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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Energy spectra have been recorded of Auger electrons ejected from
target surfaces under heavy ion bombardment. The spectra were taken with a
cylindrical mirror analyzer in a collaborative program with the University of
Guelph. The first results of an experiment with a silicon single crystal
have shown the channeling effect quite clearly.

An excimer laser has been used to anneal an aluminum crystal implanted
with iron atoms. This treatment produced a crystal of high perfection and
high (>90%) substitutionality of the implant species at an iron concentration
far above the solubility limit. This is an important breakthrough in
technique for producing supersaturated dilute alloy single crystals and may
make available many more materials for radiation defect studies'. Results
obtained with this Al(Fe) crystal are in good agreement with defect trapping
data from Mossbauer experiments.

Defects created by helium ion irradiation of a dilute copper-indium
alloy crystal have been studied by channeling and backscattering methods and
by perturbed angular correlation methods. The two techniques display
different sensitivities to specific solute-defect complexes and largely
complement each other. A consistent and detailed picture emerges of
solute-vacancy interactions through the annealing stage and of interstitial
trapping through subsequent low temperature irradiation.

Computer simulations of ion channeling in a platinum crystal surface
are in excellent agreement with experimental data. We conclude that a
correlation in equal-time displacements of neighbouring atoms has been
verified experimentally. The Pt case is one in which the static displacement
of surface atoms is zero. However, data from a crystal of gold, which has a
low Debye temperature, are not clearly understood. Work is therefore
proceeding on another high Debye temperature material, iridium, to build
confidence in the modelling.

Radiation Chemistry

Experimental tests have not confirmed the enhancement of the
sensitivity of the water calorimeter expected, on the basis of our computer
calculations, to be achieved by the addition of hydrogen and hydrogen
peroxide. The reason for the discrepancy is not known at this time. The
experiments indicate, however, that an equivalent enhancement could be
obtained through the addition of metal ions such as copper that will
parcicipate in radiation-induced chain reactions.
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Surface Science

As part of a program to understand the temporal oscillations in the
oxidation of carbon monoxide over platinum, we have studied the interaction
of oxygen with the [100] crystallographic face of platinum. The adsorption
has been found to depend on the precise configuration of the surface atoms in
complex ways. For example, contrary to normal behaviour, the sticking
coefficient, S, or the probability of oxygen adsorption, •Lncveases with
increasing surface coverage at 573 K at low coverages on the surface atom
configuration designated (5 x 20). This is attributed to the nucleation and
growth of small domains with an atomic arrangement designated (1x1) on the
predominantly (5x20) surface.

Analytical Chemistry

Fuel burnup results obtained using the sum of -*-45Nd + -*-46Nd as the
fission monitor have been compared with results calculated from l^Nd
measurement and we have found that the former were consistently 3 to 4%
lower. It is postulated that the sum of 145Nd + 146Nd should be the more
reliable burnup monitor because it is relatively insensitive to neutron
capture effects. "°Nd is a stable isotope and has a small neutron capture
cross section, and l̂ -*Nd is stable or extremely long-lived, so that its only
significant nuclear transformation is by neutron capture to 146u<j. Thus the
lower burnup results are further evidence in addition to that reported
previously that burnup values obtained by the commonly used "°Nd method
probably are too large by several percent.

Fundamental studies of thoria based fuels in the advanced fuel cycle
program require efficient and clean methods for the reduction of U(VI) to
U(IV). This reduction is required for the coprecipitation of uranium and
thorium by the oxalate procedure to produce homogeneous mixed oxides for fuel
pellet production. A preliminary investigation of methods of reduction
showed electrolytic reduction to be the most promising. Recent results have
shown that * 99% reduction of 300-g batches of U(VI) can be achieved in one
working day if an appropriate choice of cathode working area is made, and a
cation exchange membrane is used as a barrier between anode and cathode.

Materials Science

Unlike Zircaloy-2 and Zr-2.5 wt.% Nb, the fracture surfaces of Excel
alloy specimens cracked in hydrogen gas continue to adsorb hydrogen long
after the crack front has passed. This leads to gross layers of hydride and
self-stressing by the resulting volume expansion.

Experiments to determine whether or not there is a true incubation
time for stress corrosion cracking in cesium-cadmium vapour mixtures suggest
that there is not. An apparent incubation time may result from the time
taken for the Cs/Cd vapour to reach equilibrium after the start of the
experiment. Cracking by Cs/Cd vapour thus differs from cracking by iodine
vapour, where there is a true incubation period.
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Evidence for the existence of a previously unknown hexagonal phase of
germanium has been obtained during the recrystallization of amorphous
germanium foils in the electron microscope.

Growth experiments in the DIDO reactor on swaged single-crystals
(containing a high dislocation density but no twins or grain boundaries) show
a much larger growth rate than for the undeformed crystal. The effects of
subsequent annealing are complicated by the development of sub-grain
boundaries.

Examination of the first zirconium specimen purified by electro-
transport in the CRNL equipment shows that, allowing for the short time of
this first test, the resistivity ratio achieved is as good as that of
specimens purified for us by the Ames Laboratory at Iowa State University.
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1.2 ION PENETRATION

1.2.1 Calibration of the HVMS Analyzing Magnet by a Time-Of-Fiight Technique

- W.N. Lennard, R. H i l l and D. Phi l l ips

We have calibrated the analyzing magnet (Danfysik 90° sector, 2 m rad-
ius, double-focussing) serving the 2 MV High Voltage Mass Separator (HVMS) us-
inq a t ime-of - f l ight technique (see Progress Report PR-CMa-61, Section 1.2.3;
AECL-7780). We measured the velocit ies and thus the kinetic energies, T, of a
variety of Ions with masses (15 A < 208) and charge states (1< Q <3 ) chosen
to span the operating range of the magnet, 0.36 < B < 12.7 kG, where~B is the
magnetic f i e l d . The ion energy was corrected for loss in the f i r s t (6.6 ng •
cm~2) carbon timing f o i l . The B-f ie ld was measured at a single point using
a Rawson, rotating coil gaussmeter probe.

We have determined the magnet constant, K, using the r e l a t i v i s t i c
expression

K = BQ A T -1/2

that relates the magnetic f i e l d (kG) to the mass (amu) and kinet ic energy
(MeV). The results are shown in Figure 1.2.1.1. The solid l ine is the average
of al l data for B > 2 kG, yielding K = 0.719(5). I f we calculate K using the
design radius of 2.0 m, we obtain K = 0.71(9), within 0.05% of the derived
value.

We have compared our t ime-of- f l ight measurements with results obtained
from the 340.46 and 872.11 keV resonances in l^F(p,aY)^0 and the agreement
is excellent. However, variat ion in the value of K for B < 2 kG indicates that
magnet cal ibrat ion \ i a nuclear resonances excited by *H+ beams of low
magnetic r i g i d i t y cannot be used to calibrate the magnet for B > 2 kG.

1.2.2 Zj-Dependence of Specific Energy Loss

- W.N. Lennard, D. Ph i l l i ps , R. Hi l l and I.V. Mitchell in collaboration
with D. Ward and H.R. Andrews (Nuclear Physics Branch)

Energy loss measurements have been made for 13 projecti les 6 < 1\ 5 19
transmitted at 0° through four materials - Co, Cu, Pb, Bi - using the" modified
t ime-of - f l igh t apparatus (see Progress Report PR-CMa-61, Section 1,2,3; AECL-
7780). We have spanned the velocity region 0.8 < v/v0 < 1.0 in order to com-
pare our results with the Zi-osci l lat ions of previous data in di f ferent tar-
gets (1) . We have observed a very large amplitude osci l lat ion in B i , as shown
in Figure 1.2.2.1. I t is also apparent that the Co and Cu data are very simil-
ar to previously published results for Ni. There appears to be some uncertain-
ty in the Pb data relating to the oxygen content of the target. This topic
requires further invest igat ion. The fu l l data analysis is expected to be com-
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pleted shortly, after which a more detailed comparison with other data will be
possible.

(1) D. Ward, H.R. Andrews, I.V. Mitchell, W.N. Lennard, R.B. Walker and
N. Rud, Can. J. Phys. 57 (1979) 645.

1.3 SURFACE PHENOMENA

1.3.1 MeV Ion Induced Auger Electron Production

- J.A. Davies, T.E. J&ckman, K. Griffiths and C.W. Sitter in collabora-
tion with P.R. Norton (Physical Chemistry Branch) and J.R. MacDonald
(University of Guelph)

An experimental program has been initiated to determine whether the de-
tection of Auger electrons produced by channeled MeV ions (H+,He+) can pro-
vide lattice site information in certain systems where nuclear microanalysis
(NMA) or Rutherford backscattering are not applicable, e.g. GaAlAs (see
Progress Report PR-CMa-61, Section 1.3.2; AECL-7780).

The yield of Auger electrons, produced by MeV H+ or He+ ion beams
interacting with either Au or single crystal Si targets, h&s been measured us-
ing the recently acquired cylindrical mirror analyzer (see Progress Report
PR-CMa-61, Section 1.3.5; AECL-7780). A reduction of more than 50% was observ-
ed in the Si LMM Auger electron yield when a 2.0 MeV He+ beam was aligned in
a <lll> direction. However, the reproducibility of the absolute yields from
day to day has been extremely poor. This is thought to be due to our inability
(with the present beam system) to steer the ion beam to the focal point of the
analyzer. A small steering magnet, new collimators and a reference target will
be installed in an attempt to solve this beam location problem.

It should be noted that when the new 2-level UHV chamber becomes avail-
able, the CMA analyzer will be mounted on a flexible bellows and thus the beam-
location problem should be greatly reduced.

1.4 RADIATION DAMAGE

1.4.1 Defect Complexes in Ion-Irradiated Aluminum

- L.M. Howe, M.L. Swanson, A.F. Quenneville and J.A. Moore (Brock
University, St. Catharines)

Detailed measurements of the displaced fraction f \ of Ag atoms into
a <110> channel for several depths were made as a function of 0.75 MeV Kr ion
irradiation fluence {<p) in an Al-0.10 at.% Ag crystal. From these data the

' versus <t> curves shown in Figure 1.4.1.1 were obtained. A linear
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dependence with fluence was observed in accordance with the kinetics of mixed
dumbbell formation (1). From the intercept (d*/df£^: L=o' t h e i n i t i a 1 Pro"
duction rates (dCmd/d^L_n of mixed dumbbells (of concentration C .) can be
extracted since

where C» is the atomic concentration of Ag atoms (0.1%) and F g^
is the effective channeled ion flux (1.40) at the displaced Ag atoms (1). At
#=0, every free self- interst i t ia l which escapes recombination wil l be trapped
by a Ag atom (since competition from vacancy trapping is vanishingly small at
*=0), mostly in the form of mixed dumbbells. Thus measurements of (dCm(f/d0L_Q
versus depth give a direct measure of the free interst i t ial production rate,
which can be compared with the calculated deposited energy distribution for Kr
ion irradiation.

In Figure 1.4.1.2, the variation of the observed free interst i t ia l pro-
duction rate (as represented by the parameter d f \ /d*) is shown as a func-
tion of ion penetration depth. Because of uncertainties in the ratio of the
aligned to random stopping powers, two curves are shown corresponding to ratios
of 0.5 and 1.0 (a best estimate of this ratio for our experimental conditions
is about 0.8). Also shown is a curve for the calculated deposited energy dis-
tribution for 0.75 MeV Kr ions in Al (courtesy of K.B. Winterbon). If we take
into account 10-20% uncertainties in the relative depth scales, i t is plausible
that the maximum observed production rate corresponds approximately to the max-
imum in the calculated deposited energy distribution. The depth interval in
which the observed free interst i t ia l production ratt and the calculated
deposited energy distribution decreases from maximum to zero agrees quite
well.

The free interst i t ia l production efficiency t\ is defined as the ratio
of free interst i t ia l to the calculated Frenkel pair production rates. For cal-
culation of e i , the Frenkel pair production rate was calculated directly from
the deposited energy v using the modified Kinchin-Pease expression 0.8v /2E,},
where the value of 40 eV was used for the displacement threshold energy Ej in

Al (2). From the average of df^A* '/&4> and the average calculated deposited
energy for the depth increment 180-280 nm, as derived from Figure 1.4.1.2, we

Kr
obtained £j = 0.25 for 0.75 MeV Kr in Al at 70 K. This value is lowered by

i f the ratio of aligned to random stopping powers is dropped from 1.0 to
0.8. Hence 25% of the self- interst i t ials produced at this depth by 0.75 MeV
Kr ion irradiation of Al at 70 K escape recombination with vacancies. This can

Ho

be compared with £ j = 0.48 for 1 MeV He in A l , also determined by channeling
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analysis (1). These eff iciencies are only s l ight ly lower than those obtained
from electr ical res i s t i v i t y data in Cu and Ag (3).

(1) M.L. Swanson and L.M. Howe, Rad. Eff. 41 (1979) 129.
(2) H. Ullmaier and W. Schi l l ing, in "Physics of Modern Materials, Vol. 1"

(IAEA, Vienna, 1980) p.301.
(3) R.S. Averbach, R. Benedek and K.L. Merkle, Phys. Rev. B JL8 (1978) 4156.

1.4.2 Excimer Laser Annealing of Arsenic-Implanted Si l icon, as Studied by
Rutherford Backscattering

- M.L. Swanson, I .E. Jackman, L.M. Howe and A.F. Quennevilie in
collaboration with C.K. Groves (Mitel Semiconductor, Bromont, Quebec)
and J.A. Nilson (Lumonics Inc., Kanata)

The effect of XeCl excimer laser annealing on arsenic-implanted s i l i con,
using Rutherford backscattering of He+ ions was reported ear l ier (see
Progress Report PR-CMa-56, Section 1.4.2; AECL-7332). Complete annealing of
150 keV As implantation damage occurred fo,^ energy densities of 0.85 and 1.14
J»cm~2 for the oxidized and etched samples, respectively. This contrasts
with the case of thermally annealed arsenic implantations (1) , in which a deep
damaged region persists even after thermal anneals of up to 1270 K.

Sheet resistance measurements have now been completed. The variations of
both the sheet conductance 1/RS and the l a t t i ce damage (as measured by the

normalized y ie ld X£T00 ' of MeV He ions backscattered at depths of 20 and

110 nm) as a function of laser energy density are shown in Figure 1.4.2.1 for
the etched Si samples. The recovery of conductance and the deeper damage (at
110 nm) agreed wel l . The near-surface damage annealed out at a somewhat lower
laser energy density.

The present excimer laser annealing results for As-implanted Si are sim-
i l a r to those observed for pulsed ruby-laser annealing (2). The threshold
energy density of ~ 1 J*cm~2 for complete annealing of the Si damage was
the same in each case, and the depths of d is t r ibut ion of As atoms were also
similar for comparable energy densities. The presence of a thermal oxide on
the surface reduced the laser energy density required for complete annealing,
because of a reduction in re f l ec t i v i t y .

The Rutherford backscattering results indicate that there is a fa i r l y
wide energy density window for which successful laser annealing is feasible.
As a result of this invest igat ion, laser annealing of actual MOS devices is
proceeding at Mi te l .

(1) Y. Wada and N. Hashimoto, J. Electrochem. Soc. \ZT_ (1980) 461.
(2) Laser and Electron-Beam Interactions with Solids, MRS Symposium, Eds.

B.R. Appleton and G.K. Celler, North Holland (1982).
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The conductance was given by the inverse of the sheet
resistance Rs. The values of Rs for an unannealed spot
and for a completely annealed spot were 1800 £2«cm-2 and
34 ft-cm~2 respectively.

1.4.3 In te rs t i t i a l Trapping in Fe-Implanted Aluminum After Excimer Laser
Annealing

- M.L. Swanson and A.F. Quenneville in collaboration with J.A. Nilson
(Lumonics Inc. , Kanata)

Laser annealing of metals has potential application in the production of
metastable alloys and in the controlled re-dist r ibut ion of solute atoms after
implantation or evaporation. Excimer lasers are part icularly promising for
such applications because of the uniform beam energy density and because of the
much lower re f lec t i v i t y (~60%) of u l t rav io let l igh t (308 nm for a XeCl laser)
as compared with v is ib le l igh t (~90%).

