
with contamination from the Na2CO3 reagent and the deionized water, but
these problems were eliminated and reproducible results are now being
obtained.

(1) E.J. Catanzaro, C.E. Champion, E.L. Garner, G. Marinenko,

K.M. Sappenfield, W.R. Shields. NBS Spec. Pub. 260-17 (1970).

2.6.5 Reduction of U(VI) to U(IV) for Co-Precipitation with Thorium

F.C. Miller, B.W. Hildebrandt, L.G. Shurrock, and R.M. Cassidy
As outlined in progress reports PR-CMa-59 and-62, an electrolysis

system is being developed to reduce 300 g batches of uranium (VI) to
uranium (IV) for co-precipitation with thorium by the oxalate procedure.
The parameters investigated during this quarter were:

(1) Concentration of Hydrazine Required to Prevent Reoxidation

During electrolysis hydrazine must be added to prevent re-
oxidation of the U(IV), and the hydrazine is slowly destroyed by the
nitrite produced as a secondary reaction at the working electrode. In
addition, some of the hydrazine diffuses through the cell separator and
is oxidized at the anode. A minimum starting concentration of 0.1 mol-L"1
of hydrazine was sufficient to stabilize U(IV) solutions under normal
operating conditions, but as a safety factor, a concentration of 0.2 mol-L"1
is recommended.

(2) Reaction of U(IV) with Thorium Nitrate Solution

In previous work carried out at WNRE, problems with foaming
and reoxidation of the U(IV) to U(VI) occurred when reduced enriched-
uranium was added to the concentrated Th(N03K solution. This behaviour
could not be duplicated with a reduced solution of 93% enriched U(IV)
containing hydrazine-as a stabilizer. It was also found that a solution
of U(IV), Th(N03K and 0.1 mol-L"

1 hydrazino was stable at elevated
temperatures (75°C) and also to the addition of small amounts of nitrite
ion.
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(3) Reduction i f U(VI) in Co-processed U + Th Solutions

In the future, i t may be necessary to reduce the uranium
from the co-processed product stream of a uranium and thorium recovery
plant. Consequently the reduction was studied for different concentra-
tions of uranium in the presence of thorium (with Th/U ratio of % 25:1).
The thorium concentration ranged from 20 g-L"ato 300 g-L"1. After re-
duction of the uranium, both the uranium and thorium were precipitated
as the oxalate and the supernatant analyzed for uranium. In a l l cases
> 99.5% of the uranium was taken down in the precipitate.

This program has now been completed and wi l l be described in
detail in a report that is being drafted.

2.6.6 Fluoride-in-Yellowcake; Round-Robin Study

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

The laboratory participated recently in a round-robin analysis
of fluoride in yellowcake uranium which was coordinated by Eldorado
Nuclear at Port Hope. Results from nine laboratories were used in the
tabulation to produce a mean analyzed value of 0.14 ± 0.01 wt % f luoride.
Our value of 0.142 ± 0.004 agreed exceptionally well with this mean value.
As this mean is the result of three different separation techniques com-
bined with three different detection systems in various combinations, i t
gives us confidence in the accuracy of our analytical technique of pyro-
hydrolysis combined with selective ion electrode detection. The results
of this round-robin have been published by the Analytical Subcommittee
of the Canadian Uranium Producers Metallurgical Committee.

2.6.7 Determination of Burnup by Liquid Chromatography

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

As reported in Section 2.2.5.2, PR-CMa-62, the summed yield of
selected rare earth fission products was examined for the determination
of burnup of (Th,U)02 fuels. The rare earths are f i r s t separated from
the Th and U on a conventional anion-exchange column, and then determined
by high-performance l iquid chromatography; recovery monitors such as Gd,
Tb, and Er were used to help compensate for any losses during the pre-
liminary separation. Four fuel samples were analyzed several times and
a representative chromatogram is shown in curve A, Figure 2.6.7.1.
Although some of the derived burnup values were reasonable, most were
low, and the relative ratios of the different lanthanides were not con-
sistent between samples of the original fuel solution. The results
suggest that losses occurred in the preliminary separation and that these
losses were not consistent for a l l the lanthanides.

Because of this i t was decided to analyze the fuel solutions
without a preliminary separation, using La as a fission monitor. Pre-
vious results obtained by this method were high but studies have shown
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that this was likely due to contamtnation in the steam condensate water
which was used to feed deionizing units; this problem was circumvented
by using triple-distilled water. Results have now been obtained for
four fuels from BDL 417 AAX and a representative chromatogram is shown
in curve B, Figure 2.6.7.1. The results agreed well with mass spectro-
metric results (Table 2.6.3.1) obtained by the llf5Nd + m N d method.
The remainder of the fuel samples from this bundle will also be analyzed
by this liquid chromatographic technique.

If this method proves to be reliable it will save considerable
time and cost. The analysis time for four samples is ^ 3-4 h by chroma-
tography compared to 5 to 7 days for complete mass spectrometric analysis;
the cost of equipment is also considerably less for the chromatographic
technique.

2.7 PUBLICATIONS AND REPORTS

2.7.1 Reports

Chemical Analysis Methods for the Recycle Fuel Fabrication
Laboratory.
- R.M. Cassidy and I.H. Crocker, editors, 1982 October,
AECL-MISC-218.

2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

Analytical Chemistry: Developments since 1942 - L.W. Green.
- Invited talk presented at Carleton University Chemistry
Symposium, 1982 October 15.

Meetings

K.I. Burns, R.M. Cassidy and C.H. Knight visited the Radiochemical
Company and attended evening session of Ottawa Liquid Chroma-
tography Discussion Group, Ottawa, 1982 October 26.

J. Gulens attended Executive Meeting and Symposium of
Electrochemical Society9 Ontario/Quebec Section, Ottawa,
1982 October 28-29.
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Figure 2.6.7.1 - Separation of Lanthanides by High-Performance Liquid Chromatography. Curve A,
Gradient separation of lanthanides in separated irradiated-fuel fraction;
Curve B, Isocratic separation of fission product La from other components in
dilute solution of irradiated fuel.

I



» 51 -

3. REPORT OF PHYSICAL CHEMISTRY BRANCH

Compiled by J.H. Rolston

3.1 STAFF

Page

52

3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry
3.2.2 Radiolysis of Liquid Systems

53

53
55

3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation
3.3.2 Laser Magnetic Resonance
3.3.3 Vola t i le Molecules of Heavy Elements: Approaches to

Laser Separation of Zirconium Isotopes

57

57
62
62

3.4 HYDROGEN-WATER EXCHANGE

3.4.1 Kinetic Studies of the Isotope Exchange Between
Hydrogen and Water

3.4.2 X-Ray and UV Photoelectron Spectroscopy
3.4.2.1 Instrument Development
3.4.2.2 Interact ion o f Pt(lOO) with O2
3.4.2.3 Temporal Osci l lat ions in CO Oxidation

3.4.3 Investigat ion of a Phase Transit ion on Pt(lOO)
Induced by Adsorption of CO

3.4.4 Progress on the Construction of the New Ul t ra High
Vacuum UHV System

62

62

62

64

64

3.5 ISOTOPE CHEMISTRY 64

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water 64
3.5.2 Equil ibr ium Deuterium Dis t r ibut ion Between Water and 66

Dimethyl Sulfoxide (DMSO)
3.5.3 Isotopic Exchange Reactions i n Prot ic Solvents 66
3.5.4 Separation Factors for Deuterium Exchange Between 67

Hydrogen and Al iphat ic Alcohols
3.5.5 Chemical Methods fo r Zirconium Isotope Separation 68

3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1
3.6.2

Reports
Lectures

69

69
69



- 52 -

PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

BRANCH HEAD

SECRETARY

J.P. Butler

B.A. McCarthy

Professional Staff

A.J. Elliot
J.W. Fletcher
R.G. Macdonald

RADIATION CHEMISTRY

Technical Staff

J.J. Fisher^
O.A. Miller
E.B. Selkirk
F.C. Sopchyshyn

R.D. McAipine
D.K. Evans
J.S. Geiger2

LASER PHOTOCHEMISTRY

H.M. Adams
J.W. Goodale

J.P. Butler
P.R. Norton
J.H. Rolston
J. Rustig3

HYDROGEN-WATER EXCHANGE

J.C. Au
P.E. Bindner
J . den Hartog
K.L. Gale
F-.W. Molson
L.M. Paterson

J.H. Rolston
J.D. Halliday
E.A. Symons
K.J. Franklin*

ISOTOPE CHEMISTRY

J.D. Bonnett
S. Padamshi

^Waterloo Cooperative Student, terminated 1982 December 21.
2Attached from Nuclear Physics Branch.
3Visit ing Scientist, reported 1982 October 29, terminated 1982 December 2.
4NSERC Post-doctoral Fellow, commenced 1982 December 20.



-53 -

3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and O.A. M i l l e r

(a) Low Dose Radiolysis o f N?-0? Mixtures

The analysis of the measurements of the y i e l d o f NO and NO2 from the low
dose i r r a d i a t i o n of N2-O2 mixtures has been completed. I t has previously
been shown (PR-CMa-59, AECL-76O7) tha t the measured concentration of NO and
NO2 can be in terpreted to give the y i e l d o f N atoms, G(N), f o r the low dose
i r r a d i a t i o n o f N2. The f i n a l resul ts are presented in Table 3 . 2 . 1 . 1 . The
decrease in G(N) wi th increasing mole f rac t i on of N2, ffi2» i s due to the
loss o f N atoms by reactions [1] and [ 2 ] .

