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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

Detailed measurements on single crystals of a di lute alloy of indium in
copper have given clear evidence for the controllable formation and dissolu-
t ion of multiple-vacancy clusters following helium ion i r rad ia t ion. The
results paral lel those already reported for the analogous Al-In and Al-Sn
al loys. A simple quantitative model of the growth and decay of these popula-
tions has been advanced and gives satisfactory agreement with experiment.

The study of radiation-induced trapping of se l f - i n te rs t i t i a l s at solute
atoms in f . c . c . alloys has been extended by examining the results of
increasing the deposited energy density in a d i lu te Al-Ag al loy. The higher
energy density deposited by Ar and Kr ions results in more complex damage
processes than in He ion bombardment, notably a denser core of vacancies and
displaced atoms in the i n i t i a l stages. The absence of an observable effect of
deposited energy density upon trapping characteristics suggests that the
fract ion of se l f - i n t e r s t i t i a l s escaping from the dense core region can be
deduced from experiments of this type.

Work on the simulation of surface sputtering by heavy ion bombardment
has been extended to include deeper sub-surface regions in the so l id . This
involves the use of a binary col l is ion code rather than the multi-body
integration approach used previously. One problem in such codes involves
storing and searching very large l i s t s to keep track of recoil atoms unt i l
they come to rest. New methods of l i s t compression and searching have been
worked out which make i t possible to study fa i r l y high energy recoils using a
very e f f i c ien t algorithm.

The apparatus used to measure heavy ion energy losses in thin f o i l s by
the t ime-of - f l ight technique has recently been modified to make i t
cy l indr ica l ly symmetrical. Two dissimilar timing elements are used in the new
apparatus and the difference in response time has been measured in a novel
way. Calculated and measured f l i gh t times for particles t ravel l ing between
the two elements agree within 0.5%. The experimental program can now proceed
with the new apparatus with no loss in precision compared with earl ier
measurements.



Isotope Separation

(a) Laser Photochemistry

By a step-wise equilibration of the water absorbed on apparatus walls
with deuterium, to minimize down-grading the product by natural water, it has
been possible to produce visible amounts of water enriched 2000-fold or more
in deuterium by the process reported earlier. Although the process in its
entirety is not attractive for commercial production of heavy water the
success achieved strongly favours further research on the initial step, i.e.,
selective laser decomposition of deuterium-containing fluoroform.

Assignments for a number of laser magnetic resonance (LMR) transitions
have now been made for the radical NHD. These assignments will lead to
improved spectral constants for the ground state of this molecule, and will
subsequently lead to an improved understanding of its structure. Such
assignments can also be used to determine detection limits for the use of LMR
as an analytical technique for the NHD radical.

(b) Chemical Exchange

Measurements of the hydrogen-isotope separation factor between
hydrogen gas and methanol/water mixtures, as a function of mole fraction of
methanol and temperature have been completed. No subtle effects due to
changes in the environment of the hydroxyl group (such as are responsible for
anomalous viscosity effects in methanol/water mixtures) are observed. The
work contributes to our understanding of the principles of equilibrium
isotope effects.

Analytical Chemistry

A new apparatus for the determination of hydrogen and deuterium
concentrations in zirconium has been assembled and tested. Initial results
with NBS standard reference materials were reasonably satisfactory except
that blank determinations were higher than expected. Some work remains to be
done on computer software before the apparatus can be made to operate
automatically.

As part of the analytical support for the commercial Xe-133 production
program it has been shown that nitrogen dioxide impurity can be determined
down to the 25 yL*L~l level using any one of three different small
mass spectrometers, two of which are quadrupoies and the other a sector
instrument. Safe analysis of the high radioactive xenon is accomplished by
restricting the sample volume to 0.25 cm^.

Materials Science

Sputtered coatings of Fe/Cr alloy 70 nm thick continue to offer
protection against severe oxidation in 500°C steam after 10 days exposure to
either water or steam at 350°C. Longer term protection must still be
demonstrated.



(iii)

Very good agreement has been obtained between observed electron
microscope images of small vacancy loops produced by the bismuth ion
bombardment of titanium and computer simulated images calculated by C D . Cann
at WNRE. Only one other comparable study of a h.c.p. metal has been reported
in the literature. The computer simulations will be a very useful aid for
the interpretation of electron microscope images of irradiated zirconium.

Cold-worked zirconium has been observed to suffer much less from
blistering under 50 keV helium ion bombardment than either annealed zirconium or
Zr-2.5 wti&Nb. Zirconium alloys are remarkable for their resistance to void
formation from neutron irradiation and these preliminary experiments were
done to determine whether they have a similar resistance to ion irradiation,
such as would be experienced by the first wall of a fusion reactor.
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1.2 ION PENETRATION

1.2.1 Time-Of-FIight Spectrometer for Slow Heavy Ions

- W.N. Lennard, D. Ph i l l ips , I.V. Mi tchel l , M. Freeman and O.A.S. Walker
in collaboration with H.R. Andrews and D. Ward (Nuclear Physics
Branch)

In order to measuro energy losses by t ime-of- f l ight (TOF), i t is neces-
sary to calibrate the TOF system absolutely. Our earl ier setup (1) u t i l i zed
two identical channel plate detectors in identical geometries so that the

electron t ransi t times, t f and t | , from the timing f o i l s to the channel
plates were the same.

Our new cyl indr ica l ly symmetric system (see Progress Report PR-CMa-57,
Section 1.2.4; AECL-7416) comprises two dissimilar detectors (see Figures
1.2.1.1 and 1.2.1.2). The forward element, denoted CP1, consists of a carbon
fo i l upstream of an annular chevron channel plate (6 mm diameter aperture)
centred on the part ic le beam. The second, denoted CP2, has a carbon f o i l up-
stream of a planar c i rcular (chevron) channel plate.

In the new arrangement, consequently, the t ransi t times are d i f ferent .
This difference must be accounted for when processing t ime-of- f l ight spectra to
obtain the absolute (part ic le) time of f l i gh t between the two timing f o i l s .

The 2 MV HVMS was calibrated using the 340.46 and 872.11 keV resonances
for the 1 9 F(P,O:Y) 1 ^0 reaction. A Au fo i l of known thickness (94 yg-cm"^ was
inserted into the accelerator beam to scatter *H+ and 4He+ part ic le
beams of known velocity into our TOF system.

For CP2, two signals are generated by incident part ic les: ( i ) the sig-
nal from the secondary electrons, and ( i i ) the signal from particles impinging
di rect ly on the channel plate. I f the efficiency for process ( i ) were unity,
the second signal would not be recorded since i t comes only a few nanoseconds
la ter .