In the present experiment, laser annealing has been used to create a
supersaturated solution of Fe atoms in A l , in order that channeling measure-
ments of se l f - i n t e r s t i t i a l trapping could be made. A single crystal of Al was

implanted with 40 keV 56Fe to a fluence of
of the crystal was laser-annealed in air with a

10 1 5 cm"2.
XeCl

A 4 mm diameter region
excimer laser at an energy

density of 3 J«cm~2. This treatment produced a re la t ive ly perfect c rys ta l ;



the normalized y ie ld of 1 MeV He+ ions from near-surface Al atoms for <110>

alignment at 35 K was *£ | = 0.04, as compared with 0.02 for high quality

crystals of A l . Furthermore, the Fe atoms were ^90% subst i tut ional . The sol -
u b i l i t y of Fe obtained by quenching Al from 870 K was only ^0.02 at.%, as com-
pared with ~0.3 at.% achieved in this laser-annealed crysta l .

The crystal was then irradiated with 1 MeV He+ at 70 K to a fluence of
~5 x 1015 cm~s in order to create mobile Al se l f - i n te r s t i t i a l atoms
which could be trapped by the Fe atoms. A channeling analysis of the resulting
displacement of Fe atoms indicated that the Fe atoms trapped se l f - i n te rs t i t i a l s
strongly, as observed for other small solute atoms in Al (1). This trapping
vanished after a 600 s anneal at 240 K. As no flux peaking in the backscatter-
ing y ie ld from Fe atoms was observed for a <110> angular scan, the results sug-
gest ( in agreement with Mttssbauer data (2)) that the trapping configuration
may d i f f e r from the <10Q> mixed dumbbell.

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, J. Nucl. Mat. 69, 71)
(1978) 372.

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

1.4.4 Vacancy Trapping in Cu-0.1 at.% In , as Measured by Channeling and PAC

- M.L. Swanson, L.M. Howe and A.F. Quenneville in collaboration with
Th. Wichert and M. Deicher (University of Konstanz, Germany)

We have studied the trapping of vacancies by In atoms in Cu, using the
backscattering/channeling and perturbed angular correlation (PAC) techniques.
By the former, defect trapping configurations are inferred from the la t t ice
posit ion of the In atoms, and the overall defect concentration is measured by
the dechanneling rate (see Progress Report PR-CMa-58, Section 1.4.1; AECL-
7517). Single vacancy-In atom complexes are not easily ident i f ied because of
the small displacement of In atoms from la t t i ce s i tes. However, larger vacan-
cy-In atom clusters, in which the In atoms are located at well-defined inter-
s t i t i a l s i tes , are easily detected; an example is the complex consisting of an
In atom at the tetrahedral i n te rs t i t i a l posit ion surrounded by four nearest
neighbour vacancies.

In the PAC technique, the precession frequencies of the daughter nucleus
the daughter in the radioactive decay of U l l n , are determined

by Y-Y correlation measurements. The precession is the result of the hyperfine
interact ion between the H^Cd nuclear quadrupole moment and the local
e lect r ic f i e ld gradients resulting from vacancy trapping. The fractions of
111 In atoms which have trapped vacancies in various configurations can be
determined. Since large electr ic f i e l d gradients arise from single vacancy-In
atom pai rs , these defects are easily iden t i f ied , and the defect symmetry can
also be found. However, the tetrahedral vacancy-In atom complex, which is the
most easily seen by channeling, is not observable by PAC because the cubic sym-
metry precludes an e lec t r ic f ie ld gradient. Thus the channeling and PAC tech-
niques are especially well suited for combined studies.
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In the present experiments, channeling measurements were undertaken at
CRNL and PAC measurements at the University of Konstanz, using slices from the
same Cu-0.13 at.% 115In crystal. For the PAC studies, the crystal was also
implanted with m I n at 350 keV to very low fluerices (~3 x 1011 cm" 2). The
sample was then annealed at 950 K so that the "IIn atoms were initially on
normal Cu lattice sites. In the channeling and PAC studies, the samples were
irradiated with 1.5 MeV He+ and 350 keV He*, respectively, to identical de-
posited energy densities and subsequently were annealed in the same sequences.

The results can be summarized as follows:

(a) During annealing from 180 to 250 K, vacancies became mobile and were trap-
ped by In atoms. PAC precession frequencies of VQ^ = 116 MHz and v^g =

182 MHz, which are due to single vacancy and divacancy trapping, respectively,
were observed. The channeling data (in particular, <100> peaking in the yield
of ions backscattered from In atoms) showed that the tetrahedral vacancy
configuration was created in the same temperature range.

(b) The concentrations of the single and divacancy trapping configurations
(fl and f2) decreased strongly on annealing at 320 K, while the concentra-
tion of the tetrahedral defect (fj) remained almost unchanged up to 500 K.

(c) A new frequency ^Q7 = 106 MHz appeared during annealing from 350 to
600 K. This defect has not been observed before, and may be due to trapping of
He atoms, or to a defect complex associated with the high In concentration in
this crystal.

(d) The fractions fj, f2 and fj of vacancy-In atom complexes, which
were created by MeV He irradiation at 35 K followed by annealing at 280 K, were
all reduced strongly by the trapping of self-interstitials during subsequent
irradiation at 70 K.

The results showed that vacancy trapping in irradiated Al can be char-
acterized rather completely by a combination of channeling and PAC measure-
ments. Both the defect configurations and their concentrations can be deter-
mined quantitatively. This analytical approach to point defect measurements
appears promising for many metals.

1.4.5 Collision Cascades in Ge and Si

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

Ge single crystal specimens have been implanted with monatomic and di-
atomic ions of As, Sb and Bi to low fluences (~ 10 1 1 ions cm"2) at
40 K. Detailed measurements have been made of the average diameter 5 of
the damaged regions which are visible in the electron microscope. In Figure

1.4.5.1, the parameter D/2<Y2>1/'2 (where <Y2>1/'2 is the transverse straggling
calculated from WSS theory (1)) is given as a function of the average deposited

energy e v in the collision cascade. It can be seen that 0/2<Y > '
steadily increases as ev increases i.e. the fraction of the theoretical cas-
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implants in Ge.

jfc:

Figure 1.4.5.2 - Bright f i e l d electron micrograph showing the developrcant of
sub-cascade structure in co l l i s ion cascades produced by
implanting Si with 120 keV Bi ions to a fluence of
1.0 x lO l i ions cm-2. The incident ion beam was at an
angle of 7° to the surface of the crystal .
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cade volume occupied by the damaged region steadily increases as
9V increases. Similar behaviour was observed previously in electron
microscope observations of ion implanted Si (2). Also, the electron microscope
results are quite consistent with previous channeling results (3-5) in Si and
Ge which showed a steady increase of the. fractional damage Fn. contained
within the collision cascade volume as ev increases.

For high energy implants (hence low 0V values) it has been observed
in Si (2) as well as in Ge (see Progress Report PR-CMa-55, Section 1.4.2;
AECL-7242) that multiple damaged regions begin to form within an area covered
by a single collision cascade, i.e. sub-cascade structure is developing. In
order to obtain more information about the development of the sub-cascade
structure in both the longitudinal and transverse directions (relative to the
ion trajectory), experiments have been initiated in which Ge and Si single
crystals are bombarded with the ion beam at an angle of 7° to the surface of
the crystal. Figure 1.4.5.2 shows the development of sub-cascade structure in
a Si crystal when implanted with 120 keV Bi in this near grazing incidence
orientation. It is also planned to employ this technique to investigate the
behaviour when overlap between adjacent collision cascades occurs.

(1) K.B. Winterbon, P. Sigmund and J.B. Sanders, Kgl. Oansk. Vid. Selsk.
Mat. Fys. Medd. 37_, no. 14 (1970).

(2) L.M. Howe and M.H. Rainville, Nucl. Instr. Meth. 182/183 (1981) 143.
(3) J.B. Mitchell, J.A. Oavies, L.M. Howe, R.S. Walker, K.B. Winterbon, G.

Foti and J.A. Moore, in Ion Implantation in Semiconductors (ed. S.
Namba, Plenum Press, New York, 1975) p.493.

(4) D.A. Thompson, R.S. Walker and J.A. Davies, Rad. Eff. 32 (1977) 135.
(5) D.A. Thompson and R.S. Walker, Rad. Eff. 36 (1978) 91.

1.5 ION BEAM MODIFICATION OF MATERIALS

1.5.1 Phase Formation in Ion-Bombarded Au-on-Si

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

Studies of the ion beam mixing of thin, evaporated Au layers on Si has
been continued (see Progress Report PR-CMa-61, Section 1.5.1; AECL-7780). The

formation of a stable AUrSi2 phase during 1.0 MeV Xe+ bombardment has been

found to be very temperature dependent. The phase forms above 3U5 K (which is
more than 330 K below the eutectic temperature) but not below 280 K, and sub-
sequent annealing for several days at 395 K of the sample bombarded at 280 K
showed no phase formation. A more detailf i analysis of the data is now under-
way to evaluate the mixing parameters (the number of Si atoms and Au atoms
mixed, per incident Xe ion),
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1.5.2 Mixing of Ag-Al and Sb-Al by 400 keV 132xe+

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

Rutherford backscattering of 1.0 MeV ^He+ ions has been used to mon-
i t o r the room temperature, ion-induced intermixing of evaporated layers of Sb
of Ag on Al substrates. The bombarding species was ^2xe+ at an energy
of 400 keV. A th in (~22 nm) evaporated Al overlayer was used to inh ib i t sput-
tering of the Sb and Ag.

A preliminary analysis of the RBS spectra has shown that the Sb and Ag
concentration profi les in s i l i con each consist of two dist inct components.
This is qua l i ta t ive ly d i f ferent from our Au-Si data (see PR-CMa-61, Section
1.5.1; AECL-7780) and should provide insight into the relative importance of
knock-on ( b a l l i s t i c ) mixing and col l is ional (cascade) mixing in these systems.
Measurements at 40 K are now in progress on these systems.

1.6 INTERDISCIPLINARY RESEARCH

1.6.1 Radiation Induced Defects in a Bent Crystal

- I.V. Mitchell and H.H. Plattner in collaboration with J.S. Forster
(Nuclear Physics Branch), G.H. Wang and W.M. Gibson (SUNY, Albany, New
York) and S. I . Baker (Fermi National Accelerator Laboratory, Batavia,
I l l i no i s )

As part of the continuing study of ion beam bending in s i l icon crystals
(see PR-P-135, Section 2.2; AECL-7907 and preceding reports) we have begun mea-
surements of the damage produced by high energy (400 GeV/c) proton i r radiat ion.
Defects act as scattering sites to channeled part icles and must be considered
in the interpretation of part ic le dechanneling rates. The defect production
rate must also be considered when estimating the useful l i f e of a bent crystal
septum operating near the primary production target.

Samples of high pur i ty , high res is t iv i ty (> 1000 fi»cm) single crystal
si l icon were prepared in the form of rectangular slabs 0.7 x 1.25 cm in area
and 1 mm th ick. One of these was reserved as a control and the second irrad-
iated, without stress applied, to a fluence of ~ 6 x 10*6 protons cm"2,
normal to the broad face. The th i rd was bent to an average radius of curvature
of 120 cm in a TORLON(™) 3-point bending j i g and irradiated to a fluence of
~1.6 x 1017 cm"2.

MeV energy He ion channeling and backscattering methods were then
employed to establish defect types and concentration. Evidence from the SUNY,
Albany laboratory points to different concentrations of defects in the convex
and concave surfaces of the th i rd sample. The samples have been sent on since
to CRNL, so that the measurements may be repeated. Target chamber modifica-
tions at the CRNL 2.5 MV Van de Graaff accelerator laboratory have been com-
pleted and now allow us to use the 2-a; - and X-Y translation goniometer from
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the CRNL MP Tandem laboratory. In consequence, very much improved point- to-
point mapping w i l l be possible across the face of the si l icon specimen. A re-
lated search is underway for residual defect d is t r ibut ions, centred around the
areas of contact between the s i l icon surface and bending-jig posts, i .e . where
strain f ie lds were high during stressing.

1.6.2 Bending of Proton and Pi on Beams at Fermi lab by Bent Single Crystals of
Si_

- 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 (State University of
New York at Albany), P. Si f fer t (Strasbourg) and E. Tsyganov (Dubna)

See Progress Report PR-P-135, Section 2.2; AECL-79O7.

1.7 COMPUTATIONS

1.7.1 Vibrational Properties of Au and Pt[110] Surfaces Deduced from
Rutherford Backscattering Data

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

A computer simulation analysis has been performed to interpret the
Rutherford backscattering data previously reported for the {llOj surfaces of Pt
(see Progress Report PR-CMa-b6, Section 1.3.1; AECL-7332) and of Au (see Pro-
gress Report PR-CMa-60, Section 1.3.1; AECL-7692) which both exhibit a (1x2)
reconstruction. For the case of the incident beam normal to the surface, bulk,
equal-time displacement correlations and the bulk Debye temperature were used
in the calculations, since the effects of enhanced vibrations in the surface
normal direct ion would be minimized (see Progress Report PR-CMa-47, Section
1.6.1; AECL-6455). This model gave excellent agreement with the experimental
data for Pt[110] both for the surface peak y ie ld as a function of target tem-
perature and also for angular scans about the incident beam direct ion at se l -
ected temperatures. This constitutes the f i r s t direct experimental ver i f ica-
tion of the presence of correlations in the near surface. In addi t ion, after
the adsorption of CO to reduce enhanced out-of- plane vibrat ions, the [100]
surface peak data were also f i t t e d by the calculations including the bulk cor-
relat ion values.

However, the Au[110] experimental data lay well above the predicted
values including correlations and indeed at low temperatures could be repre-
sented by the calculations which did not include correlations. This, of
course, is physically unacceptable and therefore indicates either large enhanc-
ed in-plane vibrations, which are not expected, or residual damage. I t should
be noted that the comparison now possible of the calculated temperature depend-
ence with the experimental data, for surface temperatures higher than about
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700 K, show a monotonic deviation, implying that one monolayer of Au atoms is
being displaced during the ( l x2) -» - ( l x l ) phase t ransi t ion.

The interpretation of these i n i t i a l measurements on Au[110] has been
complicated by the large thermal amplitudes (due to i ts low Debye temperature)
in the presently available temperature range and by the possib i l i ty of residual
damage. In contrast, the extensive series of measurements on Pt surfaces which
have a high Debye temperature, and therefore small thermal amplitudes, provide
an excellent data base. Therefore an investigation of I r j l i o l - which has an
even higher Debye temperature than Pt - has been judged to be potential ly more
productive in the study of near surface correlat ions. The AujllG"} study w i l l
be suspended pending the results of the I r | l lO| work and the completion of the
construction of the new low temperature goniometer (see Progress Report
PR-CMa-59, Section 1,3.4; AECL-7607).

1.7.2 Calculation of Flux Profiles of Channeled Ions

- L.M. Howe and N. Matsunanri

Further extensions have been made to the computer programs which have
been developed to calculate the flux prof i les of channeled ions. The appropri-
ate parameters required in the programs for characterizing various axial chan-
nels have now been worked out for O00>, <0.10> and 0.11^ channels in the b.c.c.
l a t t i c e . A general program has also been written for determining the position
of the minimum in the continuum potential in axial channels (part icular ly rele-
vant to the <110> axis of the f . c .c . l a t t i ce and <1120> of h.c.p. l a t t i ce ) .
Projection parameters characterizing the displacement of atoms displaced into
i n t e r s t i t i a l sites in trivacancy-solute, tetravacancy-solute and hexavacancy-
solute complexes have been determined for the <ClOO)>, <H0>, (111) and <112)>
axes of the f . c . c . l a t t i c e .

The various computer programs are now being used to determine the scat-
tered ion yield from the displaced atoms. The calculated yields wi l l then be
used in the analysis of experimental channeling data to obtain the fractions of
various types of vacancy-solute complexes produced in Al(Sn) (1,2), Al(In)
(3,4) , Cu(In) crystals (4) and Ni(In) (see Progress Report PR-CMa-60, Section
1 .4 .1 . ; AECL-7692 and PR-CMa-61, Section 1.4.2; AECL-7780).

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B 22̂  (1980)
2213.

(2) M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J . Phys. F.
Metal Phys. j j . (1981) L185.

(3) M.L. Swanson and L.M. Howe, to be published in the Proc. Yamada Conf. V.
on Point Defects and Defect Interactions in Metals (Kyoto, 1981).