[1] N + NO -»• N2 + 0

[2] N + N02 •+ N20 + 0

Table 3.2.1.1

Results f o r the experimental and computer s imulat ion
of the low dose rad io lys is o f N2-02 mixtures at 30QOK

101 kPa.

Mole Fraction N2 Yie ld o f Nitrogen Atoms G(N)
fM Experimental Computer Simulation

N 2 % H ( 2 p )

0.9506
0.898
0.789
0.690
0.487
0.174
0.0927

4.30
5.06
5.48
5.97
5.58
6.74
7.20

0
1.84
2.94
4.27
5.03
6.04
6.60
6.78

25
2.42
3.52
4.28
5.44
6.28
6.78
6.78

50
3.29
4.30
5.35
5.91
6.53
6.82
7.14

75
4.59
5.33
6.05
6.41
6.76
6.89
7.20

The low dose radiolysis of the N2-O2 mixtures was simulated on the
computer using the computer code MAKSIMA-CHEMIST (AECL-6413). The computer
time necessary to carry out these calculations was greatly reduced by
neglecting the large number of ion-molecule reactions which occur in the
N2-O9 system. The neglect of the ion-molecule reactions is jus t i f ied because
at the low dose rate of the radiolysis experiments no ion-molecule reactions
wi l l contribute to the net production of N atoms; charge transfer of the
clustered N2+ and N+ ions w i l l occur before neutralization of these ions.
As a check, a few calculations were run using a representation of the fu l l
mechanism. This included 44 ion-molecule reactions and 25 neutral reactions.
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The results of these calculations were in agreement with the results of the
same calculation repeated using only the neutral reactions. The results are
presented in column 3 of Table 3.2.1.1 as G(N) for each

At small fflowith 0% N(2D),the experimental results and computer simulation
are in agreement; however, as f ^ increases the computer simulation gives G(N) less
than the measured value. The uncertainties in any of the rate constants used
to model the N2-O2 system (1), are much too small to account for this
discrepancy. This difference must be due to some mechanism which produces
more NO and/or NO2 than was accounted for in the computer simulation. There
are several possible candidates. Two of these are a series of reactions
involving metastable N2(A3Eu+) or reaction of metastable N(2D) and/or the
more energetic N(2P) atoms with O2. The f i r s t possibil i ty may be ruled out
since i t has recently (2) been shown that reaction [3] is the main channel:

[3] N2(A3Zu+) + 02 •*• N2(X) + 20(3P)

This cannot give a net increase in NO or NO2 concentration. The reaction
of metastable N atoms, reactions [4a] and [4b] are about 7 x 10^ times as
fast as the reaction of N(*S) with 0 2 (3).

[4a] N(2D) + 0 2 -»• NO + 0(
3P)

[4b] N(2P) + 02 •* NO + 0(
3P)

As well, the deactivation of these metastable atomic species by N2; reaction
[5], is 500 times slower (4) than reactions [4a] or [4b].

[5] N(2D,2P) + N- •• N(4s) + N2

The computer calculations were repeated with the reaction and deactivation of N(2D)
metastable species included. The percentage of N atoms which are i n i t i a l l y produced
in the excited states (2D,2P) was varied. Because the 2P state is 1.19 eV more
energetic than the 2D state and the rate constants of N(2P) atoms in reactions
[4] and [5] are very similar to those of N(2D) atoms (2,3), the two metastable
states were treated together as N(2D). The results of the computer simulation
are presented in Table 3.2.1.1. Reasonable agreement between experiment and
calculation is obtained i f the i n i t i a l fraction of N(2D) atoms is between 50%
and 75% of the total N atom yield.

At f i r s t glance this is a relatively large yield for the production of an
excited species. However N2 is unusual in that there is no dipole allowed
transition from the ground state to an electronic state which correlates to
the unexcited atomic state l im i t , N(4s) + N(4S). All the low lying excited
states of N2, which are coupled to the ground state of N2 by dipole allowed
transitions, correlate with at least one metastable N atom species. States
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which are coupled by electric dipole transitions make the largest contribution
to the electron impact spectrum. Recent measurements on the electron impact
excitation of the N? (b'iru) state (5) show that this state predissociates into
a N(4s) atom and N(2D). This state accounts for about 20% of the total
cross-section for neutral dissociation by electron impact (6). Similar trends
have also been observed for the electron impact excitation of Ng which produces
N atoms in excited states (7). These states can be classified into quartet
states which can radiatively cascade to the ground state N(4s) or doublet state
which can radiatively cascade to the metastable N(2D) or N(2p) states. For the
excited states the quartet states are favoured over the doublet states by
about 7:3. The states investigated (7) only contribute about 2% to the total
cross-section for the neutral dissociation of N2 by electron impact but the
trend is clear; a substantial fraction of N atoms are formed in the metastable
states.

(1) D.L. Baulch, R.A. Cox, R.F. Hampson, Jr . , J.A. Kerr, J. Troe and R.T. Watso
J. Phys. Chem. Ref. Data 9_, 295 (1980).

(2) M.P. Iannuzzi, J.B. Jeffries and F. Kaufman, Chem. Phys. Lett. 87_,
570 (1982).

(3) K. Sugarvara, Y. Ishikawa and S. Sato, Bull. Chem. Soc. Japan 53_,
3159 (1980).

(4) M.P. Iannuzzi and F. Kaufman, J. Chem. Phys. 73_, 4201 (1980).
(5) E.C. Zipf and M.R. Gorman, J. Chem. Phys. 73, 813 (1980).
(6) H.F. Winter, J. Chem. Phys. 44, 1472 (1966JT
(7) A.R. F i l i ppe l l i , F.A. Sharpton and C.C. Lin, J. Chem. Phys. 76_, 3597

(1982).

3.2.2 Radiolysis of Liquid Systems

(a) Radiolysis of Water

- J.W. Fletcher and J.J. Fisher

(b) Radiolysis of NpO-saturated Solutions of Organodisulphides

- A.J. E l l io t and A.S. Simsons (University of Waterloo Co-op. Student)

Since i t was found that the thiyl radical formed from oxidized dithiothrei
could abstract the hydrogen from the formate ion and sustain a chain reaction
(PR-CMa-62, AECL-7909), a number of other organo-thiyl radicals were screened
for the same reaction.

Large chain reduction reactions (G(reduction) = 40-100) were observed
when N20-saturated solutions, containing the disulphides glutathione or
dithiodipropionic acid, were irradiated. This indicates that the thiy l
radicals (RS) derived from both compounds are capable of abstracting
the hydrogen atom from the formate ion [1].

[1] RS + HCOO" •*• RSH + CO^
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This type of abstraction may be important biologically as reduced glutathione
(GSH) is the principal non-protein thiol in l iv ing cells and there is a
correlation between i ts concentration and cellular radiation sensit iv i ty. One
model suggests GSH can repair radical centers (D), formed through radiation
damage, by hydrogen atom transfer [2].

[2] GSH + D -»• G§ + DH

In the l ight of reaction [1] , the fate of GS has to be considered.

The sterical ly hindered th iy l radical formed from penicillamine
disulphide does not undergo reaction [1].

(c) Pulse Radiolysis Study Over the Temperature Range Qo-100°C

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

To complement the steady-state radiation studies of aqueous solutions
up to 118OC(PR-CMa-58, AECL-6538 to PR-CMa-62, AECL-7909), a thermostated
sample cell holder has been bui l t and commissioned for pulse radiolysis studies
over the temperature range 0O-100°C. The f i r s t system studied is the reaction
of the solvated electron with the nitrate ion in the presence of tert iary
butanol and sodium formate as scavengers for hydroxyl radicals. The rate
constants are summarized in Table 3.2.2.1 along with the activation energy
associated with the reaction. Although the rate constants show the effect of
ionic strength i .e. , the rate constants in a 0.5 mol-L-1 sodium formate are
^ 20% greater than the other two solutions studied, the activation energies
are the same within experimental error. Both the value of the activation
energy of ^ 14 kJ-mol"' and the magnitude of the rate constant £ 10^° L-moT^-s"
are consistent with diffusion controlled reaction in aqueous solutions.

Table 3.2.2.1
Rate Constants and Activation Energy for the Reaction of ean- + NO3"

10"9xRate Constant (L-mol-1-s"1)
Temperature (°C) t-BuOH Sodium Formate Sodium Formate

(0.2 mol-L-'') (10-3 mol-L-T) (0.5 mol-L-1)

18-20
31
51
71
81
91

Arrhenius
Activation Energy
(kJ-mol-1)

9.9
10.6
17.3
24.1
25.7
32.0

14.8

9.7
13.3
18.7
24.9
28.6
29.9

14.0

13.2
17.2
23.9
30.2
36.5
43.0

13.6
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3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

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

(a) Multiphoton Absorption (MPA) Studies of CDF3

MPA studies of pure CDF3 have been completed. The MPA cross section
(a) was determined as a function of fluence (<S> = 10~2-102 J/cm2), pressure
(P = 0 . 2 7 - 2 . 7 kPa), and pulse width (AT = 2 , 6 and 60 ns). The cross
section a($, P, Ax) for laser fluences of 50 J-cm-2 and 0.08 J-cm-2 is p lot ted
vs. P-AT in Fig. 3.3.1.1(a) and 3.3.1.1(b) respectively. For the f u l l range
of $, a($, P, AT) = a($, P - A T ) ; hence, as was suggested by Marl ing,Herman and
Thomas (1 ) , an increase in P can be compensated by a corresponding decrease in
AT without a change in a. This has an important impl icat ion fo r iso top ica l ly
selective multiphoton decomposition since the high pressures, necessary for
pract ical pumping costs, can be achieved without se lec t i v i t y reducing co l l is ions
during the laser pulse.