The time of f l i gh t spectrum therefore displays two peaks whose separa-
t ion At is a function of part ic le veloci ty. By measuring At as a function of
part ic le type and energy (known) we can find the electron transi t time,
t | , using the relation At = k/vp - t | , where vp is the ion velocity between
the f o i l and the channel plate. We have used *H+ beams at Eo = 400-
600 keV (accelerator energy) and 4He+ beams at Eo = 600-1000 keV. Figure
1.2.1.3 is a plot of our results. A straight l ine f i t to our data yields
t | = 3.87 ns, in good agreement with the calculated value of 3.15 ns.

For CP1, the f o i l to channel plate distance is ^1 .0 cm, but the elec-
t r i c f i e l d lines to the channel plate surface are not parallel to the axis of
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the system. Here, we calculate t f a. 1.4 ns. By measuring the f l i gh t times,

T , for the 1H+ and 4He+ beams in the manner described previously (1) , we
obtain t f - t f = xm 9 a s- t c a 1 c . We obtained t f - t f = 2.36 £ 0.13 ns for the

cases shown in Figure 1.2.1.3, which yields t f = 1.51 ns, in reasonable accord
with the calculated value.

To evaluate the absolute timing performance of the system, we have used
a thin 241/to, source and obtained a measured f l i gh t time, after applying the
above correction t | - t f = 2.36 ns, of 58.12 ± 0.2 ns, in excellent agreement
with the calculated value of 57.81 ± 0.18 ns. The uncertainty in the la t te r
value is due to the uncertainty in the f l i gh t path length, s = 94.0 i 0.3 cm.

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

CP1 PARTICLE FLUX

0

Figure 1.2.1.1 - Annular channel plate detector. A: 7 /jg.cm'2 carbon
f o i l . B,C: identical channel plates mounted with a 0.0254 cm
gap. D: planar anode. V-j represent the voltages applied:
v l = V 2" v l v3-v2 VV3 +0.68 kV, V5 = +2.1 kV.
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CP2 PARTICLE FLUX

B

Figure 1.2.1.2 - Planar channel plate detector. A: 25 wg«cm~2 carbon
f o i l . B: grid with V2-Vi = +1.21 kV, Mi = 0 to
accelerate secondary electrons. C represents the chevron
channel plate assembly including the anode, see Figure 2 of
Reference 1.

0.00

Figure 1.2.1.3 - Time, At, between peaks corresponding to secondary electron
and direct ion detection by CP2, as a function of inverse
project i le {lti, *He) veloci ty. E - project i le energy
(keV); M = project i le mass (amu).
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1.2.2 Efficiency of Time-Of-Fiight Detectors

- W.N. Leonard, D. Phi l l ips and I.V. Mitchell in collaboration with
H.R. Andrews and D. Ward (Nuclear Physics Branch).

We have measured the efficiency of the two detectors described in sec-
t ion 1.2.1 of th is report for *H and ^He particles with energies in the
range 400-1000 keV.

(a) CP1 - annular
The efficiency of CP1 to secondary electrons was measured to be «/30-40%

for both *H and ^ti& at all energies. We believe that significant numbers
of secondary electrons produced in the upstream carbon foil are accelerated
through the central aperture in the detector.

(b) CP2 - planar
(i) For secondary electron detection, the detector efficiency was ob-

served to be rv 90% for ^He, independent of energy. For ^H, the observed
value was */60% at 400 keV, decreasing with increasing particle energy to 40%
at 600 keV. This effect is presumed to be due to decreasing signal amplitude
with increasing energy, since the number of secondary electrons produced is
believed to reflect the stopping power of the carbon foil for the ion.

(ii) For direct ion detection, the efficiency of the planar assembly was
observed to be " 50%, independent of energy for *He, in good agreement with
the ratio of open to total area for the device, 55%. Again, for *H, the
efficiency was N 50% at 400 keV but decreased with increasing energy, presum-
ably for the same reason as in (i) above.

1.2.3 Dependence of Heavy Ion Energy Loss on Foil Thickness

- W.N. Lennard, 0. Phillips, M. Freeman and I.V. Mitchell in collabora-
tion with H.R. Andrews and D. Ward (Nuclear Physics Branch)

The target thickness dependence of the energy loss of low velocity
(v <v v0) heavy ions transmitted at /v 0° through solid targets has been mea-
sured for Ne ions in C targets using the modified time-of-flight system. The
measured energy losses are observed to increase with target thickness in a non-
linear fashion. All measurements of the target thicknesses were made using He
ions and applying stopping power values from the compilation by Ziegler (1).

Figure 1.2.3.1 shows preliminary data obtained for Ne in C at v/v0 =
0.75 (14 keV/amu). The solid curve is a two-parameter fit to the theory of
Meyer et al. (2), which effectively determines the separate contributions of
electronic stopping and stopping due to atomic collisions with deflection.
Although the energy loss values have absolute uncertainties tu 5% due to uncer-
tainties in the dE/dx values for He, the relative errors as shown are much
smaller, w 1%, for all target thicknesses (3.6-76 pg*cm~2). The observed
thickness dependence diminishes with increasing ion velocity.
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10 20 30 40 50 60 70
THICKNESS (/tg«cm"z)

Figure 1.2.3.1 - The target thickness dependence of energy loss measured at 0°
for Ne -»C at v/v0 = 0.75. The uncertainties shown by the
errors here are relative only. The target thicknesses were
determined using He stopping powers. The solid curve is a
best fit to the data using the MKW theory (2).

We also have data for Ne energy loss in Au targets. The Au data show
the same general features as the C data. However, a substantial amount of data
analysis remains to be completed.

(1) J.F. Ziegler, "He Stopping Powers and Ranges in All Elemental Matter",
Pergamon Press, New York (1978).

(2) L. Meyer, M. Klein and R. Wedell, Phys. Stat. Sol. (b) 83 (1977) 451.

1.2.4 Energy Loss of 4He Ions in A1 and Si Oxide Films

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

Additional stopping power measurements in AI2O3 and SiO? have been
completed and incorporated into the body of our earlier data (see Progress
Report PR-CMa-56, Section 1.2.3; AECL-7332). The results are summarized in
Figures 1.2.4.1 and 1.2.4.2. Our data on AI2O3 are in good agreement with
those of L'Hoir et al. (1) and Thomas and Fallavier (2); we exceed their values
by 6% over the He ion energy range 700-2000 keV.