(4) L.M. Howe and M.L. Swanson, to be published in the Proc. Yamada Conf. V
on Point Defects and Defect Interactions in Metals (Kyoto, 1981).
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1.7.3 An Approximation Formula for the Surface Peak Yield Including the Effect
of CorrefaTions

- O.P. Jackson and J.H. Barrett (Oak Ridge National Laboratory)

The approximation formula, developed previously for an atomic row with
uncorrelatec! thermal vibrations (see Progress Report PR-CMa-56; Section 1.7.1;
AECL-7332) has been extended to include correlations, by means of previously
established techniques (see Progress Report PR-CMa-47, Section 1.6.1; AECL-
6455). Initial comparisons of the results using this formula with computer
simulations indicate that the approach adopted is correct. Further work is in
progress on methods for treating the more general problem of a correlated row
in which the first atom has enhanced vibrations.

1.8 ACCELERATOR OPERATION

1.8.1 2.5 MV Van de Graaff

- G. Kyle

The accelerator ran well during the third quarter of 1982, with 5 days
down-time for regular maintenance.

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

1.8.2 High

- G.

July

August

September

Total

Voltage Mass

A. Sims

V

4
1

16

21

Separator

V

1

14

45

60

V

2

2

V

143

66

4b

254

Total

150

81

106

337

The accelerator operated without requirements for any significant re-
pairs or replacements, except for a faulty pillow block bearing on the terminal
sheave and an inoperable ion gauge head located at the acceleration tube base.
Terminal beam steerer problems keep reappearing and will be investigated during
the next scheduled shutdown. The de-conditioning threshold of the accelera-
tion tube has not decreased since it was first observed several months ago (1).
Terminal voltages determined by user needs still range from 0.4 and 1.5 MV.
Modifications to the S?$ gas handling system are complete and the loss of
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insulating gas has been reduced considerably. Since March, the total loss
expressed as pressure in the storage system has been 138 Pa (~ 20 psig),
compared to 690 Pa (~ 100 psig) annually before repairs. A new ionization
gauge control has arrived and has been bench tested along with a remote digital
read-out system that was designed and fabricated in the laboratory.

The total "beam-on" time during the previous three months was 284
hours.

1.8.3 70 kV Mass Separator

- O.M. Westcott

The following implants were accomplished during this quarter.

Isotope Implant Time Experimenter Branch No. of
Energy Targets
(keV) (days)

HD

3He

15N

209Bi

46

55

40

35

50

30-116

1

1

CVJ

3

3

7

J .

J .

J .

H.

D.

L.

Davies

Davies

Davies

Planner

Santry

Howe

SSS

SSS

SSS

SSS

SSS

SSS

2

5

2

2

6

14

The first tests have been made of the Danfysik 911A ion source
operation. In this preliminary phase, insulator failures have been frequent.

1.9 POBLICATIONS, REPORTS AND LECTURES

1.9.1 Publications

Application of the Method of Resonance Nuclear Reactions to Ascertain Spatial
Distribution of Implanted Aluminum in Gallium Arsenide
by J.A. Davies, I.S. Tashlykov and L.M. Howe
Atomnaya Energiya 52. (1982) 330
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Effects of Ion Implantation on CdSe Thin Film Transistors
by F.R. Shepherd, W.D, Westwood, P.J. Scanlon, I.V. Mitciiell and H. Plattner
J . Vac. Sci . & Technol. 18 (1981) 899

Conductivity of Ion-Implanted Thin Film CdSe Transistors
by F.R, Shepherd, W.D. Westwood, P. Scanlon and I.V. Mitchell
J . Appl. Phys. ^3 (1982) 1193

Lifetime Measurements of Levels in 26si and the Ratio of Neutron to
Proton Transition Amplitudes for Mirror Nuclei
by T.K. Alexander, G.C. Ba l l , W.D. Davies, J.S. Forster, I.V. Mitchell and
H.B. Mak
Phys. Let t . U3B (1982) 132

Rutherford Backscattering, Nuclear Reaction, and Channeling Studies of
Nitrogen Implanted Single-Crystal Stainless Steel
by J.L. Whitton, M.M. Ferguson, G.T. Ewan, I.V. Mitchell and H.H. Plattner
Appl. Phys. Let t . 41 (1982) 150

1.9.2 Lectures

Channeling Measurements of Defect Trapping
by M.L. Swanson and L.M. Howe
Presented at the Gordon Research Conference on Solute Atom Segregation Effects,
Andover, New Hampshire, 1982 July 12-16

Platinum Surface Studies Using MeV Ion Beams
by T.E. Jackman, J.A. Davies, P.R. Norton and D.P. Jackson
Presented at the Gordon Conference on Particle Solid Interactions, Plymouth,
New Hampshire, 1982 July 19-23

Recent Surface Science Measurements at Chalk River Nuclear Laboratories
by T.E. Jackman
Presented at the FOM Inst i tu te for Atomic and Molecular Physics, Amsterdam,
Holland, 1982 August 18

Excimer Laser Annealing of Arsenic-Implanted Si l icon, as Studied by
Rutherford Backscattering
by M.L. Swanson, T.E. Jackman, L.M. Howe, A.F. Quenneville, C.K. Groves and
J.A. Nil son
Presented at the 1st Canadian Semiconductor Technology Conference, Ottawa,
Ontario, 1982 August 18-20

Nuclear Microanalysis and Surface Science at Chalk River Nuclear Laboratories
by T.E. Jackman
Presented at the Facultes Universitaires Notre-Dame de la Paix, Namur, Belgium,
1982 August 23
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Calculation of Surface Vibrational Properties of An and Pt Single Crystals
Using the Rutherford Backscattering Technique
by D.P. Jackson, T.E. Jackman, J.A. Davies, W.N. Unertl and P.R. Norton
Presented at the 5th European Conference on Solid Surfaces (ECOSS), Ghent,
Belgium, 1982 August 24-27

The Neutralization of Low Energy He+ on Ni(110) and Adsorbed Oxygen
by W. Englert, E. Taglauer, W. Heiland and D.P. Jackson
Presented at the 4th International Workshop on Inelastic Ion-Surface
Col l is ions, Middelfort, Denmark, 1982 Sept. 21-24

Vacancy-Indium Atom Complexes in Copper: Measurements by PAC and Channeling
by M.L. Swanson
Presented at the University of Konstanz, Germany, 1982 September 24

The Application of MeV Ion Beams in Surface Science
by T.E. Jackman, J.A. Davies, P.R. Norton and D.P. Jackson
Presented at the 29th Annual Conference of the Spectroscopy Society of Canada,
St. Jov i te , Quebec, 1982 September 26-29

The following lectures were presented at the Ion Beam Modification of
Materials Conference, (IBMM '82), Grenoble, France, 1982 September 6-10:

(a) Spike Effects During Implantation
by J.A. Davies

(b) Defect Complexes in Ion-Irradiated Aluminum
by M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville
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2.2 ANALYTICAL CHEMISTRY

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

- J.P. Mislan, K.D. Wright, P.L.J. Faught, P.K. Leeson, G.J.
Jarbo, M.T. Hurteau.

2.2.1.1 Instrument Automation

Testing of the sequential ICP-AES with the CRNL-developed
automation system continued. Data on the accuracy, precision and re l i ab i l i t y
of the system were acquired. Documentation of the microprocessor-based data
system, developed within the General Chemistry Branch, has begun. A
commercial computer is being evaluated for the feas ib i l i t y of performing
rapid (5 min) qual i tat ive and quantitative elemental analyses of l iqu id
samples for any of 60 elements. Program development is 30% complete. Design
of the interface is complete and i ts assembly and testing has begun.

2.2.1.2 Component Development

Testing of a custom-made, iner t nebulizer torch assembly revealed
a higher level of background noise than attained with the standard glass
sample introduction system. Modification and testing is being continued.

Components have been assembled to determine i f 5-to 10-fold
enhanced sensi t iv i ty with water samples can be obtained by using a heated
spray chamber (Goulden, P.D., Antony, D.H.J., Anal. Chem. 1982, 54,
1678-1681).

2.2.2 Determination of Hafnium in Zirconium by ICP-AES

A high pur i ty zirconium oxychloride salt has been acquired as a
standard reference material for the determination of low levels of hafnium in
a zirconium matrix. This material has been analyzed by ICP-AES using both
the 356.1 nm and 264.1 nm hafnium ion l ines to give a result of 15 * 3 yg/g.
Confirmatory analysis of the zirconium oxychloride salt by neutron activation
is in progress, as the stated hafnium content of the salt is< 50 yg/g.

The ICP-AES procedure for the hafnium determination is being
documented.

2.2.3 Determination of H and D in Metals

- J.P. Mislan, K.D. Wright, H. Herrington, L. Jur.op

Testing of the automatic analyzer for isotope-dilut ion mass
spectrometric determination of H and D in metals has been curtai led by an
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unusually high inf lux of service and contract samples (sol ids ami process
gases). Some program refinement has been achieved to permit safe,controlled
shut-down of the analyzer in the event of component fa i lu re .

2.2.4 Determination of Oxygen Isotope Abundances

J.P. Mislan, W.J. Olmstead, K.D. Wright.

No progress to report because of personnel transfers.

2.2.5 Chromatography

2.2.5.1 Column Development - Inorganic Anions

- S. Elchuk, R.M. Cassidy

Recent studies have been focused on a comparison of the perform-
ance characteristics (column eff ic iency, sens i t iv i ty , and s tab i l i t y ) of the
dynamically-coated column systems developed in our laboratories with the
performance of commercially available systems. In i t i a l results have shown
that our dynamically modified columns can be used with carbonate eluents and
with the conventional suppressor (hollow f iber or packed ion-exchangers)
systems used to reduce the background noise for conductivity detection. The
supressor systems degraded the column eff iciencies of the dynamically modi-
f ied column (0.05 to 0.10 mm) by three-to four- fo ld; however, sensit iv i t ies
of the supressed systems were better by two-to t h i r t y - f o l d . These studies
are continuing.

2.2.5.2 Determination of Lanthanum

- R.M. Cassidy, C.H. Knight

Previous studies (see PR-CMa-61) of the feas ib i l i t y of obtaining
burn-up values by the l iqu id chromatographic determination of La showed that
high results were obtained. These results were confirmed and a number of
possible interfer ing elements were examined. None of these elements gave a
posit ive interference, but separations of fractions cleaned by classical ion
exchange procedures gave some evidence for an impurity peak. This is
presently being examined in more de ta i l .

Another approach also being examined is the use of the summed
y ie ld of Sm, Md, Pr, Ce, and La f ission products as a burn-up monitor. This
analysis requires a preliminary separation from the Th and U in the fue l ,
followed by the l i qu id chromatographic determination of each of these f iss ion
products. I n i t i a l results have shown that the y ie ld from the preliminary
separation is essentially 100%. Separated fractions of a number of (Th,U)02
fuels are being prepared for these studies.



2.2.6 Analysis Requests

Received From

Metallurgical
Engineering

System Materials

Chemical Operations

Nc). Of
Type of Sample Samples

Zr/Nb Alloy
Zirconium Alloy
Pressure Tube Specimens
Crud

Zr/Nb Alloy
Douglas Pt. Cleaning Sol.
Boiler Chem. Loop Samples
Autoclave Test Solutions
Silver Membrane Filters &
H5 Out-Reactor Loop H20

Samples
Process Water from " M o

Cell
Dissolved Oxide Scale
Process Water Samples
Bldg. 202 Inlet Water

Pt. LePreau Moderator
Stainless Steel
Inconel 600
Stellite Alloy
Stainless Steel Section
Wolsung PHT Debris

U Recovery Test Column
Samples

Process Water - X5 Loop
Process Gas
Xe Loop Gas
Xe Gas
Heavy Water

268
4
2
1

54
43
28
17

15

15
4
4
3

2
2
2
2
2
1

82
59
8
7
4
1

No. of
Determinations

268
16
4
1

54
88
28
17

90

15
8
4

30

46
14
14
14
12
26

164
59
46
35
39
1

Technique*

MS
ICP
ICP
Wt. Loss
Ignition

MS
FAA
FAA
FAA

FAA

FAA
FAA
FAA
FAA

ICP
ICP
ICP
ICP
XRF
ES

FAA
ICP,FAA
MS
MS
MS
FAA

Elements Determined or
Type of Analysis

Hz
Y, Nb
Nb

on
H2

H
Fe.Cu.Si
Na.Si,
Mg, Si

Fe,Cu,Ni,Cr,Co,Al

Mo
Fe.Ni.Cr
K
Na.K.Ca.Mg.Al.Si.Fe,
Cu.Mn.Cr
B, Gd
Composition
Composition
Composition
I dent'n of Alloy Type
Qualitative

Al, Hg
B
NOx
Composition
NOx
B

1

00

1



2.2.6 Analysis Requests (Page 2)

Received From

Chemical Engineering

Fuel & Materials

Environmental Research

Materials Science

Engineering Research

General Chemistry

Workshop, Estimating
& Planning

Reactor Loops

Type of Sample

G.S.M.P.P.

Pt Salt Solutions
Process Oil

Zr/Nb Alloy
Fission Gas
Mixed-Oxide Fuel Extract

Ground Water Samples

Zr Alloys

Westinghouse Wear Test
Process Water

U/Al/Si Solutions
Mixed-Oxide Fuel Extract

Cathode Deposit

Crud

Fly Ash

Aluminum Stock

Process Gas
Cutting Oils
Process Gas

No. of
Samples

68
68
21
1

30
23
3

43

42

22

16
1

1

1

1

13

4
4
2

No. of
Determinations

180
68
21
17

30
99
78

301

42

44
44

32
27

17

17

13

26

28
4

11

Technique*

ICP
S
FAA.ICP
ES

MS
MS
ICP

FAA

MS

ICP
ISE

FAA
ICP

ES

ES

ES

ICP

MS
XRF
MS

Elements Determined or
Type of Analysis

Fe.Al
UV254
Pt
Characteri za t i on

H2
Composition
Quantitative
(Impurities)

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

H2
no

|
Fe.Cu
Conductivity, pH.Cl

Al.Si
Quantitative
(Impurities)
Qualitative
(Impurities)
Qualitative
(Impurities)
Quantitative
Composition

Fe

Impurity Content
Cl
Impurity Content



2.2.6 Analysis Requests (Page 3)

Received From

Physical Chemistry

N.P.D. Rolphton

Radiocheraical Company

Radiation &
Industrial Safety

Mechanical Services

Biomedical Research

Instrument
Development

Neutron & Solid
State Physics

Type of Sample

Water Samples - F i l ter
Systems H2 Gas
H2 Gas

P.D.H., M.D.H Water

l 3 3 Xe, C02 A He

Powder

No. of
Samples

8
1

2

2

1

Cuttings from Westinghouse
Pump 1

Ni Solution

Section of Steel Pi pel

K2ReBr6 Powder

Total

(PR-CMa-61)

1

ine 1

1

1012

824

No. of
Determinations

8
6

52

11

17

6

3

2

1

2298

2285

T e c h n i q u e *

S
MS

ES

MS

ES

XRF

XRF

XRF

FAA

Elements Determined or
Type of Analysis

UV254
Composition

Impurity Content

Impurity Content

Qualitative

Identification of
Alloy Type

Ni

Cu

K

*FAA - Flame Atomic Absorption, ISE - Ion Selective Electrode, MS - Mass Spectrometry (Gas),
ES - Emission Spectrography, S - Spectrophotometry (UV/VIS), ICP - Inductively Coupled Plasma Atomic
Emission Spectroscopy, GCA - Gravimetric Chemical Analysis, XRF - X-Ray Fluorescence
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Gamma Spectrometry Laboratory

- L.P.V. Corriveau

A to ta l of 148 samples were analyzed during t h i s pe r iod .

Nal spectra 12
GeLi spectra 354

The d i s t r i b u t i o n of samples was as fo l l ows :

X-4 X-5 NRU NPD Met.Eng. Mat. S c
~"3~ T3T ~~5~ 5 IB

Phys. Chem. Bldg. 375 Bldg. 234 Cornm. Ops
Pf HTI TO 43

Sp, Anal

2 . 3 . 2 D e t e r m i n a t i o n o f 2 3 0 T h i n Canadian U-Th Ores

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

I t was previously reported (PR-CMa-60) that attempts to measure
concentrations by means of epithermal neutron activation had been

frustrated by post-irradiation y-emitting interference, principally from
233pa# Pre-irradiation solvent extraction procedures, to purify and
concentrate thorium, reduce the concentrations of many interfering impurities
to low levels, but 233Pa -js an activation product of 232Th and cannot
be removed by pre-irradiation treatment.