At low fluences the so l id l i n e , in Fig. 3.3.1.1(b) follows the empirical
form given by equation [13.

[1] O(PAT) - 0(0) = [ a H - 0(0) ] [1 - exp(-P6x/T0)]

Equation [1] can be understood in terms of the fol lowing model. At "zero"
pressure, a f ract ion of the ground state rotational d is t r ibu t ion is in
resonance with the laser, causing a hole to be "burned" in th is d is t r ibu t ion
and giving a cross section a(o) . As P-AT is increased, rotat ional relaxation
processes f i l l th is hole in the rotat ional d i s t r i bu t i on , with a macroscopic
character ist ic constant T 0 and O(P-AT) > 0(0) . For su f f i c i en t l y large P-AT,
a l l of the ground rotat ional d is t r ibu t ion that can be co l l i s i ona l l y coupled
is accessible for laser-pumping, and a plateau value a(°°) is measured. The
parameters which f i t the results for $ = 0.08 J/cm2 are: a(o) = 2.8xlO"21 cm2/
molecule, a(°°) = 3.2xl0"20 cn^/molecule and T 0 = 50 kPa«ns.

For large values of <J>, see Figure 3.3.1.1 (a ) , the functional dependence
of a($, P-AT) VS. P-AT is quite d i f fe rent from that discussed above fo r small
values of $. I n i t i a l l y , for $ = 50 J/cnr . a decreases sharply with co l l i s ion
number to a broad minimum (^ 3 x 10"2 ' cmVmolecule) and then increases. The
role played by col l is ions is c lear ly more complex (4) for high values of $, and
l i k e l y involves intramolecular relaxation processes which i n i t i a l l y decrease
then increase the MPA cross sect ion.

(1) J.B. Marl ing, I.P. Herman, and S.J. Thomas, J . Chem. Phys. 72, 5603 (1980).
(2) S.L. Chin, D.K. Evans, R.D. McAlpine and W.N. Selander, Appl. Optics 2 1 ,

65 (1982). ~~
(3) D.K. Evans, R.D. McAlpine and H.M. Adams, J . Chem. Phys. 77, 3551 (1982).
(4) D.K. Evans, R.D. McAlpine, H.M. Adams, and A.L. Creagh, Submitted for

publ icat ion.
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KINETIC COLLISIONS (294 K) PER LASER PULSE
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Figure 3.3.1.1 - The dependence of the MPA cross section of CDF3 for the CO?
10R(26) laser line on P-AT for laser pulse widths of 2 ns 10),
6 ns (A) and 60 ns ( • ) . For the top plot (a) $ = 50 J/cm?,
and for the bottom plot (b) $ = 0.08 J/cm2.
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(b) Multiphoton Absorption (MPA) and Decomposition (MPD) Studies of
Methanol

Previous reports in this series have discussed the MPA and MPD of methanol
(PR-CMa-59, AECL-7607 and PR-CMa-61, AECL-7780 and PR-CMa-62, AECL-7909).
Work on this system has continued. Experimental cross sections (a) described
by the empirical form a($) = K$b, are l isted for transmission and photoacoustic
(2) experiments in Table 3.3.1.1. Plots of log a($) vs log <f> show a bend at
a point corresponding to log $c. This observation was previously discussed
(3,4) for CDF3 and CH3NH2. For methanol, $c is nearly independent of the
pulse width (AT) as was observed for CDF3 (PR-CMa-62, AECL-7909), and not
proportional to AT as was observed for CH3NH2. The dependence of the cross
section on $ and P-Ax is similar to that discussed above for CDF3, i . e . ,
a($, P, AT) = a($, PAT). In addition, for the CO2 laser lines 9P(18) and
9P(20) (which are both absorbed into the R branch of the C-0 stretching mode),
O(PAT) (for 0 < $c) follows the empirical form of equation [1] above, with
T 0 = 10 kPa-ns. However for the 9P(34) l ine , which is absorbed into the
Q branch, a($, P-AT) (for $ = 0.1 J/cm*) is s t i l l increasing with P-AT when
a(PAT)£a(«) for the 9P(18) and 9P(20) l ines. This means that T 0 is effectively
much larger for excitation in the Q branch compared to the R branch.

The very large cross sections obtained with the 9P(34) line can produce
an experimental ar t i fact , for photoacoustic measurements, due to absorption of
the l ight (later referred to as "preabsorption") by the methanol in the path
between the window and the point in the cell below the microphone (a distance
of about 20 cm). In Fig. 3.3.1.2, the effect of this "preabsorption" of the
9P(34) line is demonstrated as a function of methanol pressure P, and the cross-
section at the cell window a0. For large values of a0 and P, a s ign i f i cant
amount of the radiant energy is "preabsorbed" meaning that the fluence under
the microphone ($) is significantly lower than that which would be calculated
assuming negligible absorption. Since a is a function of $, this "preabsorption"
can introduce significant distortions into plots of log <n> vs log $ when $ is
not corrected for "preabsorption". The unusual results reported earl ier (PR-CMa-61,
AECL-7780) for the 9P(34) line and AT = 60 ns, are now believed to be largely
due to an uncorrected "preabsorption".

(c) MPA and MPD Studies of Chloroform

MPA and MPD studies have commenced on CDC13 and CHCI3 using a CO2 laser
f i l l ed with either ^C0? or 13C02- Preliminary MPA studies have been performed
using a variety of CO2 laser lines. Analytical procedures for the
expected products (HC1, DC1, C2CI4 and others) have been developed and
selective MPD studies w i l l commence shortly.
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0
r ! 8

aQ , INITIAL CROSS SECTION (cm2/molecule)

Figure 3.3.1.2 - The transmittance (T) of a laser beam after absorption by
20 cm of gas as a function of a0 (the cross section before
absorption, and P(the gas pressure in kPa). The solid
lines assume the Beer Lambert Law, and the dashed lines
assume o($) = K*-0.35.
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Table 3.3.1.1

MPA parameters for various pressures of CH3OH as a function
of $ for AT = 6 and 60 ns. Transmission results, which are
used to calibrate the photoacoustic results were obtained
using path lengths as follows (a) 194.2 cm, (b) 97.1 cm,
(c) 47.1 cm and (d) 11.3 cm.

6 ns Pulse 60 ns Pulse
Pressure ! CO2

I Laser
(kPa) I Line

Range of $ ' Kxio22

(J/cn?)

TRange of * ' KxlO22

(J/cit)2)

(a) Calibration Results (Transmission)

0

0

1

0

0

1

2

2,

.267

.667

.333

.267

.667

.333

.000

.667

9P(20)d

9P(20)a

•9P(20)b

9P(34)C

9P(34)d

9P(34)d

9P(34)d

9P(34)d

(b) Photoacoustic

0.

0.

0.

0.

0.

0.

1.

1.

.067

,067

267

267

667

667

333

333

9P(18)

9P(20)

9P(18)

9P(20)

9P(18)

9P(20)

9P(18)

9P(20)

0

0

0

.006-0.

.005-0.

.006-0.

Results

9.
0.
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3.3.2 Laser Mangetic Resonance

- J.S. Geiger i n co l laborat ion wi th J.M. Brown, Univers i ty of Southampton

The OD spectral i den t i f i ca t i ons given in PR-CMa-62, AECL-7909 have been
confirmed. I t has been found that the 97.5 \im spectrum contains one l i ne from
v = 0 2iT3/2 J = 7/2 •+ 2 i r i / 2 J = 5/2 t rans i t i on in addi t ion to the four
associated wi th v = 0 ^ 3 / 2 J = 9/2 -*• 2^3/2 J = 11/2. New measurements are
planned at wavelengths o f 103.1 urn, 235.7 \im and 170.6 ym to augment our present
data base f o r the v i b ra t i ona l l y exci ted ro ta t iona l manifolds of t h i s r a d i c a l .

3.3.3 Vo la t i l e Molecules o f Heavy Elements: Approaches to Laser Separation
o f Zirconium Isotopes

- Contract Research by M.J. McGlinchey,Department o f Chemistry,
McMaster Univers i ty

3.4 HYDROGEN-WATER EXCHANGE

3.4.1 K inet ic Studies o f the Isotope Exchange Between Hydrogen and Water

- J.P. Bu t l e r , J . den Hartog, F.W.R. Molson, J.H. Rolston, L.M. Paterson,
K.L. Gale 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 new Kelvin work function probe has been constructed and tested. The
vibrating electrode is maintained at i ts resonant frequency(even i f the
frequency changes during the course of an experiment) by a piezo-electric
transducer phase locked loop arrangement.

The probe is capable of measuring work function changes over any sample
temperature range below that for significant thermionic emission, and over a
very wide pressure range, limited only by construction materials and methods.
In practice these limitations would be: T £ 1000 K and P £ 2 x 105 Pa for
the present design.
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In tests on CO adsorption on, and desorption from Pt(lOO) (see PR-CMa-52,
AECL-6966) RMS noise levels of ^ 1 mV at response speeds £ 100 ms were routinely
achieved. Full design, construction and test details w i l l be published
elsewhere.

3.4.2.2 Interaction of Pt(lOO) with Op

(in collaboration with K. Gr i f f i ths, Solid State Science Branch)

The studies of oxygen interaction with Pt(lOO) have been extended to low
temperatures. On Pt( lH) at T £ 120 K, 02 adsorbs into a molecular state which
converts to dissociatively adsorbed oxygen at T -v 150 K. I t is widely believed
that this molecular state is the precursor to dissociation even at high temperatures.