Using the Bragg additivity relationship we can extract from our present
fitted data and our earlier fitted data on He ion stopping in Al and Si (3) two
independent sets of so-called "solid" values reflecting He stopping by oxygen
in oxide. These are shown by the two curves in Figure 1.2.4.3, It is evident
that the results are very similar and are closely approximated by the values
recommended by Ziegler (4) the latter semiempirical values differing from ours
by at worst 9% (at 400 keV). A substantial (19%) difference is apparent
between "solid" and gas stopping. The Ziegler values for "solid" oxygen and
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Thomas andFigure 1.2.4.1 - Stopping measured for He ions in AI9O3: + _..-
Fallavier (1978); G9 L'Hoir et a l . (1975); — this work;
• computed from measured Al stopping of Santry and Werner
(1980) with semiempirical solid oxygen stopping of Ziegler
(1978)

1.80

400 1200 1600 2000
ENERGY (keV)

Figure 1.2.4.2 - Stopping cross sections of SiOg for He ions: — th is work;
+ SiO2 computed from measured Si stopping of Santry and
Werner (1980) with semiempirical sol id oxygen stopping of
Ziegler (1978).
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to

800 1200 1600 2000

ENERGY (keV)
Figure 1.2.4.3 - Stopping cross sections of oxygen for He ions: — measured

in AI2O3; —measured in Si0g; + ^solid5 semiempirical data
of Ziegler (1978); €qas> semi empirical data of Ziegler
(1978).

our own values for Al and Si stopping of He (3) may be assembled to generate
the A12O3 and Si02 stopping powers shown in Figures 1.2.4.1 and 1.2.4.2.

This work is being prepared for publication.

(1) A. L'Hoir, C. Cohen, G. Amsel, Ion Beam Surface Layer Analysis (Plenum
Press, New York, 1975) 965.

(2) J.P. Thomas and M. Fallavier, Nucl. Instr. Meth. 149 (1978) 169.
(3) D.C. Santry and R.D. Werner, Nucl. Instr. Meth. l73~(1980) 523.
(4) J.F. Ziegler, He Stopping Powers and Ranges in all Elemental Matter

(Pergamon Press, New York, 1978).

1.3 SURFACE PHENOMENA

1.3.1 Studies of the (111) Surface of Monocrystaliine Pt

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

The cleaning of the new (111) Pt single crystal has been completed (see
Progress Report PR-CMa-57, Section 1.3.2; AECL-7416). The oxygen and carbon
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content of the near surface region (« lyum) has been reduced to less than the
equivalent of 0.01 monolayers while all other impurities have been reduced to
concentrations below the detectability limit {™ 0.05 monolayers) of the 4-grid
Auger system. The LEED pattern of the unreconstructed clean surface was clear
and sharp. The low minimum yield measured during the channeling of 2.0 MeV
He+ in the <111> axial direction was indicative of an excellent single
crystal, free of damage in the near surface region.

A preliminary angular scan about the <111> direction at 200 K using
2 MeV He+ ions has been performed. However, the series of measurements had
to be interrupted due to a structural fracture in an insulating stand-off in
the crystal mount. Repairs are currently being completed.

In addition to the angular scan experiment, an investigation of the
absolute level of 0 and CO coverages for different published LEED patterns is
planned. Me hope that these results will enable us to distinguish between the
conflicting models for adsorption of these gases proposed from LEED experi-
ments.

1.4 RADIATION DAMAGE

1.4.1 A Channeling Study of Vacancy Clustering in Cu-0.1 at.% In

- L.M. Howe, M.L. Swanson, T.E. Oackman and A.F. Quenneville

Preliminary results (reported in Progress Report PR-CMa-55, Section
1.4.3; AECL-7242) indicated that In solute atoms in a Cu host lattice trap
vacancies, forming specific vacancy-solute complexes similar to those observed
in dilute alloys of Al with In or Sn (1,2). Further experiments have now been
performed which substantiate this view. In one experiment a Cu-0.1 at.% In
crystal was irradiated at 50 K with 2.0 MeV ^He ions to a fluence of
1.4x10*6 ions cm"2 and then the subsequent behaviour during annealing
between 50 K and 395 K was followed. No significant displacement of the In
atoms from substitutional lattice positions was observed during annealing up to
at least 160 K, thus showing that In atoms do not provide strong traps for
migrating interstitial atoms i.e. mixed dumbbell interstitials sre not formed.
However, in the region 200-250 K appreciable displacement of the In atoms from
lattice sites was observed. This corresponds to the stage III recovery region
which is generally associated with vacancy migration. Furthermore, the

relationships between the apparent displaced fractions f^in1* (namely, f^ir?0* >

^dln > ^dln^) were c o n s i s t e n t with the creation of specific vacancy-solute
complexes. These complexes also appear to be quite stable up to at least
350 K. It therefore may also be feasible to study the creation of these com-
plexes after quenching and annealing where only vacancies will be present.
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The buildup of the complexes was studied in more detail in other experi-
ments by monitoring the displacement of In atoms into <100>, <110> and <111>
channels as a function of i r radiat ion fluence, as shown in Figure 1.4.1.1. In
the f i r s t part of the experiment, the crystal was given a series of 1.5 MeV
4He ion irradiat ions at 35 K followed by 280 K anneals. The observed

increases in f ^ i n ^ are consistent with the progressive buildup of trivacancy-
solute, tetravacancy-solute and hexavacancy-solute complexes (see reference
(2) ) . Of these complexes the tetravacancy-solute is probably dominant, as was
also observed for A l ( In ) . The peaking, which was observed in the In yield in
a <100> angular scan, taken after i r radiat ion to a fluence of l.OxlO""
^He ions cm~2, is also consistent with the formation of tetravacancy-sol-
ute complexes (for a tetravacancy-solute complex the solute atom is situated at
the center of <100> channels). The crystal was then irradiated at 70 K where-
upon fdin1;> gradually decreased for a l l three channels, as shown in Figure
1.4.1.1. This behaviour is attr ibuted to the trapping of migrating se l f - in ter -
s t i t i a l atoms by the vacancy-solute complexes, thus gradually decreasing the
number of vacancies in a complex.

(1) M.L. Swanson, L.M. Howe and A.F. Quenneville, Phys. Rev. B22 (1980)
2213.
M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J. Phys. F.:
Metal Phys. U (1981) L185.

4.0 8.0 0 4.0 8.0 12.0

IRRADIATION FLUENCE d o " *He ions cm )

16.0

Figure 1.4.1.1 - The apparent displaced fractions f^ ip1* of In atoms into
<100> (D), <110> (0) and <111> (A) channels, as a function of
i r radiat ion fluence of 1.5 MeV ^He ions. The i n i t i a l i r r a -
diations were at 35 K, followed in each case by a 600 s anneal
at 280 K. The measurements were taken at 35 K. The second
set of irradiations and measurements, shown on the right hand
side of the f igure, was at 70 K.