Recent work, using a post-irradiation separation for 233Pa
by means of ion exchange, has made i t possible to measure, for the f i rs t
time, the 231Th activation product from 230Th in mine waste liquors.
The 233Pa is obtained from the column by a second elution and is determined
separately giving a measure of the 232Th content.

The two stage procedure, thorium purification prior to epithermal
neutron activation and thorium/protactinium separation after, is somewhat
more time-consuming than straightforward instrumental analysis would have
been, had the latter been possible. However, the procedures are very simple
and the results are promising for determining the 23OTh/23ZTh ratio
of Canadian thorium sources. The sensitivity for Z30Th at present is

2 3 0 " Z d
of Canadian thorium sources he s e t v y p
approximately 1 - 1 0 ppm 2 3 0Th re l a t i ve to " Z T h , and is adequate
fo r the requirement



J
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2.3.3 Characterization of Platinum Catalysts

- L.P.V. Corriveau :

At the request of the Physical Chemistry Branch, measurements
were made of the platinum content of S i l i c a l i t e / P t catalyst samples by
instrumental neutron act ivat ion analysis.

The fol lowing summarizes the results obtained. Measurements were
made re la t i ve to a platinum wire standard, corrected for neutron
se l f -sh ie ld ing . Accuracy is approximately 4%.

Sample Ident i f i ca t ion Platinum Concentration

(mg Pt/g Catalyst)

U. of Alberta #1 59
#2 63
#3 62
#4 72
#5 73
#6 74
#7 6.0
#8 6.6
#9 8.8

#10 70
#11 49
#12 65

2.3.4 Diffusion of 60c0 in Aluminum Crystal

- L.P.V. Corriveau

In collaboration with G. Hood (Materials Science Branch) the
diffusion of "°Co in single crystal aluminum was measured. The Al
crystal was loaded with °0co using the isotope separator and subjected
to appropriate heat treatment.

Shavings from the crystal were then measured by y-spectrometry to
determine the 6OCo variation with depth. The diffusion results wi l l be
reported by Materials Science Branch.



- 33 -

2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis
- W.M. ihurston, M.W.D. James

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

No. of Analyses
2~5U0

1100

500

29

63616

6774b"

Group
General Chemistry

General Chemistry

General Chemistry

General Chemistry

Physical Chemistry

Program
Absolute DgO Determin-
ations, s t i l l operation
and test ing
Technique development
and test ing for IAEA
intercomparisons
Superupgrader H2 & D2
analysis
Interlab comparisons and
miscellaneous
H2O - H2 Exchanger
on-line H2 analysis

2.4.2 Heavy Mater Analysis

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

2.5 ELECTROCHEMISTRY

2.5.1 Ion Chromatographic Determination of Trace Levels of NO2 in Xenon

- W.J. Olmstead, M. Hammerli in collaboration with K . I . Burns,
D.W. Everall and J.P. Mi si an

The reaction of oxides of nitrogen with a neutral solut ion of
hydrogen peroxide to produce n i t ra te ion, which can be determined by ion
chromatography, has been previously reported (PR-CMa-60).

Since the xenon samples are radioactive, the sample volume must be as small
as possible. Previous resul ts were for samples of approximately 100 mL
volume; experiments have been started to determine i f sat isfactory ion
chromatographic results can be obtained using samples that are one or two
orders of magnitude smaller in volume. A gas photoionization detector has
adequate sens i t i v i t y for th i s s i tuat ion and uses an even 3mal1er sample
volume (10-100 yL) but i t requires pr ior chromatographic separation of
i n te r fe r i ng gases present in the sample (see section 2.5.2).
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The rate of conversion of the nitrogen oxides to nitrate ions
was studied by reacting 8 ML of a standard gas (lOQyL.L"1 NO2 in
N2) with 2 mL of a 5% hydrogen peroxide solution in a ^as-tight syringe
for varying lengths of time. The results showed that for quantitative
conversion to nitrate ion the mixture must be shaken for at least five
minutes. A study of the reproducibility of this conversion using varying
concentrations of NO2 (from 270 yL.L"1 to 11 uL.L"1 in N2) showed
significant scatter in the results. This scatter cannot be explained at the
present time, but may be due either to contamination from the syrinyes used
or to instrumental problems. Work on this topic will resume when new
syringes have been received and when the ion chromatographic detector has
been repaired.

2.5.2 Photoionization Detector for NO2

- W.J. Olmstead, M. Hammerli in cooperation with J.P. Mislan

It was previously reported (PR-CMa-61) that although a photoionization
detector was very sensitive to low concentrations of NO and NO2, the
presence of other gases (O2, H2, Ar, H2O) interfered with its response
to NO and NO2. Various gas chromatographic columns have been studied for
their ability to separate NOg from these gases, as this approach would
permit the determination of NO2 in very small (^100 yL) samples of
radioactive 1 3 3Xe.

A column of 10% SF 96 on Fluoropak 80 did not give an adequate
separation of NO2 from air, in contrast to a published report (1). A
stainless steel column was packed with 5A molecular sieve (30-80 mesh) (2);
it gave good separation of NO2 from Xe, N2, Ar with good sensitivity,

but the reproducibility was poor. A packed glass column was purchased in
the hope that more consistent results would be obtained. It was found that
th? column had to be pre-conditioned to obtain good resolution, and that the
best results were obtained when a temperature program was used to raise the
column temperature (after injection of the sample) from 150° to 250°C.
However, it was observed that water had to be separated from the NO2 prior
to injection onto the molecular sieve column, despite the good separation of
NO2 from O2, N2, Xe and Ar. A column of 10% (w/w) tetrahydroxyethyl-
ethylenediamine on 80-100 mesh Chromasorb 102 is claimed (2) to adsorb water
while allowing oxides of nitrogen to pass through. A study of this column,
located up-stream of the molecular sieve column, is starting.

(1) Morrison, M.E., Rinker, R.G., Corcoran, W.H., Anal. Chem., 39 (1967)
255-258

(2) Moretti, E., Leofanti G., Andreazza, D., Giordano, N., J. Chrom. Sci.,
12 (1974) 64-66.
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2.5.3 Response of the Copper - Selective Electrode

- J . Gulens, E.F. Hopkins

Nothing new to report; e f for t th is quarter has been largely in
training of new staf f .

2.5.4 Sulfide Determinations in Ground Water

- J . Gulens, P.F. Henshaw

The portable f i e l d monitor was tested thoroughly in the
laboratory and linear cal ibrat ion curves were obtained at sulfide levels as
low as 0.01 mg.L"l. The monitor is being used to measure sulf ide in
ground water at various sites in the Perch Lake Basin and at a waste disposal
si te in Ottawa.

2.6 FUEL ANALYSIS

2.6.1 Routine Analysis for Recycle Fuel Fabrication Fac i l i t y

- F.C. Mi l le r , B.W. Hildebrandt, L.G. Shurrock, R.M. Cassidy

Lack of proper sheathing tubes for the f inal two bundles of
campaign W-1012 caused a stoppage of operation of the f ac i l i t y for this
quarter; as a result the only analysis done was for hydrogen on stored
pel le ts .

A number of analyses were carried out for the Fuel Materials
Branch for their programs of (U,Th)02 fuel production, U-Si-Al fuel
development, and fission-gas release studies in (U,Th)02 fue l . These
analyses were distr ibuted as follows:

Quantitative U -15
Quantitative Th - 5
Carbon - 6
Isotopic - 7
Metallic Impurities - 2

During th is quarter, the laboratory also participated in a
round-robin analysis of f luoride in yellowcake. In this round-robin study,
which was coordinated by Eldorado Nuclear at Port Hope, a dried sample of
yellowcake was separated into approximately 100 g lo t s , vacuum sealed and
distr ibuted to the various laboratories to be analysed by their usual method.
The technique used in our laboratory consists of extracting the fluoride by
pyrohydrolysis at 900°C and determination of the fluoride in the condensate
with a selective-ion electrode. The results of the analysis have been
forwarded to Eldorado Nuclear who w i l l send the results of the round-robin to
the part ic ipat ing laboratories.
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At the request of the Fuel Materials Branch, a standard curve
relating the density of thorium nitrate solution to thorium nitrate
concentration in water was determined. This curve wil l be used in a rough
analytical technique for the determination of thorium concentrations in the
concentrated solutions of thorium in co-precipitation experiments. The curve
obtained differs only slightly with that given previously (J.L. Smee, L.G.
Clegg, D.J. Juhnke, and R.J. Porth, WNRE-361, September 1977).

2.6.2 Hot Cell/Glove Box Chemistry

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

Eight U/Al fuel samples were dissolved, and the uranium was
separated and purified for mass spectrometric analysis. The results wi l l be
used to calculate fuel burnup by the U-235 depletion method.

Eight (Th,U)02 fuels were dissolved, and spiked and unspiked
aliquots were separated into Th, U, and Nd fractions for mass spectrometric
analysis.

A new uranium standard solution was prepared gravimetrically from
NBS-960 standard, and i ts concentration was confirmed by coulometric analysis.
This standard was then sealed in glass ampoules for future use. Sixteen
U/Al/Si metal samples were then analyzed coulometrically to determine the
uranium distribution in experimental fuels from the Fuels Materials Branch.

2.6.3 (Th,U)02 Fuels

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

Studies of methods for determining the extent of fission in
(Th,U)O2 fuels continued.

In the previous progress report (PR-CMa-61), the possibility of a
high neutron capture cross section for ™'Nd and the effect on fission
values determined by the 148Nd method were discussed. To cross check the
148Nd results, fission values were determined using 145+146^ as
fission monitors; the sum of these two isotopes is not significantly altered
by neutron capture processes. Results obtained using 145+146^(1 are
compared with those obtained using 148Nd and calorimetry in Table 2.6.3.1
por both Nd methods the fractions of fission in 2 3 3U and 2 3 5U were
obtained from LATREP simulation data.

The relative difference between the 145+146Ncj an(j the148Nd results ranges from 2.7% for the inner ring element to 4% for
element 4 from the outer ring, with the 148Nd results always being
higher. The differences correspond to an effective neutron capture cross
section of approximately 500 b for i*'Nd. TIVJ 145+146^ results are
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in better agreement with the calorimetry results than the 148Nd values
for the outer ring elements, but show poorer agreement for the middle and
inner r ing elements. More of these comparisons are being performed, but i t is
predicted that 145+146^ W i n be more suitable than 148Nd as a f iss ion
monitor.

Atom percent f iss ion determinations using 139La continued to
y ie ld unexplainably high resul ts ; the details are discussed in section
2.2.5.2.

Table 2.6.3.1

Atom Percent Fission Values for Elements from BDL 417 AAX

Ring Fuel Element Atom Percent Fission

Outer

Outer

Middle

Inner

2.6.4

4

14

30

36

Thermal

Calorimetry

2.16

2.16

1.43

1.15

Ionization Mass

145+146Nd

2.25

2.25

1.39

1.11

Spectrometry

148Nd

2.34

2.33

1.44

1.14

- L.W. Green, N.L. E l l i o t , T.H. Longhurst

Studies of the mass spectrometry of nanogram quantit ies of U and
Th continued. A comparison was made between the U isotopic results obtained by
the two stage equi l ibrat ion procedure (PR-CMa-61) and the results obtained for
U separated by ion-exchange chromatography, and the results showed good
agreement for a l l isotopes. An interference at mass 238 appeared
intermi t tent ly , and is suspected to be due to natural uranium contamination.
The cause of the contamination is being investigated.

A Sm interference, ident i f ied by the 152Sm peak, was discovered
in some of the Nd samples from fuel bundle BDL 417 AAX. The major effect of
the interference was a 2 to 5% increase in the 150Nd peak, due to the high 150
abundance in f ission product Sm. The interference was removed by modifying the
anion-exchange separation procedure so as to avoid that portion of the Nd band
closest to the Sm band.

A considerable amount of time was spent on service analysis,
involving isotopic analysis of B, Gd and U. Much of this was contract work
for the power u t i l i t i e s .
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2.6.5 Reduction of U(VI) to U(IV) for Co-Precipitation with Thorium

- F.C. Mi l ler , B.W. Hildebrandt, L.G. Shurrock, R.M. Cassidy

Work was continued to develop an electrolysis system capable of
reducing 300 g quantities of U(VI) to U(IV) for co-precipitation with thorium
by the oxalate procedure. Parameters which received further study included:

1. Speed of reduction.

The two major variables affecting speed of reduction, the rat io
of the surface area of the working electrode to the total volume of
solut ion, and s t i r r i ng efficiency were investigated. The electrode
surface area to volume rat io was found to have the largest effect on
reduction time with increases in reduction current direct ly related to
the increase in effect ive surface area of the working electrode. Minor
improvements were achieved by changes in cel l geometry and s t i r r ing
eff ic iency.

2. Stabi l i ty of U(IV) Solution

The reduced solution of U(IV) is stable over a prolonged period
of time at room temperature i f hydrazine is present as a reductant.
However, additions of n i t r i t e ion cause rapid reoxidation to U(VI),
part icular ly at elevated temperatures (75°C). This reaction causes
vigorous gas evolution and is presently being investigated.

2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Comparison of Sulfide-Selective Electrode and Gas-Stripping
Monitors for Hydrogen Sulfide in Effluents - Analytica Chimica
Acta, 138 (1982) 55-63
- J . Gulens, H.O. Herrington, J.W. Thorpe, G. Mainprize,

M.G. Cooke, P. Dal Bello and S. MacDougall.

2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

Studies in Inorganic Liquid Chromatography - R.M. Cassidy
- presented at Iowa State University 1982 July 30.
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Inorganic Cation and Anion Separations on Dynamically Coated
Columns - R.M. Cassidy
- presented at the International Symposium on Ion Chromatography

at the 24th Rocky Mountain Conference in Denver 1982 August 1-4.

Mass Spectrometry of Nanogram Quantities of Th and U from
(Th, U)02 Fuels - L.W. Green
- presented at the 1982 ACS Annual Meeting in Kansas City 1982
September 12 - 17.

Release of 134. 137cs and
 129I From the Fuel/Sheath Gap

in CANDU Irradiated Fuel - K.I. Burns
- presented at CNS International Conference on Radioactive Waste
Management in Winnipeg 1982 September 12-16.

Microcomputer Data System for Automatic Sequential ICP-AES -
J.P. Mi si an
- presented at the 29th Annual Conference of the Spectroscopy
Society of Canada in St. Jovite, Quebec 1982 September 26-29.

Meetings

K.I. Burns, R.M. Cassidy and C.H. Knight attended a Liquid
Chromatography seminar in Ottawa 1982 June 16.

J. Gulens attended an executive meeting, Ontario-Quebec Section
of Electrochemical Society in Kingston 1982 June 19.

W.M. Thurston reviewed D2O analysis, instrument update and mass
spectrometer technical training requirements in Kincardine 1982
June 29 - July 1.

M. Hammerli attended a meeting of the National Organizing
Committee for the 5th World Hydrogen Energy conference in Toronto
1982 July 8.

K.I. Burns had discussions at Whiteshell 1982 September 18.

J. Gulens took part in a collaborative program with Environment
Canada to measure sulfide in ground water at a waste disposal
site in Ottawa 1982 September 15 & 16.
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PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

BRANCH HEAD J.P . B u t l e r

SECRETARY B.A. McCarthy

Professional Staff

D.R. Smith1

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

Technical Staf f

R.D. McAlpine
D.K. Evans
J.S. GeigerS
D.R. Smith!

J.P. Butler
P.R.
J.H.

Norton
Rolston

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

RADIATION CHEMISTRY

LASER PHOTOCHEMISTRY

HYDROGEN-WATER EXCHANGE

ISOTOPE CHEMISTRY

J.o.
O.A.
E.B.
A.S.
F.C.