The sticking coefficient of O2 on Pt(100)-(5x20) at room temperature is
very low (£ 10"5) so i t is pertinent to ask whether a molecular O2 state exists
on Pt(lOO) at low T and i f so, whether i t dissociates before desorbing.

Accordingly, thermal desorption and work function measurements have been
made of oxygen adsorption on Pt(100)-(5x20) at T £ 115 K. A weakly held state
is populated with a sticking coefficient of ^ 0.1. This state desorbs by 150 K
leaving a completely clean surface in contrast to P t ( l l l ) . I t is therefore
possible that, although a (presumably) molecular O2 state exists on Pt(100)-(5x20)
at low temperatures the dissociation process is slow compared to desorption. I t
is not known for certain whether this is due to a very small pre-exponential
factor for the rate equation describing dissociation or to an appreciable activa-
tion energy. I t is probably the latter because of evidence (PR-CMa-62, AECL-7909)
of activated adsorption a f t > 300 K. I f this hypothesis is correct, the high
sticking coefficient of O2 on Pt(100)-(1xl)(V).l) could be explained by postulating
the existence of a molecular state at low temperatures which should dissociate upon
warming to ^ 150 K. Experiments are in hand to test this hypothesis.

3.4.2.3 Temporal Oscillations in CO Oxidation over Pt(IOO)

(with Dr. J. Rustig, University of Munich)

Dr. J. Rustig (from Professor G. Ert l 's group in Munich) spent one month
at CRNL investigating the temporal oscillations in the CO-oxidation reaction
over Pt(lOO).

The problems experienced earlier in establishing the conditions for the
oscillations were traced to hydrocarbon impurities in the feed gases. Sustained
oscillations were eventually established using Matheson Research purity CO and
O2. The only satisfactory test for the purity level is the presence (or absence)
of oscil lations. Under the conditions for observing the oscillations the total
coverage (0 + CO) is small, being limited by the reaction between them, allowing
hydrocarbon impurities to preferentially accumulate on the surface.
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Some differences were observed between the CRNI, experiments and those
in Munich (1) but the data s t i l l support the phase transition hypothesis.

Plans are well advanced to test the model by simultaneous Rutherford
Backscattering and work function.measurements.

(1) G. E r t l , P.R. Norton and J. Riistig, Phys. Rev. Letters 49 (177), 1982

3.4.3 Investigation of a Phase Transition on Pt(lOO) Induced by Adsorption
oTTO

3.4.4 Progress on the Construction of the New Ultra High Vacuum UHV System

- P.R. Norton and P.E. Bindner in collaboration with T.E. Jackman,
J.A. Davies, K. Griff i ths and C.W. Sit ter (Solid State Science
Branch)

See Solid State Science Branch,Sections 1.3.1 and.1.3.3.

3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water

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

Tests of the catalytic abi l i ty of the anion exchange resin Ionac A-935
have been completed. As expected from our earl ier resin catalysis work (1),
the resin-based hydroxide ion is more reactive than NaOH; for examule,
at 100°C the apparent factor is ^ 7. However even this "high temperature"
resin, l ike the regular types tr ied ear l ier , is thermally unstable above 100°C
where the i n i t i a l act iv i ty is high enough to be useful. At 108°C the rate
constant had decreased by ^ 30% after the slurry was stored at this temperature
for 19 h. Reactivity fe l l by a factor of 7 when the slurry was maintained at
136°C for 'v 22 h.

Analysis for fluoride ion in solution by specific ion electrode indicated
that chemical decomposition of CF3D in the resin slurry is quite slow at 110°C.
After 3 h of gas/slurry mixing, the [F~] had risen only s l ight ly from a
background value of ^ 5 x 10-6 mol/L to ^ 1.5 x 10~5 mol/L.

Gas solubi l i ty measurements for CFoH in water and 1.0 mol/L NaOH solution
were extended to 120°C, to permit calculation of in-solution/slurry rate
constants for CF3D exchange. Because of the higher pressures involved (101 kPa
CF3H plus water vapour pressure) the metal st i rred reactor, modified for
solution sample withdrawal by syringe, was used for gas-liquid equil ibration.
The results are recorded in Figure 3.5.1.1. Above about 90°C the solubi l i ty
of CF3H in both water and 1.0 mol/L NaOH solutions is independent of
temperature within experimental error.
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Figure 3.5.1.1 - Extension of CF3H solubility data for water and 1.0 mol/L
NaOH solution to 12OCC; partial pressure of CF3H always
101 kPa.
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Figure 3.5.1.2 - Temperature dependence of CF3D-H0O) exchange in-solution rate
constants for "OH catalysis via NaOH (0.060 moles "OH) and
Ionac A-935 resin slurry (0.0077 moles ~0H).
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A plot of in-solution/slurry rate constants for CF3D exchange as a function
of temperature is shown in Figure 3.5.1.2. The curvature seen at the high
temperature end arises at least in part from the observed stirring rate
dependence of the measured data; above 'v110°C the plotted points are minimum
values. At 125°C the in-solution reaction half-life is < 15 seconds.

The use of aqueous NaOH at 120-140°C instead of NaOH in aqueous dimethyl
sulfoxide at lower temperatures to achieve acceptable rates of deuterium
transfer between fluoroform and water is being assessed.

(1) E.A. Symons, J.H. Rolston, L.A. Baldisera, J.C.G. Drover and J.D. Bonnett,
Can. J. Chem., in press (1982)

3.5.2 Equilibrium Deuterium Distribution Between Water and Dimethyisulphoxide
TDMSO)

- J.D. Halliday, E.A. Symons, M.L. Martins (National Summer Student)
and S. Padamshi

Work on this project has been terminated. The accuracy obtainable in the
measured integrals from the aging HX90 spectrometer is insufficient to provide
meaningful deuterium-protium separation factors.

3.5.3 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday and S. Padamshi

Amino-Amide Exchange in Pimethyl amine

The experimental pseudo-first order exchange rate constants, 1/x, were
reported in PR-CMa-62, AECL-79O9, for the exchange r a t i o n [1]

[1] (CH3)2NH

These data are related to the overall second order rate constant for the reaction
through equation [2]

[2] 1/T = k2[(CH3)2NCs]

The calculated values of k2 are shown in Figure 3.5.3.1 as a function of
the stoichiometric concentration of cesium dimethyl amide (6.73 x 10~7 to
1.02 x 10-4 mol-kg"1 solvent) for temperatures of -39.5°C, -7.1°C, and 27.4°C.
The data show a marked dependence of k2 on the concentration of cesium dimethyl-
amide. This dependence indicates that the bulk concentration does not reflect
the concentration of a single catalytic species and suggests that one or more
species derived from it, such as free ions, ion pairs, solvent separated ion
pairs, triple ions, or higher agglomerates are involved in promoting the exchange
reaction.
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[ Ces'um Dimethylamide]
Figure 3.5.3.1 - Dependence of Second Order Rate Constant, kgfoverall)

(L-mol"1-s"1) for Exchange of Amide Protons upon Stoichiometric
Concentration of Cesium Dimethylamide, (mol-kg-solvent"!)
at 27.4°C (0), -7.1°C (A) and -39.5°C (D).

For the potassium methylamide system, which also exhibited a dependence
of k2 on bulk amide concentration (1), the active catalytic species were shown
to be free ions and ion pairs, with the free ions being the most active.
Individual second order rate constants for free ions and ion pairs cannot be
calculated for the cesium dimethylamide in dimethyl amine system, unlike those
for potassium methylamide in methylamine, because the dissociation constant
for cesium dimethylamide is not known. However, since k£ increases with
concentration, the greater catalytic activity probably is associated with the
ion-paired species. The overall k2 values are comparable in magnitude to those
previously determined for the potassium methylamide system (1).

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

3.5.4 Separation Factors for Deuterium Exchange Between Hydrogen and Aliphatic
Alcohols

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

The deuterium-protium separation factor [a =
hydrogen and a series of alcohols (ethanol, n-propanol. ...._
trifluoroethanol) have been measured at temperatures between -30°C and 70°C
using techniques previously described for water and hydrogen (1). Values of
a at 25°C are listed in Table 3.5.4.1. All a values resemble those of the

(D/H)LIQ • (D/H)QAS] between
nol, n-butanol and
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methanol-hydrogen indicating changes in the alky! group, including the
introduction of a trifluoromethyl substituent, have little (< 3%) effect on
the partitioning of deuter.ian between the hydroxyl group and hydrogen. This
result complements a similar conclusion reached in a study of the separation
factors between substituted mercaptans and water (2). It provides confirmation
that the hydroxyl-hydrogen separation factor is also insensitive to molecular
structure and primiarly governed by the difference in the zero point energy
change arising through isotope replacement in the bonds which undergo direct
substitution.

Table 3.5.4.1

Comparison of Separation Factors for Deuterium-Protium
Exchange Between Hydrogen and Liquid Alcohols at 25°C

Alcohol Structure Separation Factor
a

Water

Methanol

Ethanol

n-propanol

n-butanol

Trifluoroethanol

H-OH

CH3-0H

CH3CH2-0H

CH3(CH2)2-0H

CH3(CH2)3-0H

CF3CH2-OH

3.806

4.30-

4.18£

4.24 g

4.2O4

4.28 n

(1) J.H. Rolston and K.L. Gale, J. Phys. Chem. 86, 2494 (1982), AECL-7646.
(2) K.I. Sakodynskii, S.I. Babov and N.M. Zhavoronskii, Dokl. Acad. Nauk.

SSSR, 121, 565 (1959).