- 13 -

1.4.2 Channeling Measurements of In ters t i t ia l Trapping by Manganese Atoms in
an A1-0.15 at.% Mn Crystal

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

I t was shown previously (PR-CMa-56, section 1.4.3; AECL-7332 and
PR-CMa-57, Section 1.4.3; AECL-7416) that trapping of single se l f - in ters t i t ia ls
by Ag atoms in an irradiated Al-0.05 at.% Ag crystal produced predominantly the
<100> mixed dumbbell trapping configuration. However, after irradiations at

70 K with 1 MeV He+ ions to fluencas greater than 3x10^ cm"^, multiple trapp-
ing of se l f - in ters t i t ia ls at Ag atoms occurred, resulting in an altered trapp-
ing configuration.

The present results demonstrate that, for an Al-0.15 at.% Mn crystal ,
the <100> mixed dumbbell configuration was not altered for 1 MeV He+ fluences
up to 2xlO16 cm"2. Even after a fluence of 4xlO16 cm"2, only a small shif t in
the position of the Mn atoms occurred, as shown by a sl ightly altered

r a t i o » a n d by a sma11 decrease in the <110> angular scan flux
peak, measured for backscattering from Mn atoms. Thus, the Al-Mn mixed
dumbbell is a more stable configuration than the Al-Ag mixed dumbbell.

1.4.3 Poisson Distribution Calculations of Vacancy Clustering in Al-0.04 at.%
Sn Crystals

- M.L. Swanson and L.M. Howe

As reported previously (see PR-CMa-52, Section 1.4.4; AECL-6966;
PR-CMa-53, Section 1.4.4; AECL-7094; and PR-CMa-54, Section 1.4.2; AECL-7156),
the trapping of irradiation-induced vacancies by Sn atoms in an Al-0.04 at.% Sn
crystal resulted in the creation of trivacancy-solute atom, tetravacancy-solute
atom and hexavacancy-solute atom complexes. The experimental backscattering
yields for <110>, <100> and <111> channels were analyzed to yield the concen-
trations C3, C4 and C5 of these complexes as a function of He irradiation
fluence. (See Figure 1.4.3.1.)

I t is useful to compare the experimental results with theoretical
models of trapping. In one of the simplest theories, the Poisson distr ibution
can be used for the probability, p(n), that one Sn atom has trapped n vacan-
cies:

p(n) = V ( > 0
n!

where "X is the average number of vacancies trapped per Sn atom. The same dis-
tr ibut ion can be ut i l ized to describe the shrinking of vacancy clusters when
they capture se l f - in ters t i t ia l atoms. In this approach, i t is assumed that
defects are uniformly distributed, that they migrate via a random walk process,
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and that the probabil ity of capture is independent of the size of the defect
complex. A f i r s t refinement of this, calculation includes varying the capture
probabil i ty with cluster size.

The results of such calculations are shown in Figure 1.4.3.2, and can be
compared with the experimental data of Figure 1.4.3.1. I t is seen that the
evolution of vacancy clusters by vacancy capture, and the decay of the clusters
by i n t e r s t i t i a l capture are similar in the two figures. A quantitative compar-
ison of the rate of shrinking of vacancy clusters during 70 K irradiat ion can
be made by using the empirical cross section 3.6xlO~19 cm2 for the pro-
duction of se l f - i n te rs t i t i a l s by 1 MeV He+ i r rad iat ion, as determined by i n -
dependent measurements of mixed dumbbell creation (1). Thus, for a He ion
fluence of lO*5 cm"2, an average of one se l f - i n te r s t i t i a l atom is trap-
ped by each vacancy-Sn atom complex. The resultant experimental changes in
03, C4 and C-6 were +0.07, -0.18 and -0.05, respectively, and the calculat-
ed changes were +0.03, -0.10 and -0.12, respectively.

(1) M.L. Swanson and L.M. Howe, Rad. Eff. 41 (1979) 129.
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Figure 1.4.3.1 - Fractions, C-j, of Sn atoms which were associated with
trivacancies (C3), tetravacancies (C4) and hexavacancies
(C), as determined fron experimental channeling data.
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Figure 1.4.3.2 - Calculated fractions Ci of Sn atoms which are associated
with trivacancies (C3), tetravacancies (C4) and hexavacan-
cies (C5), using the Poisson d is t r ibu t ion. The open symbols
correspond to constant trapping probabi l i t ies, and the solid
symbols correspond to an i n t e r s t i t i a l trapping probabil i ty
which varies direct ly as the size of the vacancy cluster.

1.4.4 Channeling Measurements of I n te rs t i t i a l Trapping in Al-0.09 at.% Ag
Crystals after Heavy Ion Bombardment

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

I t was observed by channeling studies that Al se l f - i n te r s t i t i a l atoms
were trapped by Ag atoms to form <100> Al-Ag mixed dumbbells (1,2). These
defects were annihilated completely by vacancy capture during annealing near
200 K. In these experiments, the se l f - i n te r s t i t i a l s and vacancies were
introduced by 1 MeV He+ i r radiat ion at 35 or 70 K.

We are now investigating i n te r s t i t i a l trapping in alloys irradiated with
heavier ions. Crystals of Al-0.09 aX.,% Ag were irradiated with 1 MeV Ar+,
0.75 MeV Kr+ and 1 MeV Kr+ at 70 K. Se l f - i n te rs t i t i a l s are mobile at that
temperature; the i r trapping by Ag atoms was studied by measuring the apparent
displaced fract ion of Ag atoms fdAcJn> i n t o < H 0 > . <100>, <111> and {100]
channels. In a l l cases, the results indicated that the 100 mixed dumbbell
configuration was created, and that i t was completely annihilated during 200 K
annealina. Thus, no marked difference in i n te r s t i t i a l trapping properties was
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observed for the more complex irradiation damage produced by Ar+ or Kr+

bombardment as conpared with He+ bonbardnent.

(1) M.L. Swan son and F. Maury, Can. J. Phys. 53 (197b) 1117.
(2) M.L. Swanson, L.M. Howe and A.F. QuenneviTTe, J. Nucl. Mat. 69,70 (1978)

372.

1.4.5 Collision Cascades in Ge

- L.M. Howe and M.K. Rainville in collaboration with 0. Stevanovic
(McMaster University)

Channeling and electron microscopy studies are in progress on the
annealing out of the damaged regions produced in Ge single crystals during
implantation at 40 K with monatomic and diatomic ions of As, Sb and Bi, at
energies from 15 to 50 keV. The average deposited energy in the collision
cascades ranged from 0.7 to 3.7 eV/aton. In order to obtain information on the
extent of point defect annealing occurring in the peripheral regions of the
defect cascade as well as data on the annealing out of the highly damaged core
region, the following annealing experiments have been undertaken:
a) The annealing occurring between 40 and 295 K,which is believed to be pre-
dominantly due to point defects, is being monitored by ion channeling using the
on-line 3 MV Van de Graaff accelerator and 150 kV ion implantation device at
McMaster University.
b) The annealing occurring above 295 K of the highly damaged core regions
is being explored at CRNL using both ion channeling and electron microscopy.