Fisher2

Mil ler
Selkirk
Simsons3

Sopchyshyn
L.W. Thomson^

H.M. Adams
C.E. Brown6

J.W. Goodale
I.M. Waller7

J.C. Au
P.E. Bindner

den Hartog
Gale
Molson
Paters on

J.D. Bonnett
M. de Lurdes Martins8

S. Padamshi

1Terminated 1982 August 6.
^Waterloo Cooperative Student, reported 1982 August 30.
^Waterloo Cooperative Student, terminated 1982 August 31.
^Transferred to NRX Reactor Branch, 1982 September 30.
^Attached from Nuclear Physics Branch.
6Terminated 1982 August 27.
Nat ional Summer Student, terminated 1982 September 3.
8National Summer Student, terminated 1982 September 17.
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and O.A. Mi l ler

(a) Electron Beam Excitation in Argon

The problem of non-reproducibil i ty of k inet ic measurements made with the
pulse radiolysis apparatus (PR-CMa-59, AECL-7607) has been solved. A small
amount of pump o i l was found at the in le t valve to the White c e l l . The o i l
contamination was removed by r insing the whole vacuum system with solvent and
baking in an oven at 500°C. Inert gases can now be puri f ied by passing the gas
through a t i tanium sponge heated to 900°C and then through 4A and 5A molecular
sieves at -85°C. The impurity levels of H2O and N2 in Ar can be monitored ~y
emission spectroscopy. Using this pur i f icat ion procedure the H2O level is
reduced by a factor of 3 and the N2 level by a factor of 5 from that obtained
using UHP Matheson Argon d i rec t ly from the bot t le . Experiments have been
in i t i a ted to measure the kinetics of Ar2+ and Ar2 formation in the electron beam
excitation of pure Ar at moderate pressures.

3.2.2 Radiolysis of Liquid Systems

(a) Radiolysis of Liquid Water at Low Dose Rates

- J.W. Fletcher and L.W. Thomson

As mentioned previously (PR-CMa-61, AECL-7780) the experimentally measured
chain decomposition rate of hydrogen peroxide (H2O2) in hydrogen (H2) saturated
aqueous solutions is less than calculated (PR-CMa-60, AECL-7692) by computer
simulation. This has now been confirmed and therefore the system is not suitable as a
method to increase the sens i t i v i ty of water calorimeters for radiation detection. The
reason for the disagreement between experiment and calculation is not understood at this
time.

Multivalent metal cations can also be used as chain carriers for the
decomposition of H2O2. In H202 solutions, the solvated electron (es-) and
the hydroxyl radical (OH) react with H2O2 via reactions [1] and [2] to form
the superoxide radical anion (O2")

[1] e s " + H202 •+ OH + OH"

[2] OH + H202 -»• 02~ + H+ + H20

The metal cation can then react via reaction [3]

[3] 02~ + M2+ •* M+ + 02



The chain w i l l be carried by reaction [4]

[4] M+ + H202 ->• OH + M2+ + OH"

and [2] . To be suitable as a radiation sensitive system,M+ must not be present
in the absence of radiation.

A suitable metal would be copper cation (Cu^4"). Preliminary experiments
indicate Gf-HpOg) of the order of several thousand with an H2O2 concentration
of 0.1 mol-L-T and Cu2+ concentration 10-5 mol-L" l . The decomposition rate
in the absence of radiation is quite small (^ 10-7 mol-L~l-s-1). Experiments
are continuing in order to investigate the reproducibi l i ty of the system. I f
suitable, a 103 increase in sens i t i v i t y of the water calorimeter could be
obtained.

(b) Determination of I n i t i a l G-Values in Water Irradiated at 1180C

- A.J. E l l i o t and F.C. Sopchyshyn

( i ) Effect of pH on G(N0?-) for Irradiated Nitrate Solutions

The chemistry involved in the radiolysis of solutions of sodium ni t rate
and sodium formate is not well understood (PR-CMa-61, AECL-7780). To help
unravel th is chemistry, the ef fect of pH on G(N02") was followed, at room
temperature,for ^-saturated 5.0 x 10"2 mol-L-1 sodium formate solutions containing
either 2.5 x 10-3 mol-L-1 or 2.5 x 10"2 mol-L"! sodium n i t ra te . These results are shown
in Figure 3.2.2.1(a). Shown in Figure 3.2.2.1 (b) are the results when the formate
was replaced by 5 x 10~2 mol-L-1 2-propanol.

The pH dependence of G(N02") for nitrate-formate solutions can be
sat is fac tor i ly modelled (using the computer program MACKSIMA CHEMIST (8))
with the reactions and rate constants in Table 3 .2 .2 .1 . The rate constant
[9] had to be equal to or greater than 6 x 109 mol-l-L-s-1 in order to f i t the
data. The i n i t i a l G(values) fo r the species formed in reaction [19] were
taken from the react iv i ty plots in reference 11. Although both reactions
[1] and [6] are ionic strength dependent, the actual magnitude of the dependence
is ambiguous from the l i te ra tu re (9,10) so no attempt was made to correct for
i t . The results are given by the sol id lines in Figure 3.2.2.1(a).

The pH dependence of G(N02~) for the nitrate-2-propanol solutions
(Figure 3.2.2. l (b) ) i s s imi lar to that reported by Sawai (12). A f i t between
the experimental results with those calculated using the rate constants in
Table 3.2.2.1 could not be obtained using G(values) for the products in [19]
calculated from reference (11) (sol id l ine - Figure 3.2.2. l (b))or fo r G(values)
using G(eag~) = G(N02") at pH > 5.5 (dashed l ine - Figure 3.2.2.1(b)). The value of
ki7 was heTd at 6 x 109 mol-1-L-s- l From this i t was apparent that chemistry of
irradiated nitrate-2-propanol is not well understood.

(1) M. Anbar, M. Bamkeneh and A.B. Ross, N a t ' l . Stand. Ref. Data Ser. 43
(U.S. Nat ' l . , Bur. Stand.), 1973.
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Table 3.2.2.1

Reactions with Rate Constants for Irradiated Nitrate Soiutions

No.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Reaction
u+

M n , - I n - 1 MCl-i 1 f i l l "
N U 3 T g ; - P » U 2 ' U n

NO3" + H ->• N0 2 + 0 H -

N02 + foO2 + N204

N204 -*- N02 + N02

N204 + H20 -+ NO3- + N02" + 2H+

H + + e a q - - H+

H COO" + ÔH -»• C021 + H20

HCOO- + H •* C02~ + H2

N02 + C02" ->- N02 ' + C02

co2
i + co2

i •> (co2 - )2

HCOOH ->- HCOO- + H+

HCOO- + H+ -> HCOOH

HCOOH + OH -> H20 + H+

HCOOH + H -> ^ ^ + H2 + H+

(CH3)CHOH + ÔH -> (CH3)2C0H + H20

(CH3)2CH0H + ft •*• (CH3)2COH + H2

N02 + (CH3)2C0H -> N02" + (CH3)2C=O

(CH3)2C0H + (CH3)2COH + (CH3)2C=O

+ (CH3)2CH0H

or (CH3)2C(0H)(CH3)2

H20 w e a q - , ÖH, H, H 2 0 2 , H2

Rate Constant

1.05

1.2

2k =

6.9

1.8

2.0

2.5

2.5

See

2k =

8.6

5.0

1.5

1.2

2.9

8.0

See

2k =

x 1010 moH-L-s'1

x 107

9.0 x

x 103

x 101

x IOIO

x 10»

x 108

text

= 2.0 x

x 106

x l O 1 0

x 108

x 106

x 109

x 107

text

= 1.4 j

moH-L-s-1

108 mol-^L-s"1

s-1

mol-l-L-s-1

mol-l-L-s"1

mol-1-L-s-1

mol"l-L-s-1

: 109 mol-1-L-s"1

s"1

's-1

mol-1-L-s"1

mor1-L-s-1

mol-T-L-s"1

mol-T-L-s"1

( 109 mol-i-L-s"1

Ref

1

2

4

4

3

1

3

2

5

6

6

3

2

3

2

7
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—n

1.0 8.0 9.0

Figure 3.2.2.1 The yield of n i t r i te as a function of pH at room temperature from
2.5 x 10-3 mol-L-' sodium nitrate (0) and 2.5 x 10"2 mol-L-1
sodium nitrate (D) solutions containing:
(a) 5.0 x 10-2 moi-L-l sodium formate
(b) 5.0 x 10"2 mol-L-1 2-propanol
The solid and dashed lines are computer calculated yields
(see text).
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(2) M. Anbar, Farhataziz and A.B. Ross, N a t ' l . Stand. Ref. Data Ser. 51
(U.S. N a t ' l . Bur. Stand.), 1975.

(3) Farhataziz and A.B. Ross, N a t ' l . Stand. Ref. Data Ser. 59 (U.S. N a t ' l .
Bur. Stand.), 1977. ~

(4) M. Gratzel, A. Henglein, J . L i l i e and G. Beck, Ber. Bungenges Physik.
Chem. 73_, 646 (1969).

(5) G.V. Buxtun and R.M. Sel lers, Trans. Farad. 3oc. 69_, 555 (1973).
(6) M. Eigen, W. Kruse, G. Maass, and L. DeMaeyer, Prog. Reaction Kinetics

2_, 287 (1964).
(7) M. Simic, P. Neta, and E. Hayon, J. Phys. Chem. 73_, 3794 (1969).
(8) A.W. Boyd, M.B. Carver and R.J. Dixon, Radiat. Phys. Chem. 15., 177 (1980).
(9) B. Cercek, In t . J. Radiat. Phys. Chem. 3̂ , 231 (1971).
(10) E. Peled and G. Czapski, J . Phys. Chem. 74_, 2903 (1970).
(11) Z.D. Draganic and I.G. Draganic", J. Phys. Chem. 77^ 765 (1973).

(12) T. Sawai, Bul l . Chem. Soc. Japan, 39_, 955 (1966).

(c) Radiolysis of NpO-Saturated Solutions of Oxidized Di th iothre i to i (DTT-ox)

- A.J. E l l i o t and A.S. Simsons

( i ) DTT-ox and Sodium Formate
Since the last progress report (PR-CMa-61, AECL-7780) the rate constant fcr

the propagating step (reaction [4] - Table 3.2.2.2) in the chain reduction of
DTT-ox has been estimated to be 2.8 x 10^ L-mol~l-s~l from the dependence of
G( DTT ) on formate concentration (Table 3.2.2.2). A computer simulation (5)
based on the reaction scheme in Table 3.2.2.3 reproduces the shape of the curve
of G(DTT) versus pH (sol id l ine in Figure 3.2.2.2) but only 80% of the magnitude.
Raising kq to 4.0 x 10̂  mol-L-1-s-1 improves the f i t (dashed l ine in Figure 3.2.2.2).

(1) A.J. E l l i o t and F.C. Sopchyshyn, Radiat. Phys. Chem. 19̂ , 417 (1982).
(2) P.C. Chan and B.H.J. B ie l sk i , J. Amer. Chem. Soc. 95_, 5504 (1973).
(3) J.L. Redpath, Radiat. Research 54, 364 (1973).
(4) M. Eigen, W. Kruse, G. Maass and L. DeMaeyer, Prog. Reaction Kinetics 2_, 285 (1964).
(5) M.B. Carver, D.V. Hanley and K.R. Chaplin, "MAKSIMA-CHEMIST", Report

AECL-6413 (1979).

( i i ) DTT-ox and 2-Propanol

The pH dependence of the reduction of DTT-ox to DTT by (Q^bCOH (Table
3.2.2.4) indicates that the overall reaction [1] does not occur e f f i c i en t l y .

[1] 2(CH3)2C0H + DTT-ox -> DTT + 2(CH3)2 C=0

However, as the pK(= 12.2) of (C^^COH is approached, the conjugate base, the
acetone radical anion, can ef fect the reduction with f u l l e f f ic iency, i .e .
G(DTT) ^ 1/2G((CH3)2COH).
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Table 3.2.2.2

Reactions of DTT-ox and DTT

No. Reaction Rate Constant Ref.

[1] R I + CO,1 ->- R I + C0„ k = 1.1 x 108 moH-L -s - 1 1

sS~ k f /S' k f = 1.0 x 1010 moH-L-s-1 2,3
[2] R I + H+ *f± R ,

\S Kb NSH k. = 6.31 x 104 s '
D

k* kf = 1 x 10
10 moH-L-s-l 6

[3] HCOO" + H < ^ HCOOH

k = 2.8 x 104 mol-l-L-s'1

kb kb = 1.77 x 10
6 s"1

• S' /SH
[4] R + HCOO" ->- R + C0o~

Table 3.2.2.3

G(DTT) from Irradiated Solutions of 1.6 x 10"3 moi-L'1 DTT-ox
for Various Formate Concentrations at pH 4.2

[Formate] (moi-L-1) G(DTT)

0.05 138
0.10 270
0.40 1110

• S " >S~ ^SH xS fin,
[5] R i + R I >R + R | k = 2 x 10° moH-L -s - 1

S \ S 2H+ \SH ^S

[6] R | + R ^R + R I k = 2.5 x 10" mol- l -L-s"1 2
NS NSH H+

/ S ' yS- xSH xS q
[7] R + R ^ R + R | 2k = 1.7 x 10* moT'-L-s"1 2

NSH \SH \SH \ S
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Figure 3.2.2.2 - A plot of i n i t i a l G(DTT) (0) and G(-DTT-ox) (A) as a function
of pH for NgO saturated solutions containing 1.6 x 10~3 rnol-L-'
DTT-ox and 0.1 mol-L"1 sodium formate.
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Table 3.2.2.4

G(DTT) as a Function of pH for the Reduction of DTT-ox

by_

fiH

3.3

5.6

9.1

10.1

11.1

12.2

JCH3I3COH

G(DTT)

0.15

0.03

0.83

1.67

2.89

3.04

3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

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

(a) Multiphoton Absorption (MPA) by Methanol

Previously we reported on the CO2-laser-induced MPA of CH3OH (PR-CMa-59,
AECL-7607, and PR-CMa-61, AECL-7780). This work has now been extended to
include pulse widths of 6 and 60 ns for the laser l ines 9P(18), 9P(20) and
9P(34). Photoacoustic experiments separated by times of 8 months were found
to be highly reproducible (^ 10%).

The 9P(18) and 9P(20) l ines are both absorbed into the R branch of the
CH3OH C-0 stretching mode [v = 1C34 cnH (1)] and the 9P(34) mode is absorbed
into the Q branch. The MPA behaviour is qua l i ta t i ve ly quite d i f ferent for
the 9P(34) l ine compared with the other two. The complex pressure dependence
of MPA with the 9P(34) l ine may be due to the fact tha t , for the Q branch
t rans i t ion , more rotational transit ions are accessible to the laser than for
the R branch transit ion,reducing the influence of "rotat ional hole burning"
which was reported for the MPA of CDF3 (2,3).

(b) MPA Measurements of NH?/N? Mixtures

The photoacoustic and cal ibrat ion measurements were completed th is quarter
and analysis of the data begun.
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A concentration for the mixtures of 20 parts nitrogen to 1 part ammonia
and a total pressure of about 2.7 kPa was found to maximize the absorption of CO2 laser
energy over a wide range of fluences. This work is now being prepared for
publication.

(c) MPA Studies of CDFg

Previous studies, in this laboratory (2) , have reported a bend in a
plot of <n> versus fluence, the location of which appeared to be only weakly
dependent on pulse width, i p , fo r 2 and 6 ns CO2 laser pulses. These MPA
studies have now been extended to 60 ns pulses. Figure 3.3.1.1 shows plots
of <n> (<j>) versus $ [for- discussion of the symbols used, see ref. ( 3 ) ] , for 6
and 60 ns pulses. The location of the bend (<j>c) occurs at 4 and 5 J/crn^,
respectively,confirming that <j>c is almost independent of i n . This contrasts
the MPA results for CH3NH0 for which <j>c changes with xp in such a way as to
be independent of intensity (4) .

The MPA cross sections for the10R(26) l ine ,x p = 60 ns,are given in Table
3.3.1.1. For CDF3, the MPA cross section, at least for fluences below <j>c, is
a function mainly of the co l l i s ion number rather than a complex function of
col l is ion number and intensity as was the case for CH3NH2 (4). This observation
supports the view that the MPA cross section for CDF3 is sensitive to the
effect of "rotat ional hole burning" (2,3).

Table 3.3.1.1

Empirical f i t s of a($) for absorption of the 10R(26) CO2 laser
l ine ( in = 60) by CDF3. The symbols used are defined in Ref. (3) .

Pressure
(kPa)

0.

0.

0.

1,

2,

331

,471

.731

.333

.000

Laser Operations

Range of
(J/cm2)

10.3
0.01

12.0
0.004

5.1
0.004

7.1
0.03

0.05

to
to

to
to

to
to

to
to

to

$

80
10.

80
12.

80
5.

40
7.

50

3

0

1

1

K

2.
4.