3.5.5 Chemical Methods for Zirconium Isotope Separation

- E.A. Symons, J.D. Bonnett and E.B. Selkirk

The accelerating voltage switching circuitry referred to last quarter
has been installed on the UF-5 mass spectrometer. Zr isotope peaks can now
be compared in pairs in either peak top or scan modes within a few seconds.
The present limitation in accuracy of the calculated peak ratios arises from
errors in measurement of the individual peak heights on the mass spectral
rr.ort. A digital printer will be added, to permit direct recording of each
p.jak signal maximum relative to zero during the alternating scans.

The higher output electromagnet power supply has also been installed.
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3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Reports

Development of a Laser to Expand the Number of Available Irradiation Wavelengths
- J.W. Goodale, E.B. Selkirk and D.K. Evans
HWP-LIS-R-5, 1982 October 21

3.6.2 Lectures

Laser Isotope Separation
- D.K. Evans
University of Toronto Chemistry Club, Toronto, Ontario, 1982 December 2

The Role of Collisions in Selective Infrared Laser Induced Photochemistry
- D.K. Evans
Department of Chemistry, University of Toronto, 1982 December 3

Photochemical Enrichment of Isotopes
- R.D. McAlpine
University of Manitoba, Department of Chemistry, Winnipeg, Manitoba, 1982 October 21

Interaction of Deuterium with P t ( l l l )
- P.R. Norton
Catalysis Discussion Group, Fall Meeting, EMR, Ottawa, Ontario, 1982 October 25

Photochemical Enrichment of Isotopes
- R.D. McAlpine
Whiteshell Nuclear Research Establishment, Research Chemistry Branch,
Pinawa, Manitoba, 1982 October 20
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally-Induced Cracking

(a) Gaseous Hydrogen Cracking

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

Continued work on the cracking of 'Excel' alloy (Zr-3.5 wt. %
Sn-0.8 wt. % Nb-0.8 wt. % Mo) double cantilever beams in hydrogen gas
has shown good reproducibility and very short (or near zero) incuba-
tion times. The cracking can be stopped and restarted readily by add-
ing small quantities of oxygen and their subsequent removal. Little
or no effect of added helium and nitrogen (up to concentrations at
which gas blanketting in the crack occurs as a result of hydrogen
absorption leaving the crack filled with the added gas); an inhibiting
effect of CO2 similar to that of oxygen, and an inhibiting effect
of ammonia additions were seen. This last was not as rapid as the
effect of oxygen, and, since the quantity added was quite large, may
have been a 'blanketting' phenomenon. Further investigation of the
effect of ammonia is planned.

Further experiments with Zr-2.5 wt. % Nb alloy specimens have
continued to show long (weeks) and variable incubation times, so the
rapid initiation seen with 'Excel' alloy specimens is a property of
that alloy and not the result of any improvements made recently in the
vacuum system. The acoustically triggered vacuum valve, developed at
CRNL, has worked well, and has pumped the hydrogen from the system as
soon as crack initiation occurred. Subsequent re-admission of hydro-
gen at an acceptable hour of the day has given only short incubation
times, as previously observed. We have, therefore, been able to do
several confirmatory experiments on Zr-2.5 % Mb. In particular, we
have confirmed the high Kj value of ^42 MPaxfiTat 420K reported
previously (1). On cooling to room temperature, however, the crack
did not restart (as was observed before) at some intermediate tempera-
ture. Perhaps this results from the long hold at 420K on this occa-
sion, which permitted some repassivation of the crack surfaces.

(b) Stress Corrosion Cracking (SCO by Fission Products

- B. Cox and R. Haddad

It was reported previously (PR-CMa-62, Section 4.2.10), that
when specimens were rapidly brought to equilibrium temperature and
Cs/Cd vapour composition in an unstressed state, the application of
stress resulted in effectively instantaneous cracking, without any
incubation time. This would then constitute a major difference bet-
ween cracking by Cs/Cd vapour and cracking by I2 vapour, where an
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incubation time of at least 10-15 minutes is expected on the basis of
early experiments. Kraftwerk Union have seen pellet-clad interaction
(PCI) failures of fuel cladding in very short ramp tests (<1.5 min)
suggesting that there is no initiation time in a PCI failure, and that
the atmosphere in a fuel element must always be capable of causing
cracking, provided other conditions of burnup, power and ramp-height
are satisfied.

The apparent difference between Cs/Cd and Ig cracking in
the laboratory, therefore, assumed considerable significance. In an
attempt to establish whether or not incubation times in I2 vapour
at 573K were real, similar experiments to those performed in Cs/Cd
vapour were done with iodine sealed inside Zircaloy capsules. The
specimens were rapidly brought to equilibrium temperature and vapour
pressure in an unstressed state and then given a brief stress cycle.
Through-wall cracks (with many smaller incipient cracks) were seen
in <30 seconds with sealed capsules and <3 minutes for split rings,
exposed similarly. Thus, the apparent incubation times in this system
are also a function of non-equilibrium conditions in the test. If
specimens were held 30 minutes or more before stressing, no cracks of
any size were seen but all the iodine had reacted with the surface.
There is thus no significant difference in incubation behaviour which
might be used to distinguish Cs/Cd from I2 as the important
products in-reactor.

Most of the fractographic analysis done during the last year
has been conducted using a 'Super I1 SEM from International Scientific
Instruments (ISI) because the Coates and Welter 'CWIKSCAN' was out of
action. The ISI machine is of lower resolution, but it was in general
possible to distinguish between different types of fracturesr i.e.
ductile from SCC or from delayed hydride cracking (DHC). Ambiguous
features were not investigated as many of them could not be analysed
in detail because of the limitations of the instrument. With the
return of the CWIKSCAN, it immediately became evident that some of the
fractographic features observed in crack initiation areas differed
from what is expected from a common SCC or DHC fracture. Two types of
unidentified features were seen. The first looked similar to the
normal transgranular cracking, showing planar cleavage facets with
river patterns. However, the river patterns were much closer together
and more heavily textured (see Figures 4.2.1.1a and b) than usual.
They sometimes appear similar to DHC fractures (Figure 4.2.1.2), but
are probably not. The second type looks like intergranular cracking,
showing relatively flat surfaces, often gently curved.

Several reference samples were broken at room temperature and
some under the same conditions as existed in the SCC tests, but with-
out the presence of the iodine. Some of these showed signs of broken
hydrides, but none of them showed features like the unidentified ones
observed in the SCC experiments. Further tests of hydrided samples,
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Figure 4.2.1.1. Non-standard fractographic features in
the initiation region of iodine induced
SCC. Features in question are identified
as (a) x3000 and (b) x9300.

Figure 4.2.1.2. Apparently transgranular features
bearing some resemblance to fractured
hydride, following primarily inter-
granular crack initiation (x3000).
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to see whether or not broken hydrides may sometimes look like the
unidentified features did not reveal any fracture features similar to
those on the SCC samples.

It was thought that iodine-containing corrosion products,
remaining in the test-chamber after earlier tests might be implicated,
since none of these features were found on fracture surfaces from
closed Zircaloy-capsule samples. These corrosion products are more
complicated than just Zirconium iodides because of the presence of
iron alloys, glass, silicone rubber 0-rings and Teflon. Closed
capsules of Zircaloy were tested with added contaminants such as iron,
pieces of 0-rings, and pieces of both materials. All contained iodine
as well. Capsules containing all the different contaminants failed
within seconds of being stressed, with several long (up to 3 cm)
through-wall cracks. To study the initiation of these cracks, some
specimens were given a single stress cycle of about one second; thus
allowing only a little crack propagation from which one could easily
locate the crack initiation site. The fracture surfaces of samples
tested with both iron and o-rings plus iodine clearly showed the
features under study, as did the fracture surfaces of the samples
tested with the two additives separately, although in these instances
the features were infrequent. It appears that the addition of Fe
tends to promote the appearance of the transgranular-like features,
while the addition of the 0-rings tends to promote the appearance of
the intergranular-like features. When the cracks initiated under
these conditions are allowed to progress through the wall, normal SCC
features are seen throughout the area of crack propagation. Thus, it
appears that the strange features are formed more easily during crack
initiation, than during propagation.

There are various possibilities for explaining these non-
standard features. One of them is that in the presence of the complex
environment, the cracking proceeds transgranularly but on different
crystallographic planes from the normal near-basal transgranular
cracking. Another possibility is that the transgranular crack pro-
pagation through an individual grain proceeds at a multiplicity of
sites, leaving many ligaments to be broken in a ductile manner at the
next stage of crack propagation, hence giving the unusual appearance
of the pseudo-cleavage facets.

It has yet to be determined whether or not the intergranular-
like features are really intergranular. The presence of intermetallic
particles on these surfaces suggested that they were intergranular, on
the supposition that transgranular cracking tended to avoid the inter-
metallic particles. However, a survey conducted on fracture surfaces
of SCC samples showed that it was not uncommon to find intermetallic
particles in transgranular fracture surfaces. Another feature which
supported the argument that these features were intergranular was the
curved nature of the surfaces. However, they might have become curved
by plastic deformation during the SCC process. There are still a few
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aspects which are ambiguous; one is the apparent presence of 'river
patterns' on some of these surfaces, sometimes apparently running in
opposite directions on the same grain. Such features are not expected
on grain boundary fractures, but are typical of pseudo-cleavage.