Preliminary results from the McMaster experiments indicate that the
amount of point defect annealing occurring decreases as the average deposited
energy in the cascade increases. For example, at 295 K ••- 35% of the damage
has annealed out for a 25 keV As implant (••• =0.70 eV/atom) compared to - 5%
for a 50 keV Sb2 implant ( = 1.19 eV/atom). This is analogous to previous
ion channeling results for Si (1). It is also as expected since the electron
microscope results indicate that the highly damaged core region is occupying an
appreciably larger fraction of the total cascade volume for a 50 keV Sb2
implant than it does for a 25 keV As implant.

The CRNL ion channeling experiments show that the highly damaged core
regions produced by all of the implants anneal out gradually over the tempera-
ture range 310-510 K. The annealing curves for the diatomic ions are dis-
placed to higher temperature than those for the monatomic ions of the same vel-
ocity but only slightly (i.e. -- 15-40 K). This is in contrast to the behav-
iour observed previously in ion bombarded Si where damage produced by a diatom-
ic ion was considerably more resistive to annealing than that produced by the
corresponding monatomic ion (1-3). This indicates that the defect state of the
highly damaged core regions are fairly similar in Ge for the implants under
investigation (i.e. the central core regions have all reached a similar degree
of 'amorphicity'). The electron microscope studies, which are in progress,
show that the number density and size of the damaged region decrease upon
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annealing above ^351) K. Changes in the number density and size will be
correlated with the channeling results.

(1) O.A. Thompson, A. Golanski, H.K. Haugen, L.M. Howe and J.A. Davies, Rad.
Effects Lett. J>0 (1980) 125.

(2) L.M. Howe, M.H. Rainvilie, H.K. Haugen and D.A. Thompson, Nucl. Instr.
Meth. 170 (1980) 419.

(3) L.M. Howe and M.H. Rainville, Nucl. Instr. Meth. 182/183 (1981) 143.

1.5 ION BEAM MODIFICATION OF MATERIALS

1.5.1 A Study of the Cross Section For 0.5-2.0 MeV He Ion Scattering From Low
Z Targets (Si, A1 andDJ

- J.A. Davies and T.E. Jackman in collaboration with J.R. MacDonald
(Guelph University) and L.C. Feidman (Bell Laboratories, Murray Hill,
New Jersey)

Two sets of backscattering yield measurements have been made as a func-
tion of incident 4He + energy:
(i) using a polycrystalline Be foil implanted with Bi and Al ions
(ii) using a thin self-supporting AI2O3 film * 100 nm thick.

The measurement of the ratio of 150° backscattered ^He+ yields from
the Bi and Al as a function of incident beam energy (E) provides a direct
determination of the E-dependence of the Al scattering cross section, since the
E-dependence of Bi scattering cross section has been previously established
(1,2). Unlike the earlier work by Ziegler and Baglin (3) (see also PR-CMa-57,
Section 1.6.1; AECL-7416), our observed yield ratio (Yg-j/Y^) is not independ-
ent of 4He + energy but decreases with decreasing ion energy as expected, due to
the increasing importance of electron screening for the high-Z Bi atoms. After
applying the appropriate screening correction to Ygi, we find the correct-
ed yield ratio to be constant within our counting statistics [H 1.5%), thus
indicating that the Al cross section possesses the E"2 dependence charac-
teristic of Rutherford scattering throughout our entire energy range
(0.6-2.3 MeV).

In the second set of measurements, the yield ratio Y ^ / Y Q is independent
of energy. Furthermore, the observed scattering yields from both the Al and
the 0 atoms in the thin film exhibit the expected E"2 (Rutherford)
dependence throughout the accessible energy region (1.0-2.3 MeV), as seen in
Figure 1.5.1.1.
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Figure 1.5.1.1 - Energy dependence of the 4He + scattering yield, YA1 and YQ,
from Al and oxygen atoms, respectively, in a thin (150 nm)
self-supporting film of AlgO3. E is the mean energy along
the incident beam trajectory in the Al2O3 film.

When suitable targets become available, a third set of measurements,
using thin SiOg films, will be made in order to determine the E-dependence of
the Si scattering cross section.

(1) J. L'Ecuyer, J.A. Davies and N. Matsunami, Nucl. Instr. Meth. 160 (1979)
337.

(2) H.H. Andersen, F. Besenbacher, P. Loftager and W. Mflller, Phys. Rev.
A21 (1980) 1891.

(3) J7F. Ziegler and J.E.E. Bag!in, 0. Appl. Phys. ̂ 5 (1974) 1888.

1.6 INTERDISCIPLINARY RESEARCH

1.6.1 Crystal Blocking Lifetime Measurements For Fission Fragments From
19F Bombardment of 1 8 1 T T

- J.S. Forster (Nuclear Physics Branch), W.M. Gibson, (SUNY State
University of New York, Albany), I.V. Mitchell and K. Reichelt (IFF,
KFA, Julich)

See Progress Report PR-P-131, Section 2.10; AECL-7510.
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1.6.2 Crystal Blocking Lifetime Measurements For Fission Fragments From
160 Bombardment of 19?Aju

- J.S. Forster (Nuclear Physics Branch) and I.V. Mitchell

See Progress Report PR-P-131, Section 2.11; AECL-751O.

1.7 COMPUTATIONS

1.7.J. Computer Simulation of Sputtering

- U.P. Jackson

The objective of this program is to investigate non-linear effects in
particle sputtering. At present no clear understanding exists of the funda-
mental reason for the anomalously high sputtering yields in the non-linear
regime although theories have Been proposed involving, for example, thermal
spikes and shock waves. Our previous studies of sputtering concentrated on the
ejection of atoms from crystal surfaces (see Progress Report PR-CMa-32; section
1.7.1; AECL-5122). In order to expand the studies to deeper areas of the
solid, another type of computer simulation program has been written. The
resulting binary collision code, as distinct from the multi-body integration
approach used previously, has been implemented. A particular problem in such
codes involves storing lists of recoil atoms (in general very large lists for
high energy incident beams) and then searching these lists for the next recoil
to be processed until all recoils have come to rest. New methods of list
searching and list compression have been evolved which make it possible to
study fairly high energy recoils (e.g. 100 keV Cu in Cu) using a very efficient
algorithm.