5.
8.

18
16

24
26

34

xl

4
1

3
2

0^1

± 0.
± 0.

± 0.
± 0.

± 8
± 1

±11
± 1

1

8
1

4
1

0
-0

0
-0

-0
-0

0
-0

0

b

.11 ±

.35 ±

.04 ±

.29 ±

.09 ±

.18 ±

.09 ±

.07 ±

.07 ±

0.08
0.02

0.02
0.01

0.11
0.1

0.13
0.01

0.01

(d)

The K-920 CO2 laser k i t has been fu l l y assembled and is operating routinely with a
gas recycling system. This laser has successfully been run using 13C1602 economically.
Full recombination of CO and O2 is possible during operation and complete recovery
of the 13C1602 after shutdown has been achieved. A report which describes the
system and serves as an operating manual has been submitted.
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Figure 3 .3 .1 .1 - Plots o f <n> vs (j> fo r CDF3 at a pressure o f 0.731 kPa using the
C02 laser 10R(26) l i n e f o r x p : 60 ns (A) and 6 ns (X) .
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(e) Short Pulse System

The short pulse system was completely overhauled and cleaned this quarter.
A temperature controlled heating system was constructed and insta l led to keep
the laser cabinet and contents at s l igh t ly above room temperature. This
w i l l help protect the NaCl optics from damage due to humid a i r .

(1) M. Falk and E. Whalley, J. Chem. Phys. 34, 1554 (1961).
(2) J.B. Marling, I.P. Jerman and S.J. Thomas, J. Chem. Phys. 72_, 5603 (1980).
(3) D.K. Evans, R.D. McAlpine and H. Adams, J. Chem. Phys. T]_, 3551 (1982).
(4) D.K. Evans, R.D. McAlpine, H.M. Adams and A.L. Creagh, to be published.

3.3.2 Laser Magnetic Resonance

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

Spectra have been measured for the v=0 2n3/? J = 9/2 •* 2no/2 J = 11/2
(97.5 urn), v=l 2n 3 / 2 J = 7/2 •+ 2n 3 / 2 J = 9/2 (122.5 ym) and v= 3

n3/2 J = 5/2 ->- 2H3/2 J = 7/2 (166.6 ym) transit ions in 0D. In addition some
Lamb dip measurements have been made on the v= 0 ^/Z J = 3/2 -»• ^yy J = 5 / 2

t rans i t ion.

Spectra of the 000-+111 transit ion in NHD have been measured at wavelengths of
394.7039, 393.6311, 392.0687, 382.6392 and 380.5554 ym. The spectra at 382.6392,
392.0687 and 393.6311 ym were obtained using optimized conditions and the
hyDerfine structure is well resolved.

In addition NHD spectra have been measured at wavelengths of 113.7 ym,
191.8 ym and 242.5 ym. I t is anticipated that preliminary analysis of these
la t t e r spectra w i l l indicate a need for fur ther measurements at these wavelengths.

3.3.3 Volati le Molecules on Heavy Elements: Approaches to Laser Separation of
Zirconium Isotopes

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



- 54 -

3.4 HYDROGEN-WATER EXCHANGE

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

- J.P. Bu t le 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 Photoeiectron Spectroscopy

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

3.4.2.1 Instrument Development

Modif icat ions to the gas handling system on the ESCA-3 photoelectron
spectrometer are complete. I t i s now possible to contro l independently the
admission of two reactant gases w i th high prec is ion .

The MKS Baratron Model 1464 capacitance manometer has now been permanently
mounted on the spectrometer a l lowing accurate pressure measurements up to
pressures of ^ 10 Pa. An addi t iona l ion pump has been i ns ta l l ed which permits
d i f f e ren t i a l pumping of the quadrupole mass spectrometer, thus a l lowing us to
make measurements of gas composition during a c a t a l y t i c process over the pressure
range 10~8 t o 10 Pa.

Manufacture of the new Kelvin work funct ion probes (see PR-CMa-61, AECL-7780)
nears completion.

3.4.2.2 In terac t ion of PtPOO] wi th 02

As par t o f the program to understand the temporal osc i l l a t ions
in the oxidat ion of CO over p lat inum, we have studied the in te rac t ion
of 02 wi th Pt [100] .

The adsorption is act ivated and extremely sens i t ive to the s t ruc ture of
the surface. The s t i ck ing coe f f i c i en t (So?) of oxygen on the unreconstructed
[(1x1)] surface is ^ 0.1 at a l l temperatures below the phase t r a n s i t i o n
temperature K 400 K) fo r the ( l x l ) -»- (5x20) t r a n s i t i o n . On the (5x20) surface,
Sog is £ 10-5. At 573 K, SQ2 increases wi th increasing coverage at low coverages.
This is a t t r i bu ted to the nucleat ion and growth of domains of ( l x l ) s t ructure
on which So2 i s high.

Two desorption states are detected by thermal desorption and work function
techniques. The most stable s ta te exhibi ts normal second order desorption
kinet ics and an act ivat ion energy fo r desorption ^ 160 kJ-mol-1. The least
stable s tate exh ib i ts au to -ca ta ly t i c desorption behaviour, in that at f i xed
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temperature the rate of desorption accelerates with decreasing coverage. The
origin of this behaviour is not understood.

This work w i l l be submitted for publication to Surface Science.

3.4.3 MeV Ion Induced Auger Electron Production

3.4.4 Vibrational Properties of Au and Pt[110] Surfaces Deduced from Rutherford
Backscattering Data

- P.R. Norton in collaboration with J.A. Davies, T.E. Oackman,
D.P. Jackson, K. G r i f f i t h s , C.W. S i t te r (Solid State Science Branch),
J.R. MacDonald (University of Guelph) and W.N. Unertl (University of
Maine)

See Solid State Science Branch, Sections 1.7.1 and 1.3.1

3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water

- E.A. Symons, J.D. Bonnett and L.M. Martins

(a) Catalysis by Hydroxide Ion

Catalysis of CF3D-H2O exchange by NaOH is very slow below 70°C (1). Large
rate enhancements have been measured for aqueous solutions containing dimethyl
sulfoxide (DMSO) as co-solvent (2) , but the cost for addition and recovery
of large volumes of DMSO under process conditions is l ike ly prohib i t ive.

An alternative method of obtaining a faster rate for NaOH catalysis is
operation at higher temperature, since the activation energy is quite large (1).
Kinetic measurements have been extended to 90OC in the s t i r red gas/l iquid reactor
(glass). A metal reactor of similar design (with nickel bottom hal f for
corrosion resistance and aluminum top to permit magnetic s t i r r i n g from above)
has been constructed for runs at higher water vapour pressure. Preliminary
exchange rates up to ^ 140°C are presented in Figure 3.5.1.1 for the in-solution
rate constants. The Arrhenius activation energy derived from the slope is
128 kJ-mol-1 (30.6 kcal-mol"1). in good agreement with 134 kJ/mol observed over
a smaller temperature range (1) .

The effect of temperature on h a l f - l i f e for deuterium isotope exchange
is quite large (in 1.0 mol-L"1 NaOH solut ions):
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Temperature, °C 50 68 110 140

Estimated t ] / 2 , s 5 x 104 5 x 103 55 10

For comparison, in the aqueous DMSO system the best t i / 2 values obtainable at
68OC are, e . g . , 40 s for 25 mole % DMSO (1.0 mol-L-1 NaOH) and 7 s for
50 mole % DMSO (0.1 mol-L-1 NaOH). For the NaOH/H2O system t ] / 2 can be
reduced at any temperature by raising the catalyst concentration.

(1) E.A. Symons and M.J. Clermont, J . Am. Chem. Soc. ]03 , 3127 (1981).
(2) E.A. Symons, M.J. Clermont and L.A. Coderre, 0. Am. Chem. Soc. 103,

3131 (1981).

(b) Catalysis by Anion Exchange Resin

A sample of Ionac A-935 "high temperature" anion exchange resin has been
received fo r test ing. The recommended l i m i t is 100°C, versus 60°C for the
Rexyn 201 resin used for most studies to date (3 ) . I n i t i a l results for the
-OH form of A-935 at 59 to 76<>C (as s lurry of 5 g dried resin in 50 mL water)
indicate reac t iv i ty for CF3D-H2O exchange catalysis is comparable to that of
Rexyn 201. The activat ion energy, Ea, is ident ica l at 103 kJ-mol- '
(24.5 kcal-mol"1) . Thermal s t a b i l i t y tests on the resin are being conducted
at 80 to 120OC.

(3) E.A. Symons, J.H. Rolston, L.A. Baldisera, J.C.6. Drover and J.D. Bonnett,
Can. J . Chem. ( in press) (1982).
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Figure 3.5.1.1 - Temperature dependence of rate constant for CF3D-H2O exchange
catalyzed by 1.0 mol-L"1 NaOH in glass (0) and metal ( I )
stirred reactors.
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3.5.2 Equilibrium Deuterium Distr ibution Between Water and Dimethyl
Sulfoxide (DMSOT

- J.D. Halliday, M.L. Martins and E.A. Symons

Experimental work was interrupted early this quarter by equipment fai lure
in both the Bruker HX90 NMR spectrometer and the Nicolet 1174 Signal Averager.
The experiments w i l l be resumed as soon as repairs have been completed.

3.5.3 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday and S. Padamshi

Amino-Amide Proton Exchange in Dimethyiamine

Exchange between the amino proton of dimethyl amine and dissolved cesium
dimethylamide [1.35 x 10~3 to 6.73 x 10"7 mol-(kg solvent)- ! ] [1] has been
studied as a function of temperature (-50.3OC to 27.4°C) by NMR spectroscopy
(PR-CMa-59, AECL-76O7)

-+ -+
[1] (CH3)2NH + (CH3)2NCs *=> (CH-^NCs + (CH3)2NH

Lineshape analysis of these spectra yields the proton's average residence
time, T , on the amine s i t e . The reciprocal of x is the pseudo f i r s t order
exchange rate constant for the reaction [1] where 1/x = k2[(CH3)2NCs]. The
analytical procedure used to determine the x-1 (Figure 3.5.3.1) is outlined
below.

For the amino proton in dimethylamine the spectrum for the non-exchanging
case is dominated by the effects of the 14N (spin 1=1) quadrupole relaxation.
The rate of relaxation can vary the lineshape from a narrow singlet at low
temperature (fast relaxation) to a well-resolved 1:1:1 t r i p l e t at high
temperature (slow relaxation) (1). A theoretical spectrum that incorporates
both th is quadrupole relaxation and the proton exchange can be simulated
through a complex function derived by Swift et. al_. (2). This has for i t s
input parameters: a) the 14NH coupling constant, b) the 1Z*N spin- l i fet ime in
a given energy leve l , and c) the proton exchange rate constant.

Occasionally, before comparison of the theoretical and experimental
spectra can be made, distort ions ( r is ing baseline, owing to the proximity
of the larger methyl group resonance) have to be removed. A curve deconvolution
computer program obtained from WNRE (PR-CMa-60, AECL-7692) has proven very
useful for th is . The f ina l Lorentzian shaped spectra are compared direct ly
with the theoretical ones computed from equation [2] for various values of x
to obtain the best f i t t e d values for the rate constants (Figure 3.5.3.1).

(1) J . Pople, Mol. Phys. 1 , 168 (1958).
(2) T.J. Swift, S.B. Marks, and W.G. Sayre, J . Chem. Phys. 44_, 2797 (1966).
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Figure 3.5.3.1 - Pseudo f i r s t order rate constants for amino-amide proton
exchange vs. reciprocal temperature at cesium dimethyl amide
concentrations [mol-(ka solvent)"^] of:
( • ) 1.35 x 10-3, (A)' l .O2 x 10-4, (O) 8.51 x 10-5,
(V) 3.06 x 10-5, (O) 1.59 x 10"5, (<C>) 3.10 x 10"6,
( • ) 6.73 x 10-7
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3.5.4 Deuterium-Protium Separation Factors for Fluoroform

- J.H. Rclston, K.L . Gale with E.A. Symons

The partitioning of deuterium between water and fluoroform, CF3H, is of
interest in that i t can serve to replenish deuterium in depleted fluoroform
vapour obtained from isotopically selective multiphoton decomposition processes.
A preliminary report (1) gives a separation factor a = 2.46 at 30°C for
exchange between gaseous fluoroform and liquid water. This is much larger
than the fractionation factors reported (2) for CCI3H and CBr3H with water.

Theoretical estimates of the gas phase separation factors have been
calculated from spectroscopic data using the reduced partition function
rat ios , (Sg/S-^f of the light (subscript 1) and heavy (subscript 2) molecules.
Table 3.5.4.1 l i s ts these values of (S2/S-|)f and the resultant gas phase
separation factors of fluoroform and methanol with respect to hydrogen and
water vapour at 25°C.

Table 3.5.4.1

Comparison of Calculated Deuterium-Protium Separation Factors of
Fluoroform and Methanol with Respect to Hydrogen and Water Vapour at 25°C

Species

H2

CF3H

CH30H

(S2/S!)f

3.406 (a )

12.28 ( a ) ,

15.97 (C)

14.99 ( d )

13.48 (b)

Separation
with H?0

0.253

—

1.18

1.11

Factor, a
with H?

3 . 6 0 ^ , 3.96

4.69

4.40

(a) from equations derived directly from the molecular potential function of the
isotopic pair in reference (3).

(b) and (c) evaluated from vibrational frequencies in references (4) and (5)
respectively.

(d) evaluated from harmonized frequencies calculated from those in reference (6).

The separation factors derived from spectroscopic data for H2-water vapour
exchange agree reasonably well with those calculated directly from molecular
potential functions which is considered to be the more reliable method (3). The
present calculations show that the separation factor for CF3H with respect
to water is similar to that for methanol-water. The la t te r is in good agreement
with the experimental value (7) of 1.16. In both instances deuterium prefers
the substrate rather than the hydroxyl groups of water. The large separation
factors with respect to exchange with hydrogen suggest that hydrogen is preferred
as an exchange partner with fluoroform providing a suitable catalyst and feed
stream can be found.
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(1) S.M. Dave, S.K. Ghosh, and H.K. Sadhukhan, B.A.R.C. Report No. 1056,
25 (1980).

(2) P. Scharl in, Acta Ahem. Scand. A36_, 117 (1982).
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3.5.5 Chemical Methods for Zirconium Isotope Separation

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

In Figure 3.5.5.1 is shown an example of the best mass spectrum obtained so far
with the zirconium complex Zr(tr i f luoroacetylacetonate)4- The f ive peaks correspond-
ing to the natural isotopes are indicated: the other two, at m/e 227 and 229,
arise from the presence of natural abundance 13Q and >&Q in the ligands of
the complex. In fact , corrections for 13C and 180 must be applied to measured
peak heights at m/e = 225, 226, 228 and 230 before relative Zr isotopic
abundances can be calculated.

In the table below are given the average values obtained for the % of
each Zr isotope, based on f ive successive spectral scans with one sample.

Zr Isotope

Nat. Abund.,

Measured %

% (D

90_

51.45

51.90

9J_
11.32

10.96

92.

17.19

17.41

3i
17.28

17.11

?§.

2.76

2.61

Error, 1 o ±0.32 ±0.16 ±0.04 ±0.16 ±0.03

Agreement with the currently accepted values for natural abundance (1) is
reasonably good, although the error range needs to be reduced. I t is known
that there is some variation in relat ive isotope % with natural sample source
(1).

Peak resolution in the mass region below m/e = 250 is now acceptable
(Figure 3.5.5.1) for isotope ra t io measurements, but w i l l be improved by
upgrading the electromagnet power supply. Peak intensity changes somewhat
with time as the small sample of Zr complex in the direct insert ion probe
slowly sublimes away. This e f fec t leads to an experimental error when the
heights of peaks scanned 50 to 300 seconds apart are compared. An instrument
has been designed that w i l l permit comparison of any two peaks wi th in a few
seconds by switching the ion accelerating voltage alternately between the two
selected peaks.