In some fractures we have seen ' f lu t ing ' features which do not
appear to be nearly perpendicular to the pseudo-cleavage planes, as
expected from the normal combination of pseudo-cleavage near to the
basal plane, and ' f lu t ing ' by prismatic s l ip. These have not been
observed before, and are currently being studied in stereo-pairs in an
attempt to establish their orientation^ They may be the result of
' f lu t ing ' by pyramidal sl ip, which has been reported during SCC in
titanium alloys (2), but has not previously been identified in zircon-
ium alloy fractures.

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

- B. Cox

During a survey of hydrogen uptake in boiling water reactors
for the Electric Power Research Institute (EPRI), an attempt was made
to establish the baseline for hydrogen uptake from the outside of the
cladding by using hydrogen (not deuterium) uptakes in CANDU fuel to
establish the moisture and hydrogen trapped inside the sealed fuel
pins. This quantity must be substracted when correcting hydrogen
'contents' to obtain hydrogen 'uptakes'. The results were taken main-
ly from NPD and early DPGS cladding, and were for both failed and un-
fai led fuel pins. The failed pins had suffered PCI failures and not
hydride 'sunburst' fai lures. All the sunbursts in the failed pins
were deuteride, and hydride analyses from such areas were ignored as
unreliable. The results are plotted in Figure 4.2.1.3.

I t can be seen that the hydrogen analyses form two popula-
tions: a lower one for unfailed pins, and an upper one for pins that
fai led by the PCI process. Even for pins from the same bundle this
holds true. Thus, those pins that fa i l by PCI on ramping are appar-
ently that population of pins which contained higher hydrogen contents
after manufacture, but were not so high in moisture and hydrogen that
they failed by 'sunburst'-type hydriding. The division that separates
theiie two populations (50-7G ppra H) is close to the hydrogen solubi-
l i t y at the operating temperature. Since the cladding wi l l also
contain an increasing quantity of deuterium from the external corro-
sion process, those pins which fa i l on power-ramping appear to be
those pins which have had hydride continuously present at the operat-
ing temperature from near the start of in-reactor exposure. I t may be
that under these circumstances the number of thermal cycles given this
fuel is sufficient to cause some of these hydrides to re-precipitate
at the inside surface of the cladding and to crack, perhaps during
cold pressurized shutdowns. These cracked hydrides would then act as
crack ini t iators during a subsequent power ramp (3), and could be the
' f inal straw' which causes one pin in a bundle to fa i l where the
others do not.
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More recent CANDU fuel shows a clear improvement over this
early fuel in terms of the trapped hydrogen content. However, the
trend for failed pins to contain more hydrogen than unfailed pins
persists. In such cases the solubility of hydrogen at the operating
temperature will not be exceeded until some deuterium from the corro-
sion reaction has been absorbed. However, other things being equal,
the pin with the highest initial hydrogen content will still be the
first in any bundle to exceed the solubility at the operating tempera-
ture, and hence will probably be the one in most danger of generating
cracked hydrides during subsequent thermal cycling, and hence of fail-
ing following a power ramp. That the differences resulting from this
extra hydrogen in failed pins are small is shown by the large numbers
of incipient SCC cracks usually seen in the unfailed pins adjacent to
a failed pin.

REFERENCES

(1) C.E. Coleman and B. Cox, 'Cracking Zirconium Alloys in Hydrogen1.
Presented at 6th Int. Conf. on Zirconium in the Nuclear Industry,
Vancouver, 1982, ASTM-STP (to be published).

(2) R.J.H. Wanhill, NLR, Amsterdam, Netherlands, Private Communica-
tion.

(3) B. Cox, 'Hydrogen Cracks as Initiators for Stress Corrosion
Cracking of Zircaloys'. Proc. of 4th Int. Conf. on Zirconium
in the Nuclear Industry, Stratford-upon Aron, 1978, ASTM-STP-
681, p306.

4.2.2 Effect of LiOH on the Corrosion Behaviour of Zircaloy-4

- N. Ramasubramanian and N. Preocanin

Samples of Zircaloy-4 fuel sheath tubing were oxidized in
10-3 a nd 10-1 m o i a r |_iOH solutions at 589K. A pair of samples
was oxidized in each solution for a fixed period of time and the
kinetics were followed by oxidizing a number of pairs for various
periods of time. No evidence of accelerated oxidation in the 10~l
mole/e'l solution was found in tests lasting up to 18 days; the
weight gains in the two solutions were quite similar varying from 7.5
to 11.5 mg/dm2 for the period 1 to 18 days. Impedence measurements
using 1 molar NH4NO3 solution contacts, showed similar trends
in the variation of the measured capacitance with time for the samples
oxidized in the two solutions; some porosity was present in all the
samples. Polarization measurements on the duplicate set of oxidized
samples have yet to be carried out.
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4.2.3 Hydriding and Nodular Corrosion

- N. Ramasubramanian and N. Preocanin

Bentley reported that hydride precipitated in the alloy matrix
is responsible for the growth of nodules after their init iation stage
(M.J. Bentley, TGR Report 3001 (S), 1977). In order to verify the
validity of this proposal the hydriding of Zircaloy fuel sheathing
tubes in the coated (outside of the tube sputter-coated with Nichrome,
stainless steel and platinum PR-CMa-59, Section 4.2.2, AECL-7607) and
uncoated conditions was checked. Cross-sections of the tubes, follow-
ing oxidation in high temperature and high pressure steam, were etched
to reveal the hydride and examined on the optical microscope. Both
the coated and uncoated tubes were severely hydrided; but the import-
ant observation was that, despite the severe and uniform bulk hydrid-
ing of the alloy matrix, the sputter-coated outside of the tube had
only a 4 urn thick oxide compared to the 200 to 250 ym thick oxide on
the uncoated inside of the tube. Therefore, the hydriding of the
alloy results from the nodular type accelerated oxidation of the
uncoated side and is thus an effect rather than a cause of nodular
oxidation. The observation by Bentley that pre-hydrided samples showed
an increase in nodular oxidation can be interpreted as follows, viz.
because of the pre-hydriding the absorption of corrosion-produced
hydrogen by the alloy is reduced and the reduction reaction at the
intermetallic precipitates inside the oxide leading to hydrogen forma-
tion, stress Pnld-up and accelerated oxidation is favoured.

4.2.4 Oxidation of a Ir at 573K

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

The oxidation of both crystal-bar (BE) and zone refined (CB)
zirconium has continued* Both materials are behaving similarly with
CB oxidizing slightly more slowly. The materials are displaying
erratic oxidation kinetics, a series of plateaux followed by periods
of accelerating oxidation. SEM observations revealed cracked oxide
layers but these were mainly due to geometrical effects produced by
chemical polishing of the samples before oxidation. There were a
finite number of typical cracked oxide bulges characteristic of
'breakaway* oxidation. In a few areas whole regions of the underlying
oxide platelet structure were visible. Billowing oxide was also seen
in several locations (white oxide).

4.2.5 Oxidation of Zircaloy-2 at 573K

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

As previously reported the oxidation kinetic curve for
Zircaloy-2 remains smooth. Scanning Electron Microscopy (SEM)
investigations revealed oxide bumps and cracks, however, the
corresponding inside oxide surface showed only limited amounts of
accelerated oxidation (oxide fingers). This coupled with the peculiar
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etching behaviour of the metal in close proximity to the inner oxide
surface suggests impurity accumulation which either causes a more uni-
form advancement of the film into the metal or retards localized
accelerated oxidation.

4.2.6 Oxidation of Low Alloyed Zr

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

(a) Zr-Ni

Thickening of the oxide occurs through the development of a
pronounced granularity at the oxide/metal interface. This type of
granularity is usually associated with accelerated oxidation around
inclusions and possibly explains the more rapid oxidation of Zr/Ni
alloys as compared to the others in this series (Fe, Cr, Sn). SEM
examination of the outer and inner oxide surfaces revealed inclusions
but it was not clear whether accelerated oxidation was occuring.

(b) Zr-Sn

Exposure of the Zr/Sn alloy to 1500 hours of 573 oxygen
yielded kinetics intermediate between those for Zircaloy-2 and the
Zr/Fe alloy. Transmission Electron Microscopy (TEM) did not reveal
oxide thickening around inclusions.

(c) Zr-Fe

SEM observations showed that the Zr/Fe inclusions behaved in a
manner duplicating that for breakaway oxidation; i.e. oxide bulging,
cracking and spall ing. At present, the oxidation kinetics are showing
a slightly accelerated trend as compared to the Zr/Cr alloy. Insuffi-
cient data are yet available to permit conclusions to be drawn.

(d) Zr-Cr

The oxide film is monoclinic in structure. Some oxide bulging
and cracking was seen. However, the most pronounced surface effect
was the beginning of roughening (billowing) typically associated with
white oxide.

4.3 ELECTRON MICROSCOPY

4.3.1 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)

Small-angle neutron scattering experiments have been carried
out on a-titanium [Zi-65 grade) specimens containing various amounts
of deuterium up to 270 ppm by weight. The scattering was found to be
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anisotropic, relatable to small 10-80 nm non-spherical precipitates,
and strongly dependent on the type of heat treatment given to the
specimen (AECL-7605, p. 43, Section 3.7) . In order to characterize
the morphology and distribution of the titanium deuterides,
transmission electron microscopy has been carried out. Preliminary
results of TEM observation on a specimen containing 241 ppm deuterium
water quenched from 673K are reported here.

The structure and orientation of the deuterides were deter-
mined by electron diffraction. The deuteride diffraction patterns
were consistent with a face-centered-tetragonal y-structure with
a * 0.4168 nm, c = 0.4667 nm, and c/a = 1.12. I t was not possible to
index the patterns to conform to a c/a ratio less than unity, as sug-
gested in the l iterature for f . c . t . hydrides formed with %62 at . %
hydrogen (1) . Two orientation relationships were found, namely

(1) {oooi}a II { i n } Y , <i2io>a || <no>Y

(2) {ooon™ || {oon; <i?io> || <IIO>

The habit planes corresponding to each orientation relationship were
determined by dark-field and stereomicroscopy.