1.7.2 Axial Dechanneling of MeV Protons in Gold

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

Previously (PR-CMa-57, section 1.7.2; AECL-7416), comparisons were made
between experimental dechanneling data and theoretical curves obtained using
the diffusion model of dechanneling developed by Matsunami and Howe (1). In
that analysis, the correction factor Cn for the nuclear scattering and the
electron density y>0 were both treated as variable parameters in comparing
he*experimental data with theory. Using values of )->0

 = 0.8 electrons
T 3 and Cn = 0.40 resulted in quite good agreement between theory and

* 1 X = 0.1 nm
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experiment, although the theoretical dechanneling curves always fell below the
experimental ones. Cn = 0.40 also represents an effective upper limit for
this parameter as larger Cn values give rise to unrealistic results in the
theoretical calculations.

In a more thorough treatment, Cn values have now been calculated
according to the theoretical expressions given by Matsunami and Howe (1). A
value for j>0 of 1.0 electron A"-* then results in better agreement
between calculated and experimental dechanneling than we reported previously.
This improvement applies to the Au crystal for the whole range of incident pro-
ton energies (0.5-2.0 MeV) and crystal temperatures (35 to 275 K) investigated.
In Figure 1.7.2.1, the experimental and theoretical dechanneling curves are
shown for 1.0 MeV protons incident along <110> in Au at various temperatures
(compare with Figure 1.7.2.2 in Progress Report PR-CMa-57). The Cn values
used in the present calculations were 0.212, 0.254, 0.273 and 0.285 for 0.5,
1.0, 1.5 and 2.0 MeV protons, respectively.

(1) N. Matsunami and L.M. Howe, Rad. Eff. 51 (1980) 111.
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Figure 1.7.2.1 - A comparison between the theoretical calculations (dotted
curves) and the experimental data (solid points and curves)
for dechanneling of 1.0 MeV protons incident along the <110>
axis in Au at various temperatures.
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1.8 ACCELERATOR OPERATION

1.8.1 2.5 MV Van de Graaff Accelerator

- G. Kyle

The accelerator ran poorly during the third quarter of 1981 with four-
teen days down-time. Accelerator tube sparks resulted in punctures through the
wall of the insulated gas feed line. The cause of the sparking is now being
investigated.

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

D 2 + He4 + Total

July 40 6 114 160
August 51 8 104 163
September 14 16 59 89

Total 105 30 277 412

1.8.2 High Voltage Mass Separator

- G.A. Sims

During the third quarter 1981, the High Voltage Mass Separator (HVMS)
experienced a few mechanical problem?. The two pillow blocks on the terminal
sheave assembly had to be replaced dm; to wear and vibration. Decoupling ring
#4, between the third and fourth tube section, had to be repaired as it had
developed a leak and the tank insulating gas (SFg) was entering the accelera-
tion tube. This is the second decoupling ring that has had to be repaired
because of a weld failure. (See PR-CMa-47, Section 1.2.13; AECL-6455.)

The accelerator has continued to operate at a reduced terminal voltage
(1 MV) and all experiments at these lower energies have been carried on without
too much difficulty or inconvenience. The new acceleration tube has been ship-
ped from the manufacturer and should arrive sometime in October.

The 'beam-on' time during the last three months was 251 hours.



- 22 -

1.8.3 Construction of a Cryoshield-Compatible Evaporator

- J. Lori, J.A. Davies and T.E. Jackman in collaboration with
J.R. MacDonald (University of Guelph)

A compact tungsten filament evaporator has been constructed which can be
located inside the existing cryoshield of the 15°-arm target chamber of the
2.5 MV Van de Graaff accelerator, without interfering with any of the normal
channeling measurements. The evaporator, which has two remotely controlled
shutters, is mounted on a 2" (51 mm) I.D. flange via 3 mm x 3 mm square Cu
bars which also serve as the electrical connectors. In the initial test run,
Sn was successfully evaporated onto an Al substrate and the amount of Sn then
measured using Rutherford backscattering.

This evaporator should allow Rutherford backscattering and channeling
techniques to be used to determine the atomic geometry of evaporated thin films
in crystalline subsurface and surface regions.

1.9 PUBLICATIONS, REPORTS AND LECTURES

1.9.1 Publications

The Study of Point Defects by Channeling Measurements of Solute Atom
Displacements
by M.L. Swanson, L.M. Howe and N. Matsunami
Proc. 7th Int. Conf. Atomic Collisions in Solids, Moscow, 1977 Sept. 19-23,
Moscow State University Publishing House, 2_ (1980) 241

The Influence of Stopping Power on the Reflection Coefficients of Hydrogen
Ions from Stainless Steel
by D.P. Jackson
Proc. 7th Int. Conf. Atomic Collisions in Solids, Moscow, 1977 Sept. 19-23,
Moscow State University Publishing House, J2 (1980) 141

Experimental Study of the Enhanced Ion Backscattering Yield at 180° and its
Depth Dependence
by J.A. Moore, T.E. Jackman, J.A. Davies and W. Eckstein
Nucl. Instr. Meth. 285 (1981) 459-468; AECL-7219

The Pt(lOO) (5x20)^1x1) Phase Transition: A Study by Rutherford
Backscattering, Nuclear Microanalysis, LEED and Thermal Desorption
Spectroscopy
by P.R.'Norton, J.A. Davies, D.K. Creber, C.W. Sitter and T.E. Jackman
Surface Science ^08 (1981) 205-224; AECL-7313
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Surface Relaxation of the Platinum (lOO)-(lxl) Surface at 17b K
by J.A. Davies, T.E. Jackman, D.P. Jackson and P.R. Norton
Surface Science ^09 (1981) 20-23; AECL-7314

A Channeling Study of Vacancy-Solute Complexes in Al-0.04 at.% Sn
by M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville
J . Phys. F.: Metal Physics JA (1981) L-185-90; AECL-7323

Contributions to the I s ; Continuum Radiation from Single and Double
Collisions in the 0 + N System
by W.N. Lennard, I.V. Mitchell and D. Phi l l ips
J . Phys. B.: Atom. & Molec. Phys. 14 (1981) 2215-2222; AECL-7304.
(also Proc. 7th In t . Conf. Atomic Collisions in Solids, Moscow, 1977
Sept. 19-23; Moscow State University Publishing House, j . (1980) 155)

Electr ic Quadrupole Moments of the First Excited States of 2 8 S i ,
32S and 34S
by G.C. Ball, 0. HSusser, T.K. Alexander, W.G. Davies, J.S. Forster,
I.V. Mitchell, J.R. Beene and D. Horn, Nucl. Phys. A349, 271 (1980);
AECl-7034

Cd Depletion in Ion Implanted Thin Film CdSe
by P. Scanlon, F. Shepherd, W. Westwood, I.V. Mitchell and H. Plattner, Proc.
Conf. on Ion Beam Modification of Materials, Albany, New York, July 14-18,
1980, Nucl. Instr . Meth. 182/183 (1981) 261-26b