(1) N.E. Holden, Pure & Appi. Chem. 52, 2349 (1980).
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Figure 3.5.5.1 - Part of mass spectrum of solid tetrakis (1,1,l-trifluoro-2,4-pentane-dionato-0,0'-)
zirconium complex, showing set of isotope peaks obtained for Zr (ligand minus F)-j
ions on modified UF-5 instrument.
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3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Reports

Radiation Chemistry of Water at Low Dose Rates with Emphasis on the Energy
Balance: A Computer Study
- J.W. Fletcher
AECL-7834, 1982 August

3.6.2 Publications

Kinetic Oscillations in the Platinum Catalyzed Oxidation of CO
- G. E r t l , P.R. Norton and J . Rustig
Phys. Rev. Letters 49_, 177 (1982)

Absolute Coverages of CO and 0 on P t ( l l l ) ; Comparison of Saturation CO
Coverages on Pt(lOO), (110) and (111) Surfaces
- P.R. Norton, J.A. Davies and T.E. Jackman
Surface Science Letters ( in press) (1982)

Hydrogen Isotope Exchange Between Fluoroform (CF3H) and Water. 3. Catalysis
by "OH-Type Anion Exchange Resins, and the Effect of Added Dimethyl Sulfoxide
- E.A. Symons, J.H. Rolston, L.A. Baldisera, J.C.G. Drover and J.D. Bonnett
Can. J . Chem. (in press) (1982)

3.6.3 Lectures

Hydrogen-Water Isotopic Exchange Studies at Chalk River Nuclear Laboratories
- J.P. Butler
SCK/CEN - Laboratory, Mol, Belgium, 1982 September 10

Platinum Surface Studies Using MeV Ion Beams
- P.R. Norton, J.A. Davies, D.P. Jackson and T.E. Jackman
Gordon Conference/Particle Solid Interact ion, Plymouth, N.H,, 1982 July 19-23

The Application of MeV Ion Beams in Surface Science
- T.E. Jackman, J.A. Davies, P.R. Norton and D.P. Jackson
29th Annual Conference on the Spectroscopy Society of Canada, St. Jovite, Quebec,
1982 September 26-29
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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. Coieman, Metallurgical Engineering
Branch)

No problem has been found in i n i t i a t i n g cracks with hydrogen gas in
'Excel1 a l loy (Zr-3.5 wt% Sn-0.8 wt% Nb-0.8 wt% Mo). In i t i a t i on times have been
less than a few minutes (to observe visible movement of the crack at the
specimen surface), with a r ise in the acoustic emission signal occurring almost
immediately upon admitting hydrogen to the system. Thus, we have not needed to
use our electronical ly operated valve. The problem with these experiments has
been almost the reverse of the previous one; namely, a great d i f f i c u l t y in
stopping the acoustic emission signal once started. The evidence at present
suggests that , whereas in Zircaloy-2 and Zr-2.5 vt% Nb the crack surface repassi-
vates rapidly, and rapid hydrogen absorption through the freshly exposed surface
ceases quickly, in 'Excel' the freshly exposed crack surfaces do not repassivate
quickly while hydrogen is present in the system, and rapid absorption continues
across a l l the fracture surface. This rapid absorption of hydrogen is accompanied
by much acoustic emission, so that the acoustic emission continues even after
crack propagation has stopped. This acoustic emission is thought to arise from
cracking of the thick sol id hydride layer formed along the fracture surface, and
is much more prevalent in specimens tested at above room temperature than in
those tested at room temperature (although i t s t i l l occurs at room temperature
but at a low rate). The phenomenon was observed most prominently in one specimen
where the crack propagated completely along and out of the bottom end of the
specimen, so that the specimen f e l l into two pieces. Even after the specimen
f e l l into two the acoustic emission continued unabated, so that i t was clearly
not an indication of the propagation of the principal crack in the specimen.

As a result of this continued absorption of the hydrogen by the fracture
surfaces very thick hydride layers (several mill imetres thick) form during long
experiments at temperatures of 77°C or 150"C. The volume expansion from the
formation of these layers generates suf f ic ient stress at the crack t ip so that
the stress intensity is maintained above the c r i t i c a l Kin for crack propagation,
and hence the crack does not stop before passing r ight through the specimen as
i t should for a DCB specimen in a material with a f i n i t e KiM . The crack velocity
versus stress intensity curve for 'Excel' i s normal, however, down to values of
stress intensi ty where stress generation from the thick hydride becomes s i gn i f i -
cant. Crack velocit ies and c r i t i c a l stress intensi t ies for 'Excel ' are not very
di f ferent from those for Zircaloy-2 or Zr-2.5 vt% Nb, unlike the internal
hydride-induced cracking process, where the crack velocity at a given stress
intensi ty varies in the order Excel » Zr-2.5 wt% Nb > Zircaloy-2.

In retrospect, the var iab i l i t y of the hydride layer thicknesses on the
fracture surfaces sometimes seen for both Zr-2.5 wt% Nb and Zircaloy-2 probably
indicates some variation in the rapidity of repassivation of the fracture
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surfaces during earlier experiments. This is most probably the result of varia-
tions in the residual partial pressure of oxidizing gases in our vacuum system
during the earlier tests. It is not thought that our present system is that much
better than it was previously, and hence the different behaviour of 'Excel' is
thought to indicate a real difference in surface adsorption properties. However,
experiments in which oxygen was deliberately added to the hydrogen during the
cracking of an 'Excel' sample have not shown any greater difficulty in stopping
the crack propagation in the alloy than for the other two alloys. On evacuating
the system and readmitting hydrogen the crack has restarted in 'Excel' with as
little incubation time as at the start of an experiment (when the stress inten-
sity is of course higher).

(b) Stress Corrosion Cracking by Fission Products

- B. Cox and R. Haddad

Further work on orienting the grains surrounding the crack initiation
site by electron channeling (see PR-CMa-61 (AECL-7780), Section 4.2.1b) has not
been performed as we have not found an instrument capable of obtaining the
desired resolution. The work using an optical microscope has not progressed
because of difficulties associated with aligning the microscope at high magnifi-
cation, thereby preventing sharp extinctions.

Experiments have concentrated on determining whether or not there is a
true incubation time for cracking in Cs/Cd vapour. Experiments have been
performed on specimens held with very little applied stress for a series of
times after insertion in the furnace, then given a single fast stress cycle to
beyond the yield point. The depth and length of the cracks so produced varied
with time of holding prior to overstressing. For holding times up to 5 minutes,
no cracks were produced; the depth and length of cracks then increased with
increasing holding time. This suggested the presence of an initiation period;
however, it is known that the ease of cracking is very sensitive to the Cs/Cd
ratio in the vapour. Since the heating time of different parts of the apparatus
may differ, it was possible that the observed effect represented a variation in
Cs/Cd ratio over the initial few minutes of the experiment. To try to overcome
this effect, parts of the apparatus were preheated to above the desired experi-
mental temperature, which was itself increased to reduce equilibration times.
This preheating virtually eliminated any incubation time, although the crack
size still showed a time dependence. We conclude that there is probably no true
initiation time for cracking in Cs/Cd vapour, but that the vapour composition
may not reach equilibrium for several minutes, thus influencing the size of
crack produced by a single stress cycle.

When similar experiments were performed in iodine, no cracks were observed
for holding times up to one hour prior to the stress cycle. After three hours,
cracks were observed if the specimen was cycled, but only a few small ones were
seen if the specimen was cooled without a cycle and then examined. Thus, both
time end stress are needed for the initiation process. Continuous application
of the maximum stress did not result in any initiation sites for times of up to
15 minutes, which is close to the time to failure for continuously stressed
specimens. Thus, although continuous application of external stress may
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accelerate the In i t ia t ion process, there is in th is instance a true i n i t i a t i on
stage where no vis ible effects are produced for times up to 15 minutes with both
I2 and stress or ^ 3 hours without stress.

4.2.2 Effect of Pre-Filming on the Oxidation of Zircaloy-4 in 1 M LiOH
Solution at 613 K

- N. Ramasubramanian and N. Preocanin

Samples of Zircaloy-4 fuel sheathing tubes were anodized at 10 mA/cm2,
f i r s t in lO ' l M LiOH solution to a forming voltage of 30 V and then at 573 K in
molten LiN03(95)-Li0H(4)-Cr203(l) to a f inal voltage of 75 V; the
numbers in brackets represent percentages by weight. The anodic oxidation in the
molten sal t did not proceed without the i n i t i a l anodization in aqueous solution
at room temperature. The samples gained 13 mg/dm2, indicating an anodic oxide
thickness of ^ 0.9 ym. Another set of samples was oxidized in 10"4 M LiOH
aqueous solution at 573 K for 7 d to a weight gain of 9 mg/dm'. The anodized and
autoclaved samples, along with a control set of pickled samples, were oxidized in
1 M LiOH at 613 K for 1 d. The pre-fi lming did not have a major ef fect on total
weight gained; the anodized and autoclaved samples showed a gain of 55 mg/dm2,
and the pickled samples had a gain of 65 mg/dm2. i f chromate ions were
incorporated during anodic oxide growth then their effect on further oxidation
in the aqueous environment was negligible. Anodic oxidation at 573 K in the
molten sal t was chosen to minimize any temperature induced defects that might
occur in the anodic f i lm during subsequent oxidation in the aqueous solution.

4.2.3 Oxidation of Zircaioy-2 in Molten Lithium Salts

- N. Ramasubramanian and N. Preocanin

Weight gain measurements were followed on Zircaloy-2 samples at 573 K i n
molten L1NO3 and LiN03(95)-LiOH(5) over a period of 60 d and in NaOH(82)-LiOH(18)
over a period of 12 d. An atmosphere of argon was maintained over the melts to
minimize the formation of carbonates. The kinet ics of oxidation were quite
similar to those in molten sodium and potassium nitrates and n i t r i t e s . No
accelerated oxidation was observed. In aqueous solutions, at the concentrations
of LiOH simi lar to those used in these melts, accelerated oxidation would be
expected to occur within 10 to 15 d. Thus, not only the concentration of LiOH
but also the presence of the aqueous medium seems to be equally important for
accelerated oxidation to occur.

4.2.4 Oxidation of g-Zr

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

Further to PR-CMa-61 (AECL-7780), Section 4.2.5, oxidation of crystal-
bar (BE) and zone-refined (CB) zirconium has continued to a total exposure of
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348 days (8352 h) yielding oxide film thicknesses of 400 and 395 nm, respectively.
Recently, specimens were oxidized in 1 week intervals in order to delineate any
trend towards breakaway oxidation suggested by a slight upward curve in the
oxidation kinetics followed by a weight loss which was f irst detected after 320
days (7680 h) of exposure. The apparent oxidation kinetics are now returning to
normal values with a discernible upward trend. These observations are consistent
with spalling caused by precipitates. Precipitates located deeper in the metal
are expected to cause a discontinuity in the kinetics curves as the oxide
advances further into the metal.

4.2.5 Oxidation of Zr-2 and Zr/Nb at 573 K

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

Oxidation of Zircaloy-2 (AC) and Zr-2.5 wt% Nb (AW) coupons has
continued to 483 days (11592 h) and 416 days (9984 h) , respectively. Litt le
change has been noted from previous observations. Oxide film thicknesses are
1040 for AC and 20485 nm for AW materials. The Zr-2 displays a black coherent
oxide while the Zr/Nb specimens are mi Iky-white. Oxidation kinetics can be
described as t(nm) = aTn where T is time in hours:

Zr-2 a = 103
a = 25
a = 5

Zr-Nb a = 0.7
a = 8.0

Oxidation of Low

n = 0.24
n = 0.44
n = 0.75

n = 1.1
n = 0.68

Alloyed Zr

for
for
for

for
for

150
48

100

T * 2500 h
< T < 2500 h
s T s 150 h

T > 240 h
< T < 240 h

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

The labels 'Iron1 and 'Nickel' in Figure 4.2.5.1 in PR-CMa-61 (AECL-7780)
should be interchanged. The nickel alloy continues to oxidize more rapidly than
the Fe, Cr or Sn counterparts. Also, i t should be noted that the Ni alloy was
contaminated with 1000 ppm oxygen. The present status of each alloy is as
follows where a and n refer to the equation t(nm) = aTn (T is in hours).

Duration of
Alloy Oxidation (h)

Zr-Ni 4560

Zr-Sn 336
Zr-Fe 4560
Zr-Cr 4560

Average
Thickness

978

222
579
568

Film
(nm) a

10.0
0.45
_

14.0
8.7

n

0.53
1.1
_
0.44
0.50

Range (h)

< 48
5 to 48

_
5 to 6000
100 to 6000
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(a) Zr-Ni

This alloy is beginning to show slight traces of white oxide. Metallo-
graphically, the alloy contained a high density of precipitates in two distinct
sizes: 5 ym in diameter (slightly elongated) and 0.8 ym. Transmission Electron
Microscopy (TEM) of the oxides revealed a thin 'amorphous' oxide of different
structure (from the matrix oxida) overlying the larger inclusions. The oxide
over the smaller precipitates appeared to be monoclinic

(b) Zr-Sn

The alloy was heavily twinned with scattered precipitates about 2 ym in
diameter. There was a tendency for these precipitates to aggregate into regions
approximately 25 x 6 ym.

(c) Zr-Fe

A high density of precipitates about 3 ym in diameter were located
within the grain boundaries of the alloy. Precipitates < 1 ym in diameter were
seen inside the metal grains. TEM of the oxides did not distinctly reveal
precipitates1, however, i t did show that the grain boundaries were oxidizing more
rapidly than the matrix. The smaller particles within the grains caused localized
accelerated oxidation similar to that seen for 'breakaway' oxidation. A 1.3 ym
diameter precipitate caused a region of accelerated oxidation of 19 ym diameter,
centered on the precipitate. The oxide in all cases appeared to be monoclinic
a-ZrO2 as is usually seen on thermally oxidized crystal bar Zr.

(d) Zr-Cr

Metal lographical ly, the Zr/Cr alloy revealed an ind is t i nc t grain struc-
ture. Grains appeared to be blanketed in a thick second-phase mater ia l . Some
small inclusions about 1 ym in diameter were also noted with the a l loy 'g ra ins ' .
TEM of the oxides revealed only one example of a pr ior metal grain boundary and
there were no obvious regions of localized accelerated oxidation. Visual ly, one
sample displayed some white oxide, but this may have been due to contamination.

4.3 ELECTRON MICROSCOPY

4 . 3 . 1 . Displacement Damage Cascades in Group IV B Metals

- O.T. Woo, with CD. Cann (Whiteshell Nuclear Research Establishment)
and G.J.C. Carpenter (CANMET, Ottawa)

Continuing work in th is study, we have simulated TEM_contrast figures of
4 nm diameter vacancy loops having Burgers vectors of l/3[1120] and [1010] and
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situated in the second layer at 0.58 extinction distance from the electron exit
surface; the operating reflections being the three 1120-type. The importance
of contrast figures using the three 1120 reflections has been discussed in a
previous paper (Journal of Nuclear Materials, 105 (1982) 326). The contrast
figures were found to be identical for equivalent diffracting conditions as would
be expected. For example, a 1/3[1120] loop with loop normal [0110] imaged with
2110 is equivalent to a loop with the same Burgers vector having a loop normal
[1010] but imaged with 1210. This provides a self-consistent check on the
computer program. The loop normals are now being taken towards the c-axis to
f i l l up various points in the unit stereograph!c triangle for more simulations.

4.3.2 Crystal Lattice Imaging of Hexagonal Germanium

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

When a 23 nm thin fo i l of amorphous germanium is crystallized, the
resulting polycrystalline matrix has the diamond cubic transmission electron
diffraction pattern shown in Figure 4.3.2.1. However, much to our surprise,
crystal latt ice images recently obtained from some of the crystals in this
polycrystalline matrix had interplanar angles which were not characteristic of a
diamond cubic structure. This problem was resolved when i t was discovered that
crystals in the polycrystalline matrix had either a hexagonal or a diamond cubic
crystal structure.

A t r ia l and error method was used to deduce the structure of these non-
cubic crystals. The best f i t was achieved when they were given a hexagonal unit
cell with dimensions

a = 0.396 _+ 0.002 nm c = 0.980 _+ 0.028 nm and c/a = 2.47.

With this c/a ratio, the crystal lattice image in Figure 4.3.2.2 and the electron
diffraction pattern in Figure 4.3.2.3 are unique to a [1213] orientation of this
proposed hexagonal germanium lat t ice. In the latt ice image, a set of (lOlO)
prism planes with a spacing of 0.343 nm is crossed at 62° by a set of 0.324 nm
spaced (0111) planes which are 56° away from a second set of_0.324 nm spaced
(1101) planes and 86° away from a set of 0.194 nm spaced (2l l l ) planes.