The f i r s t crystallographic relationship, similar to that in
zirconium hydride, (2,3) was found to correspond to a habit plane nor-
mal of about 25° from [00011. Theoretical calculations usinq
Weatherly's method (2) revealed a habit plane normal of 22.5° from
[001], in good agreement with experiment. These deuteride plates were
typically a few hundred to one or two thousand nanometers long,
several times less in width,_and about 5-20 nm thick. The long dimen-
sion was always along the <1210> direction. Since there are three
<l2lO> directions, i t is not unreasonable to expect three sets of
precipitates, although we have only identified two sets so far.

The second orientation relationship gave rise to prism habit
planes. These were easily, identified with stereomicroscopy using a
(0002) reflection in a <1210> f o i l . One set of deuteride plates was
always seen edge on, while the other two sets were inclined at 30° to
the foi l surface. The deuteride dimensions were about the same as for
the near-basal precipitates, except that the long dimension was always
along the c-axis.

A number of prism-habit deuterides, with almost square-shaped
plate morphologies, was also found to be associated with the second
orientation relationship. In this case, the slightly longer direction
was along the <12"10> direction. I t is , however, not known why these
plates prefer to have the longer dimension along the <1210> direction.

Results so far indicate few small precipitates in the size
range 10-80 nm. More work is currently being carried out to investi-
gate these precipitates.
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4.3.2 Crystal Lattice Imaging of Hexagonal Germanium

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

As far as the crystallography of hexagonal germanium is con-
cerned, we have determined during the last quarter that:

(1) In latt ice images of [T2T3] oriented crystals the average angle
between the resolved prism planes and the two sets of resolved
pyramidal planes was 61.91 ± 0.66° and the average angle between
the resolved pyramidal planes was 56.10 ± 0.59°. Thirty crystals
with this hexagonal orientation were measured to obtain these
averages. This angle specificity confirms that the proposed
hexagonal structure is real and not a consequence of t i l t of the
thin fi lm.

(2) The frequency with which crystals having this M213] hexagonal
orientation appeared in latt ice images was dependent on the mode
of crystallization of the amorphous f o i l . For foi ls crystallized
on their rock salt substrate, 84 crystal latt ice images were
examined and only three had interplanar angles characteristic of
hexagonal germanium; al l the rest had cubic interplanar angles.
However,_ijj foi ls crystallized by electron beam heating, crystals
with a H2131 hexagonal orientation appeared as frequently as did
crystals with a [110] cubic orientation.

4.3.3 Simulation of Kikuchi Patterns

- R.A. Ploc

Further to PR-CMa-62, Section 4.3.3 work has continued on the
simulation of the 'zero-layer' Kikuchi pattern. Several problems have
been encountered and results are still being checked for accuracy.

4.4 METAL PHYSICS

4.4.1 Irradiation Growth in Zirconium Single Crystals

- R.H. Zee, J.F. Uatters, G.J.C. Carpenter (Physical
Metallurgy Research Lab, Ottawa, Ontario) and A. Rogerson
(UKAEA, Risley, U.K.)
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Two <a> axis zirconium single crystals have now reached a dose
of ^ 4 x 10-5 n/m2 each at 553K. One of these crystals was made
from electron beam zone refined zirconium and the other from Iodide
grade material.

The zone refined crystal showed signs of breakaway growth
earlier at ^ 3 x 10 Z 5 n/m2. However, results from this latest
set of measurements Indicate that growth in both specimens is still
saturated at a strain of %> 2 x 10"*. In Zircaloy-2 breakaway
growth occurs at ^ 3 x 10 2 5 n/m2 at 553K. This is because 1n
Zircaloy-2 the microstructure required for breakaway growth is attain-
ed earlier due to the presence of the alloying elements. We bslieve
that zirconium single crystals will attain a similar microstructure
but will require longer Incubation periods.

4.4.2 Ion Simulation of In-Reactor Creep

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

With the arrival during the last quarter of three mirrors,
their mounts, an optical flat and an optical bench rail section, we
are now in a position to assemble the laser beam light path required
to permit 'in situ1 deflection measurements during ion irradiation at
600K. We propose to determine the location of optical components on a
wooden mock-up of the mass separator target chamber.

4.4.3 Measurement of Residual Stress in Zircaloy-2

- S.R. MacEwen (with J. Faber, Argonne National Laboratory)

Eight specimens of Zircaloy-2 rod have been strained, using
the MTS Alpha System, to various positions around a stress-strain
hysteresis loop. Figure 4.4.3.1 shows a superposition of the
stress-strain data for the individual samples. Time-of-flight,
neutron diffraction patterns were obtained for each specimen using the
General Purpose Powder Diffractometer at IPNS (intense Pulsed Neutron
Source) at the Argonne National Laboratory. A profile analysis pro-
gramme has been used to define the mean and standard deviation of the
Gaussian component for 24 lines, for each specimen. Residual, grain-
Interaction strains have been evaluated from the shifts in the posi-
tions of the Gaussian means. Figure 4.4.3.2 shows the residual
strains measured normal to the (hOO) prism planes and (00Jt) basal
planes, as functions of the Imposed um'axfal plastic strain. Residual
grain-Interaction stresses have been calculated from the measured
strains using the anisotropic elastic constants of zirconium. Figure
4.4.4.3 shows how the residual stresses normal to the prism planes
(ail) an<* normal to the basal planes (1733) vary with the maximum
flow stress attained during the tensile portion of the hysteresis
loop.
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4.4.4 Superpiasticty of Zr-2.5 % Nb

- S.R. MacEwen, T. Trottier and G,M, MacGillivray (Fuel
Materials Branch)

The software of the computerized Instron has been modified so
that tensile tests can be performed at a nominally constant true
strain rate. By changing the speed of the crosshead, A«£, according
to A»JL = A«£ (1 + e), where E is the strain of the specimen, it is
possible to maintain a constant true strain rate, without feedback-
loop control, once the specimen has become fully plastic (see PR-CMa-
62, 4.4.5). Such control is mandatory if one wishes to observe the
strain dependence of the saturation flow stress in strain rate-sensi-
tive materials.

Tensile specimens of Zr-2.5 % Nb have been heat-treated to
produce an equilibrium microstructure with an equiaxed, 6 ym, grain
size. Figure 4.4.4.1 shows the results of a tensile test done at a
true strain rate of 1.8 x 10"4 s"1 at 878K. The saturation flow
stress of 48 MPa is reached after a strain of about 2%. The pertur-
bation at 18%, and the gradual increase in stress, evident during the
last half of the experiment, are the result of problems with tempera-
ture control and the pull of the vacuum chamber bellows on the load
cell, respectively. Three stress relaxation tests were performed at
strains of about 10%, 25%, and 42%. The first two were each 200s in
duration, and during that time more than 95% of the flow stress was
relaxed. During a stress relaxation experiment, the plastic strain
rate is proportional to the negative of the stress rate. Thus, a plot
of log (- a) vs a allows one to determine the strain rate sensitivity
of the material as a function of stress over a wide range of strain
rates. Figure 4.4.4.2 shows such a plot for Zr-2.5 % Nb. The stress
exponent, found from the slope decreases from 2.1 at high stresses to
1.7 at low stresses. Linear regression analysis gives the average
stress exponent as 1.94, and the strain rate sensitivity as 0.515 in
excellent agreement with the theory of superplastic deformation.
Post-test examination showed that necking had not occurred. TEM
results showed that the average grain size in the gauge length of the
specimen had increased to 8.5 urn, while that in the undeformed heads
remained at the initial 6 urn size. Even after a plastic strain of
nearly 50%, the grains in the deformed gauge length remained equiaxed
and almost completely free of dislocations.

4.4.5 Preparation of High Purity Zirconium by Electrotransport

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

Three runs were completed in the new electrotransport
apparatus. Their results are shown in Figure 4.4.5.1. The three
specimens were treated as follows: ET-1 at 1675K for lOOh, ET-2 at
1725K for 160h, and ET-3 at 1825K for 120h.
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According to Figure 4.4.5.1 the cathode ends (negative) of the
refined material are purer than the anode ends suggesting a negative
overall solute effective charge in agreement with earlier results by
Schmidt (1).

It is evident that the purification process is more effective
at lower temperatures. This is because the large back diffusion flux
at high temperatures prevents the electrotransport force from building
up a large concentration gradient.

Earlier the optical pyrometer used to measure temperature was
corrected for surface emissivity by melting a zirconium wire while
sighting it with the pyrometer (PR-CMa-62). Recently the instrument
was calibrated at lower temperatures by comparing its reading with
that of a Pt-Ptl3fc Rh thermocouple. Both cases yielded an emissivity
value of 0.34 which is ^6% higher than the handbook value of 0.32.
Such a discrepancy only amounts to an error of ^8K at the operating
temperature. An average value of 0.33 was used.

Correction for absorption by the viewing port was also made by
determining the temperature difference measured by the pyrometer be-
tween one piece of sight glass and two. The correction obtained in
this way agrees very well with the value calculated using 95% trans-
mission supplied by the manufacturer.

REFERENCES

(1) F.A. Schmidt, O.N. Carlson and C.E. Swanson, Met. Trans. 1, 1371
(1970).