A Measurement of the Local Density of ^He-Iniplanted Metal Foils by the
Doppler Shift Attenuation Method
by T.K. Alexander, G.C. Ba l l , W.G. Davies and I.V. Mitchel l , J . Nucl. Mat. 96,
51 (1981); AECL-7110

Stopping Power Values of C, A l , S i , Ni , Ag and Au for 3He Ions
by D.C. Santry and R.D. Werner
Nucl. Instr . Meth. 185 (1981) 517-521; AECL-7299

Stopping Powers of C, A l , S i , T i , Ni , Ag and Au for Deuterons
by D.C. Santry and R.D. Werner
Nucl. InstP. Meth. 188 (1981) 211

1.9.2 Lectures

Recent Results in Ion Scattering Theory
by D.P. Jackson
University of OsnabrUck, Germany, 1981 July 3

The following papers were presented at the 9th International Conference on
Atomic Collisions in Solids, Lyon, France, 1981 July 6-10:

1) Temperature Dependence and the Surface Peaks in MeV Ion Backscattering
Spectra
by D.P. Jackson, J.A. Davies, T.E. Jackman, P.R. Norton and W.N. Unertl
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2) The Depth and Angular Dependence of the Midchannel Flux of He Ions in AT
Crystals
by M.L. Swanson, T.E. Jackman, L.M. Howe and A.F. Quennevilie

3) Channeling Studies of Defects
by M.L. Swanson, L.M. Howe, T.E. Jackman and J.A. Moore

4) Outer-Shell Electronic Processes in Ne+ Collisions with a Ni(llO)
Surface
I.S.T. Tsong, N.H. Tolk, T.M. Buck, R.J. Culberton, O.S. Kraus, T.R. Pian,
R. Kelly and D.P. Jackson

5) The Scattering of keV H and He Ions from Tungsten and Tungsten Oxide
by D.P. Jackson and W. Eckstein

6) Round-Robin Comparison of Low Energy Ion Scattering by ESA, Time-of-
Flight, Stripping Technique and Computer Simulation
by T.M. Buck, G.H. Wheatley, D.P. Jackson, A.L. Boers, S. Luitjens,
E. van Loenen, J. Algra, W. Eckstein and H. Verbeek

7) Systematics of Heavy Ion Stopping at Low Velocity
by I.V. Mitchell

High Density Collision Cascades and Spike Effects
by J.A. Davies
Seminar presented at Cornell University, 1981 July 20

MeV Surface Structure Studies in Pt
by J.A. Davies
Seminar presented at Cornell University, 1981 July 21

Phase Transitions for CO and NO Adsorption of Pt(llO) Surfaces
by T.E. Jackman, J.A. Davies, P.R. Norton, D.P. Jackson and W.N. Unertl
Presented at the Int. Conf. on Phase Transitions on Surfaces, Orono, Maine,
.1981 August 3-7

Charge State Distributions for Heavy Ion Beams Exiting Thin Foils
by W.N. Lennard
Presented at the 6th Int. Conf. on Fast Ion Beam Spectroscopy, Quebec City,
1981 August 17-20

High Density Collision Cascades and Spike Effects
by J.A. Davies
Presented at the NATO Inst i tute on "High-Energy-Density Surface Processing and
Al loy ing", Trevi, I t a l y , 1981 August 25

Spike Effects in High Density Collision Cascades
by J.A. Davies
NATO Advanced Study Inst i tu te on Surface Modification and Alloying, Trevi,
I taly, 1981 August 23-30

Anomalous Effects in High Precision RBS Analysis
by J.A. Davies
Presented at the University of Catania, Sicily, 1981 September 4

Corrections and Anomalies in Quantitative RBS Yield Measurements
by J.A. Davies
Seminar presented at the University of Catania, 1981 September 4
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Basic Ion Implantation Processes
J.A. Davies
Presented at the Italian National Conf. on Ion Implantation of Semiconductors,
Castro Marina, Italy, 1981 September 7-8

Scaling of Stopping Powers at Lower Energies
by D.C. Santry and R.D. Werner
Presented at the Int. Conf. on Microanalysis Using Charged Particle
Accelerators, Namur, Belgium, 1981 September 8-10

The Study of Lattice Defects by Channeling
by M.L. Swanson
Presented at the University of Guelph, 1981 September 29
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2 .2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G.J. Jarbo, P.L.J. Faught, J.P. Mislan

2.2.1.1 Pu02/Th02 Fuel Impurity Analysis

- in cooperation with F.C. Miller and B.W. Hildebrandt

Emission spectrography and radio-frequency plasma emission spectro-
metry measurements are being used to support column chromatography studies
directed toward isolating and enriching the rare earths, europium, gadolinium,
samarium and dysprosium. The goal of this program is to provide a low thorium
content (<1 ug-mL"1) concentrate which will allow detection of the rare earths
at the specification limit of 0.1 yg-g"1 in mixed oxide fuel by spectrographic
means. Work performed this quarter is described in Section 2.6.4.4.

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

- J.P. Mislan, G.J. Jarbo, M.T. Hurteau, P.A. Robinson, K.D. Wright

2.2.2.1 Automation of Sequential ICP-AES

Two instrument automation programs are in progress:

1) Automation of the sequential plasma emission spectrometer using a modular
instrument computer and software (FORTRAN) provided by the instrument manu-
facturer. All components have been received. We are currently awaiting
the shipment of an upgraded software package.

2) Demonstration that an adequate level of automation performance can be
achieved with a low cost microcomputer (32 K Commodore PET, dual floppy
disc drive, impact printer). Program development (machine language and
BASIC) for monochromator drive and data acquisition is sufficiently
advanced to allow performance testing (i.e. evaluation of wavelength
selection accuracy and peak intensity precision) to begin.

2.2.2.2 Determination of Hafnium in Zirconium

2.2.2.2.1 ICP-AES Ion Exchange Studies

A technique for isolating and enriching hafnium from a zirconium
matrix using a cation exchange column and 2M isobutyric acid for loading pur-
poses, followed by elution with 4M HNO3 and on-line ICP-AES detection at
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TABLE 2.2.2.2.2.1

Preliminary ICP-AES Results For Hafnium

NBS Standard Hf Content(ppm) Hf Content(ppm) Hf Content(ppm)
Reference Certif icate Calibration Curve Standard Additions
Material Value Method Method

1234

1235

1236

1237

1238

1239

46 + 3

95 + 5

198 + 6

31 ± 3

178 + 6

77 + 4

38

81

174

27

159

61

57

114

219

48

218

89
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264.14 nm was applied to NBS standard reference material (zirconium metal con-
taining 31 ± 3 ppm hafnium) without success. Better components (a sampling
valve and high pressure stainless steel column) and more efficient column pack-
ings have been ordered to provide more effective chromatographic separation
conditions for hafnium.