Because this c/a ratio is very close to the 2.45 value for which the
corresponding lattice is face centered cubic, transmission electron diffraction
patterns from some of the larger crystals in the polycrystalline matrix could be
indexed as either hexagonal or diamond cubic orientations of the germanium
latt ice. For example, crystals with a [Oll l ] or [0112] hexagonal orientation
were respectively indistinguishable from crystals with a [110] or [211] diamond
cubic orientation. Unambiguous evidence that the matrix also had crystals with
a diamond cubic structure was obtained from crystals whose transmission electron
diffraction patterns were indexed as being a [111] or a [100] orientation of the
diamond cubic latt ice. The latter orientation had missing (200) and (420)
reflections characteristic of a diamond cubic structure.
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Figure 4.3.2.1 Transmission
electron di f f ract ion pattern of
polycrystal l ine germanium
crystal l ized from i t s amorphous
matrix.

Figure 4.3.2.2 Crystal l a t t i ce image of a [1213] oriented hexagonal germanium
crystal .
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Figure 4.3.2.3 Transmission_e].ectron d i f f rac t ion pattern from a large
crystal of [1213] oriented hexagonal germanium.
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To our knowledge, th is is the f i r s t experimental demonstration that
micron sized crystals of germanium can be grown with a hexagonal crystal struc-
ture. The fact that crystals with two d i f ferent crystal structures can co-exist
in the same polycrystal l ine matrix at standard temperature and pressure is quite
remarkable and suggests that the Gibbs free energy difference between the two
germanium crystal structures must be very small. This work has been prepared
for publication.

4,3.3 Simulation of Kikuchi Patterns

- R.A. Ploc

The program PATTERN (AECL-3729) has been extensively modified to
geometrically simulate standard Kikuchi patterns. Further, routines were added
to plot the positions of Higher Order Laue Zone (HOLZ) lines associated with the
central convergent beam disc in convergent beam electron d i f f rac t ion patterns.
Although results have been produced, they are being tested and checked for
accuracy. As in the case of PATTERN, simulations are possible for any crystal
system and any crystal or ientat ion.

4.4 METAL PHYSICS

4.4.1 Effect of Cold-Work on Irradiat ion Growth in Zirconium

- R.H. Zee, J.F. Watters, A. Rogerson (United Kingdom Atomic Energy
Authority, Risley, U.K.) and R.A. Murgatroyd (United Kingdom Atomic
Energy Authority, Risley, U.K.)

Three zirconium single crystals near the <a> axis were irradiated in the
DIDO reactor at 353 K to a fluence of ^ 3 x 1025 n/m2 each. Prior to i r rad ia t ion,
one of the specimens was swaged 16S, while the other two were also swaged 16%,
but followed by a one-hour anneal at 673 K and 823 K, respectively.

I t was found that the crystal with 16£ cold-work grew much faster than
the as-grown single crystal while the specimens that were annealed after swaging
grew considerably slower. One unexpected feature is that the specimen annealed
at 823 K grew twice as fast as the one annealed at 673 K. One would expect that
annealing at a higher temperature would resul t in a lower growth rate due to a
larger recovery of deformation induced defect structure. TEM studies of the
control specimens show that annealing at 823 K after swaging results in the
formation of sub-grain boundaries. These boundaries can conceivably act as
sinks for excess vacancies thus allowing more i n te rs t i t i a l s to migrate to
<a>-type dislocations. This of course enhances growth.
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4.4.2 Effects of Solute Trapping on Order-Disorder Transformation Under
Irradiation

- R.H. Zee

In this study, the effects of solute-interstitial and solute-vacancy
interactions on order-disorder transformation were investigated using the rate
theory approach. A set of five coupled ordinary differential equations was
solved numerically using the DGEAR package. These five differential equations
describe the time-dependent concentrations of free and trapped interst i t ia ls,
free and trapped vacancies, together with the change in long range order para-
meter under a given set of irradiation conditions. The routine SIMPLT was used
to display the results in graphic forms. Solute-defect interaction is important
in ordered alloys because one can never obtain a high purity alloy due to
impurity pickup during mixing. I t is also impossible to get exact stoichiometry.
The excess in one component as a result of such deviation can serve as sites for
trapping point defects.

Preliminary results from this study show that point defect concentrations
which are responsible for reordering depend strongly on solute trapping. Figure
4.4.2.1 shows that the direction of the transformation can be reversed by a
change in the solute-interstit ial binding energy (E5J). In this calculation, an
interst i t ia l trap concentration of 1% was used and vacancy trapping was ignored.

4.4.3. Ion Simulation of In-Reactor Creep

J.R. Parsons and C.W. Hoelke

Thermal cycling of cantilever beam specimens produces irreproducible
zero point deflections. Experimental modifications are being made to permit
deflection measurements to be made during ion irradiation at 600 K.

4.4." Preparation of High Purity Zirconium by Electrotransport

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

We have completed our f i r s t purifying run for zirconium using the new
electrotransport apparatus. The specimen, 16 cm long and 0.25 cm in diameter,
was maintained at ^ 1775 K for 100 h. All internal components of the system
were outgassed in a separate vacuum furnace prior to loading into the chamber.
After the ion pump was started, the chamber was baked at ^ 550 K for one week.
The temperature of the specimen was increased slowly to prevent the system
pressure from exceeding 1 x 10-6 Pa to minimize contamination. This was
accomplished by carefully adjusting the D.C. power supplied to the specimen. The
pressure during operation was maintained at 2-5 x 10"° Pa. The temperature
of the specimen was measured using an optical pyrometer. This instrument was
calibrated by physically melting a fine zirconium wire in the vacuum chamber
while measuring the temperature of the wire with the pyrometer.
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10

TIME (S)

Figure 4.4.2.1 Long-range order parameter as a function of irradiation time
with different solute-interstitial binding energies.
(Temperature = 600 K, Damage rate = 10~6 dpa/s).

lOO

% SPECIMEN

Figure 4.4.4.1 Variation of resistivity with position for the zirconium
specimen purified in the new system at 1775 K for 100 h.
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The specimen rod buckled slightly during the run. I t is believed that
this is due to stress relaxation rather than thermal expansion, since the rod
was heavily cold-worked. In the future, this problem wil l be solved by stress-
relieving the specimen before the run. Some grain boundary sliding was also
observed.

Figure 4.4.4.1 shows the resistivity ratios at five different locations
of the purified rod. Unfortunately, we forgot to identify the polarity of the
specimen. The starting material has a resistivity ratio of 83. This result
indicates that the new apparatus is capable of purifying zirconium.

We have also received our fourth (and last) zirconium specimen purified
in the same manner from Ames Laboratory in Iowa. This rod was purified at 1875 K
for 1000 h. The resistivity ratio profile for this specimen is shown in Figure
4.4.4.2a and for specimens received from them earlier in Figures 4.4.4-2 b-d. One
distinctive feature worth noting is that all the specimens from Ames have maximum
purity (or resistivity ratio) in the middle whereas the specimen purified in the
new system is purest at one end. The decrease in purity in the ends of specimens
from Ames probably results from tantalum contamination from the couplings between
the specimen and the power feedthroughs. In our experiment zirconium couplings
were used at both ends.

4.4.5 Mechanical Properties

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

Experiments have bean done to verify the operation of the new furnace
and extensometer system on the computerized Instron. Extrapolation of the
temperatures of the furnace windings and Linear Variable Differential Transfor-
mers (LVDTs) from tests at 500, 550, 600 and 650°C indicates that the apparatus
should operate satisfactorily for specimen temperatures up to 800°C. Operation
at higher temperatures may be limited by overheating of the LVDTs.

For the high strain rates and high strains that are required fo,- the
work to be done for Ontario Hydro, the ancient mini-computer can neither control
the crosshead speed, nor acquire the data at a fast enough rate. Therefore, the
computer of the MTS Alpha system wi l l be used for data acquisition, and the
tests must be done at constant crosshead speed, rather than at constant true
strain rate. The displacement rate of the crosshead,, Ax, is accommodated by.
elastic rates in the pull rods, L/K^, 1n the grips, L/l<2» in the specimen. «-0L/EA,
and by plastic deformation of the specimen, £0£p; here £0 is the gauge length
and L is the load rate.

A x "

£ n L

o p
. . . ( 1 )

Because the LVDTs are attached to the grips, not to the actual specimen, their
output is the sum of the last three terms of eq.( l ) . The apparent strain rate
of the specimen is
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LVDT

and the actual s t ra in rate of the specimen i s

= 1 (Ax-L(i-4-)) ...(3)
1LQ Kj Kg

The machine stiffness constants can be determined from the initial portion of a
tensile test. The apparent modulus E*, determined from the output of the LVDTs,
is related to the true specimen modulus, E, by

( E * r l = j n r + l •••(4)

thus l<2 can be. determined i f E is known. Ki can be found from eq.(2) measuring
ELVDJ, AX and L, most conveniently during trie elast ic loading part of a test. I t
is clear from eq.(3) that the strain rate seen byt the specimen must increase
sharply as the sample goes into plastic flow and L decreases. A series of
experiments has shown that the specimen strain rate increases by a factor of
about 2.4 over the f i r s t 0.1 to 0.2% plastic strain and then remains essentially
constant once the term L d / K j + I/Kg) becomes small compared to Ax.

4.4.6 Positron Annihilation Spectroscopy (PAS)

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

I . Radiation Damage

(a) Zr and Ti

Further to our earlier work on electron irradiation damage and recovery
in Zr and Ti - see, for example, (1-3), we have initiated a series of measure-
ments to try to characterize neutron damage and its recovery in these and other
(see later) materials.

The first measurements for neutron damage in Ti were reported in PR-CMa-
61 (AECL-7780). Below we report parallel results for neutron irradiated Zr.

The Zr samples are annealed crystal-bar grade which have been irradiated
to a fluence of 3.1 x 10 2 3 neutrons/m2 at 373 K. (The irradiation of these
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tensile samples was organized by C.E. Ells - they were located for us by
John van der Kuur, both of Metallurgical Engineering Branch.)

The results to date are -

(1) Changes in the S and W parameters- these are about the same as the
corresponding changes found for electron irradiated a-Zr (see PR-CMa-60
(AECL-7692), Table 4.4.5.2).

(2) The temperature dependences of S and W: these are higher and lower,
respectively, than those found for electron irradiated a-Zr.

(3) Surface effects:

( i ) As-irradiated state

I t has been found that the damage signal in the near surface regions is
stronger than that found for the specimen bulk.

( i i ) Effect of Isomet slow speed saw

I t has been found that the damage signal in the region adjacent to the
saw cut is weakerthan that observed in the bulk. The effect is attributed to
positron trapping at defects induced by the cutting.

( i i i ) Depth of Surface Damage

In both the cases noted above, the surface damage effects appear to be
restricted to depths of the order of 30 x 10"6 m from the sample surfaces.
Results are presented in the following tables:

TABLE 4.4.6.1

Changes in S (AS) and W (AW) wrought in well-annealed crystal-bar Zr by exposure
to a fast neutron fluence of 3.1 x 10 " n.nr2 at 373 K and values of the

temperature coefficients of S and W (3s a n d 3w ' f o r t n e neutron irradiated state

AS (%) AW (%) 6s (K"1) ^ (K"1)

+8.1 -21 34 x 10"6 -62 x 10"6
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TABLE 4.4.6.2

Changes in AS (SS) and AW (6W) - see Table 4.4.6.1 - observed in as-received
surface regions and saw-cut surface regions of neutron i rradiated Zr

Surface 6 (AS) % 5 (AW) %

Uncut + 8.4 + 7.1
Saw cut - 12.5 -11.5

(b) Zircaioy-2 and Zr-2.5 wt% Nb

The samples are annealed commercial a l loys. The Zircaloy-2 and Zr-2.5
\nt% Nb have been subjected - at 373 K - to fast neutron fluences of 5.0-x 1 0 "
and 6.7 x 1023 n.m"2, respectively. The sample irradiat ions were arranged as
above. The results are presented in the fol lowing Table.

Surface effects are being studied for the above materials - the results
w i l l be reported at a later date.

TABLE 4.4.6.3

Changes in S(AS) and W (AW) wrought in Zircaloy-2 and Zr-2.5 vit% Nb by
exposure, at 373 K, to fast neutron fluences of 5 x 1023 and 6.7 x 1023 (n.m"2),

respectively

Material AS (%)* AW (%)*

Zircaloy-2 +11.1 -22

Zr-2.5 wt% Nb - 0.7 -30

*N.B. These changes are with respect to well-annealed Zr-2.5 wt% Nb and Marz
grade Zr - for the irradiated Zr-2.5 vt% Nb and Zircaloy-2 , respectively.
Unirradiated reference specimens of the original materials are being
prepared for future comparison.

I I . Hydrogen Behaviour in Zr and Ti : Effects of Hydrogen in ct-Zr on S

Further to previous reports (see, e.g., (4-5)), we have measured AS
values for additional Zr(H) alloys as functions of heat treatment. The original
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data agree well with new hydrogen content analyses supplied by the General
Chemistry Branch (H.D. Herrington, Len Junop and Anne Watt). A summary of the
results is shown in Figure 4.4.6.1.

Hood, M. Eldrup and O.E. Mogensen, Radn. Effects 32, 101 (1977).
Hood, M. Eldrup and N.J. Pedersen, Proc. ICPA-V (H379), Eds.
Hasiguti and K. Fujiwara (Japan Inst. Metals 1979) p.751.
Hood and R.J. Schultz, submitted to Radiation Effects.
Hood and R.J. Schultz, Scripta Met., to be published.

G.M. Hood and R.J. Schultz, PR-CMa-59,60 (AECL-7607,7692).
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4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Papers and Publications

CRYSTALLOGRAPHY OF HEXAGONAL GERMANIUM
- J.R. Parsons and C.W. Hoelke
Submitted to Nature.

ELECTRON DIFFRACTION FROM ZrO2 ON AN aZr(lOlO)
- R.A. Ploc
Submitted to Journal of Nuclear Materials.

INDEXING SUPERIMPOSED SAD PATTERNS BY COMPUTER
- R.A. Ploc
Submitted to Micron (in press).

Published in the Proceedings of the 10th International Congress on Electron
Microscopy, Hamburg, West Germany, 1982 August 17-24.
(1) OPTICAL RECONSTRUCTION OF CRYSTAL LATTICE IMAGES BY FOURIER AVERAGING

- J.R. Parsons and C.W. Hoelke
(2) SMALL DISLOCATION LOOPS IN Bi-ION IRRADIATED cx-Ti

- O.T. Woo, G.J.C. Carpenter and C D . Cann

ON Cu TRACER DIFFUSION IN Al
- G.M. Hood, R.J. Schultz and J . Armstrong
Submitted to P h i l . Mag. ( a ) .

ON THE CRITICAL DOSE FOR BLISTERING IN HELIUM IRRADIATED ZIRCONIUM AND Zr-Nb
- R.H. Zee, J . F . Watters and O.M. Westcott
Submitted to Journal of Nuclear Materials (Letter to the Edi tor ) .

A POSITRON ANNIHILATION STUDY OF VACANCY RECOVERY IN QUENCHED SINGLE CRYSTALS OF
Al-1.2 x 10-2 at% In
- G.M. Hood and R.J. Schultz
To be published in Philosophical Magazine (a ) .



- 83 -

SIMULATION OF X-RAY LAUE PATTERNS
- R.A. Ploc
Submitted to Journal of Materials Science (in press).

4.5.2 Lectures

RESIDUAL STRESS MEASUREMENT BY NEUTRON DIFFRACTION
- S.R. MacEwen
Seminar presented at Oak Ridge National Laborator ies, Oak Ridge, Tenn.,
1982 July 25-27.

BULK STRAIN STUDIES WITH THE HIGH RESOLUTION POWDER DIFFRACTOMETER ( Inv i ted
Seminar)
- S.R. MacEwen
Seminar presented at an In ternat iona l Summer School at Argonne National
Laborator ies, Argonne, 111 . , 1982 July 13-16.

Presented at the 10th In ternat iona l Congress on Electron Microscopy, Hamburg,
West Germany, 1982 August 17-24
(1) OPTICAL RECONSTRUCTION OF CRYSTAL LATTICE IMAGES BY FOURIER AVERAGING

- J.R. Parsons and C.W. Hoelke
(2) SMALL DISLOCATION LOOPS IN Bi-ION IRRADIATED a-Ti

- O.T. Woo, G.J.C. Carpenter and C D . Cann
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