4.4.6 Effect of Contamination on Electrotransport Purification

- R.H. Zee (with G.E. Lee-Whiting, Theoretical Physics Branch

During an electrotransport experiment, a constant flux of
solutes is introduced into the material through the surface of the
specimen. This source of contamination mainly comes from the residual
gases in the vacuum system. The continuity equation for this condi-
tion can be written as :

8n _ n 32n . r 3n , r

— = D —it- + yE — + G

at W 9x
subject to

11m n = nrt 0<x<L (1)
t* o °
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Figure 4.4.5.1. Resistivity ratio of purified zirconium as a

function of specimen location.
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where G is the contamination rate and is assumed to be a constant.
L is the length of the specimen, D is the solute diffusion coeffici-
ent, u is the solute mobility and E is the electric field intensity,
n is the solute concentration and is a function of x and t .

Applying the Laplace transformation to this partial differ-
ential equation and its boundary conditions, we have, after some
arithematic, the following complete solution

n(x,t) = 2aLe'2ax

2aL

(2)

2al_e2ax

e 2 a L
t - -

2
1 uEe-a(L-x)

sinhaL

LWQ cothaL

4™D 2 a 2 j l - ( - l ) ' V a L } e a e e p i " b n mrx + m QQS mrrx >

Pm2L2 "~ t L aL L '

with 1 r<xLeaX + coshox - ea L cosha(L-x)]

and W. eaX1 |-aLeaX - coshax + e a L cosha(L-x) +aL

a2L (2x-L)eaX+ 2ax sinhax - 2a (L-x)eaLsinha(L-x)

A computer programme is now being written for equation (2) to
determine the effect of contamination from various solutes on the
electrotransport purification of zirconium.

4.4.7 Defect Studies of Materials by Positron Annihilation
Spectroscopy (PAS)

- G.M. Hood and R.J. Schultz
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(a) Neutron Irradiation of Zr, Zircaloy-2, Zr-2.5 % Nb and Ti

Comprehensive results have been obtained for neutron
irradiated samples and equivalent, annealed-state reference samples.
These results allow comparison of radiation-induced defect effects on
the conventional PAS parameters, S and W (see PR-CMa-61 and 62 for
earlier work on this study). The results are presented in Table
4.4.7.1. Features of note are:

(a) The changes1 in S and W for Zr and Ti are greater than for electron
irradiated materials. Electron irradiation data are not available
for Zircaloy-2 or Zr-2.5 % Nb.

(b) The damage signal for irradiated Zr has fallen slightly with fluence.

(c) The damage signals for Zircaloy-2 and Zr-2.5 % Nb are, respec-
t ively, the highest and lowest of the materials studied.

A report and discussion of the results of this work is being
prepared for publication.

Table 4.4.7.1. Changes in S (AS) and W (AW) wrought by
neutron irradiation in annealed Zr, Zircaloy-2, Zr-2.5 %
Nb and Ti by exposure to fast neutron fluences.

Material

Zr
Zr
Zr

Zr-2
Zr-2.5 % Nb

Ti

Irradiation
Temperature (K)

373
373
373
373
373
373

(b) Electron Irradiation

Fluence
(n/m2)

3
10
10
5
7
7

of Zt

X
X
X
X
X
X

10"
10"
10"
10"
10"
10"

AS
{%)

7.0
6.2
6.4
10.0
5.6
8.0

AW
(*)

-16
-15
-15
-24
-16
-19

- with J.R. McKeown, S.H. Kidner, R.T.F. Bird, M.A.
Derewianko (Accelerator Physics Branch); R.R. Hosbons
(Metallurgical Engineering Branch); H.E. Hansen (Technical
University of Denmark)

This work is primarily aimed at a study of elementary defects
in Zr; a secondary aspect concerns damage depth distribution effects.
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Table 4.4.7.2 shows the results for heavily irradiated Marz grade Zr.

Table 4.4.7.2. Changes in S (AS) and W (AW) parameters
induced in well annealed Zr by electron irradiation.

Material Irradiation Electron Electron Positron AS AW
Temp (K) Energy Fluence Source {%) [%)

( M e j O ( O

Zr 283 1.4 1.5 x 1022 68Ge 5.8 -13
Zr 283 1.4 1.5 x 1022 22Na 5.8 -11

They furnish two very useful items of information: (i) a saturated-
state value for positron annihilation at electron-induced defects in
Zr, and (ii) further evidence for resolution of a significant damage
depth distribution profile through the use of 68Ge and 22Na
positron sources. The latter becomes evident when the AS value for
the 22Na source is corrected (upwards by a factor of 1.12) for
effects due to annihilations in the source. A report on the depth
distribution aspect of this work is being prepared for publication.

(c) Deformation of Zr and Ti

This work is part of a general study of the effects of
different kinds of defects; e.g. vacancies, vacancy clusters or
dislocations, on positron annihilation characteristics. The main
results are shown in Figures 4.4.7.1 and 4.4.7.2. In summary, the
data show

(1) Near-saturation of deformation-induced changes in S and W for both
Zr and Ti at about 10% thickness reduction.

(2) A somewhat earlier response of the 22Na damage signal (AS) for
both Zr and Ti, with the result for the latter material being more
evident.

(3) Intermediate annealing temperatures lead to a large fall in AS and
AW for deformed Zr and Ti.

(4) Hardness measurements indicate that the short anneals have not
significantly reduced the dislocation densities of the deformed
specimens.

(5) For the defect-saturated state, the 22Ma A S value is about 7%
less than AS measured by a 68Ge source.
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here, o indicates data measured after a
ten minute anneal at 600K.
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These results Indicate that:

(a) in the as-deformed state, positrons are interacting primarily with
a point defect structure

(b) the AS and AW values for positron trapping at dislocations are
significantly lower than for vacancy trapping (this is important
for related work on anisotropy of positron annihilation in damaged
Zr and Ti)

(c) that the mode of deformation employed in this work yields a higher
damage density in the near-surface regions, in the initial stages
at least.

(d) Hydrogen Doping of Titanium

It has been demonstrated that positron annihilation spectro-
scopy may be used for the quantitative estimation of hydrogen in Ti.
The method depends on positron interactions with hydrogen-associated
defects in quenched samples. Figures 4.4.7.3 and 4.4.7.4 show the
essential features of these results.

A comparison of annihilation parameters for defects introduced
into Ti by a variety of techniques indicates that positrons in quench-
ed Ti/hydrogen samples are primarily associated with the hydrides,
'per se', and not with related dislocation networks.

4.4.8 Irradiation Damage in Zr at 5K

- S.R. MacEwen and R.H. Zee (with R. Birtcher, AND

A restivity specimen, made from electrotransport purified Zr
wire (see PR-CMa-62, Section 4.4.4) has been irradiated at 5K with
fast neutrons (1 x 10 1 6 n/mz/s, E > 0.1 Mev) in the Radiation
Effects Facility of IPNS at the Argonne National Laboratory. The
resistivity of the sample, o, was monitored continuously during
irradiation. Figure 4.4.8.1 shows the damage production curve, Ap vs
neutron fluence. From the f1uence-dependence of the slope of tht
curve, the saturation resistivity is found to be 24.6 nfi-m. After
irradiation, the sample was subjected to differential isochronal
(300s) annealing at 15K intervals from 5K to 300K. Figure 4.4.8.2
shows the recovery spectrum. This spectrum is in general agreement
with those obtained by Viaiaret et al (1) and Rosenbaum et al (2).

REFERENCES

(1) P. Vialaret, F. Moreau, A. Bessis, C. Dimitrov and 0. Dimitrov, J.
Nuc. Mater., 55 (1975) 83.

(2) M. Rosenbaum, E.A. Bisogni and T.H. Blewitt, J. Nucl. Mater., 48
(1973) 201.
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4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Papers and Publications

ON THE CRITICAL DOSE FOR BLISTERING IN HELIUM IRRADIATED ZIRCONIUM AND
Zr-Mb
- R.H. Zee, J.F. Waters and O.M. Westcott
To be published in Journal of Nuclear Materials.

PURIFICATION OF ZIRCONIUM BY ELECTROTRANSPORT
- R.H. Zee and J.F. Matters
To be published as an internal report.

EFFECT OF HYDROGEN ALLOYING ON POSITRON ANNIHILATION IN Ti
- G.M. Hood and R.J. Schultz
Submitted to Scripta Met.

CRYSTALLOGRAPHY OF HEXAGONAL GERMANIUM
- J.R. Parsons and C.W. Hoelke
Accepted for publication in Nature.

MEASUREMENT OF GRAIN-INTERACTION STRESSES BY TIME-OF-FLIGHT NEUTRON
DIFFRACTION
- S.R. MacEwen, J. Faber and A.P.L. Turner
Accepted for publication by Acta Metallurgica.

4.5.2 Lectures

MEASUREMENT OF BULK RESIDUAL STRESSES BY TIME-OF-FLIGHT NEUTRON
DIFFRACTION
- S. R. MacEwen
Seminar presented at

(i) McMas*er University (invited seminar) November 9
(ii) CRNL Divisional Seminar, November 30

(iii) Argonnal National Laboratory, MST Divisional Seminar December 9

A FACILITY FOR PRECISE MEASUREMENT OF MECHANICAL PROPERTIES AT
ELEVATED TEMPERATURES
- E.T.C. Ho and S.R. MacEwen
Presented at the Fall AIME Meeting, St. Louis, October 26. Paper to
be published in the symposium proceedings.

RADIATION DAMAGE IN ZIRCONIUM AND RELATED MATERIALS
- O.T. Moo
Invited Lecture at Technical University of Nova Scotia, Halifax,
October 1, 1982.
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