2.2.2.2.2 Direct Determination of Hafnium

Previously the direct determination of hafnium in zirconium involved
the use of the hafnium 264.14 nm emission line and a sample matrix consisting
of 2.0 mg-mL"1 zirconium, 1M HN03 and 0.01M HF.

This analysis approach has been considerably improved by two
factors: selection of an alternative hafnium emission line at 356.16 nm which
is almost free of zirconium spectral interference and the use of a special neb-
ulizer which allows the analyst to increase the matrix concentration cf zircon-
ium tenfold, to 20 mg-mL"1. A commercial hydrogen fluoride-compatible nebul-
izer when used with a CRNL designed and constructed torch eliminates the torch-
t ip clogging problem which complicated previous (direct) hafnium analysis
studies.

Six recently acquired NBS standard reference materials (three zir-
conium standards plus three Zircaloy standards) were analyzed for hafnium to
evaluate the revised direct analysis approach. Two quantitation procedures
were evaluated; reference to a calibration curve prepared with data from nebul-
ization of aqueous hafnium solutions and the method of standard additions. The
results are shown in Table 2.2.2.2.2.1. More work is in progress to refine the
analysis procedures (calibration curve and standard addition) and to extend this
analysis approach to the determination of hafnium in round robin samples.

2.i:.3 Graphite Furnace Atomic Absorption Spectrometry

- J.P. Mislan, J.S. Hulland (in cooperation with H. Schmeing,
Neutron and Solid State Physics Branch)

Development effort was limited to determining ways of extending the
l i f e of graphite furnace tubes beyond the average figure of 50 f ir ings. Vapour
deposition of tantalum and tungsten on the inner surface of graphite tubes was
tried using the electron beam of the electron beam welder to melt the coating
material and produce a vapour plume for deposition purposes. One of three
sectioned tubes showed a uniform metal deposit. More work is required to
establish the viabi l i ty of this metal vapour coating method for prolonging the
l i f e of graphite furnace tubes.

Because the program of development of cadmium telluride crystals in
Solid State Physics Branch has been terminated, and the atomic absorption
spectrometer has been transferred to Environmental Research Branch, this analy-
tical development project also has been terminated.
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2.2.4 Determinations of H and D in Metals

- J.P. Mislan, H.D. Herrington, K.D. Wright, L.F. Junop

2.2.4.1 Automatic H and D in Metal Analyzer

Modifications and adjustments to mechanical components were made to
optimize instrument performance. These included improvements to the automatic
dosing system for introduction of equilibration gas (H2 or D2) and the tube-
furnace elevator.

Testing of instrument performance with respect to precision and
accuracy is in progress. NBS standard reference materials (hydrogen containing
zirconium and Zircaloy) are being used for this purpose.

2.2.5 Determinations of Oxygen Isotope Abundances

- J.P. Mislan, H.D. Herrington, W.A. Lockhart, T.H. Longhurst with
W.J. Olmstead

Development work is continuing to determine the suitability of a
quadrupole mass spectrometer for the determination of oxygen isotope abundances
in oxygen gas (reference PR-CMa-57, Section 2.2.5 arid this report, Section
2.5.4.2). The mass filter and vacuum system have been cleaned and reconditioned
to optimize instrument performance. Thoriated iridium filaments have been
ordered to boost instrument performance for measurements with oxygen gas.

Typical analysis results for oxygen isotope abundance measurements
at natural abundance are shown in the table below.

Table 2.2.5.1

Preliminary Results For Oxygen Isotope Abundances

Isotope Expected Abundance Measured Abundance

0 1 6 99.759 99.747

017 0.037 0.047

018 0.204 0.206
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2.2.6 Analytical Support For 135Xe Production Program

- J.P. Mislan, H.D. Herrington, W.A. Lockhart, with M. Hammerli,
W.J. Olmstead

Radioactive xenon is a saleable by-product of "Mo production.
However, the xenon which is l iberated when the irradiated fuel is dissolved in
n i t r i c acid is contaminated with oxides of nitrogen which should be removed as
completely as possible. Thus a pur i f icat ion process is in use on the production
l ine which requires a sensitive analytical method for determining small N02
concentrations in xenon.

The detection l imi ts for NO2 in xenon have been measured in three
di f ferent mass spectrometers: the Micromass 601, Balzers 311 quadrupole and
SpectrEL quadrupole. Detection l imi ts of 25 ppm (uL'L"1) were found for a l l
three instruments. We found that highly active xenon gas could be safely anal-
yzed by mass spectrometry i f the total volume of gas does not exceed 0.25 cm3.
Standard nitrogen dioxide-xenon gas mixtures for this work were prepared by
M. Hammerli and W.J. Olmstead (Section 2.5.5. , this report).

2.2.7 Chromatography

- S. Elchuk, R.M. Cassidy

2.2.7.1 Column Development

Recent studies have been focused on the development of columns for
the separation of anions. Two types of columns, bonded reversed phase and
spherical copolymer part icles of styrenedivinylbenzene (SDVB) were treated with
di f ferent anionic modifiers and parameters such as coating techniques, column
eff ic iency, and column s tab i l i t y were examined.

Studies of d i f ferent coating techniques for the immobilization of a
C25 quaternary ammonium sal t modifier on a bonded reversed phase showed that
low concentrations in a mixed aqueous-nonaqueous solvent were required to pro-
vide a uniform loading over the entire length of the column; uneven d i s t r i -
butions resulted in poor column ef f ic iencies. The SDVB resin was more d i f f i c u l t
to coat because of i t s stronger interaction with the hydrophobic modifiers and
recent results have shown that a di f ferent coating solvent is required. Typical
chromatograms for these two systems are shown in Figure 2 .2 .7 .1 .1 .

The s tab i l i t y of a number of d i f ferent modifier systems has been
studied for Ci8 bonded phase systems. For low molecular weight modifiers an
equilibrium concentration of the modifier had to be maintained in the mobile
phase, but large molecules were retained so strongly that they were not removed
by the aqueous mobile phases. However, column performance did deteriorate slow-
ly and the results suggested that the bonded Ci8 phase was being removed; this
effect is being studied in greater de ta i l . The SDVB resin should not degrade
in th is fashion and the behaviour of large molecular weight modifiers on th is
material w i l l be studied.
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RETENTION TIME (SECONDS)

Figure 2.2.7.1.1 - Separation of anions on modified reversed-phase columns.
(A) 250 x 4 mm Cia bonded phase C37H78N

+I~ modifier, pH
6.4 phosphate mobile phase at 1 mL-min"1; (B) 150 x 4 mm
styrenedi vinyl benzene resin, Ci6H36N

+ H2POi,~ modifier.



2.2.8 Analysis Requests

Received From

System Materials

TvDe of Sample

Zirconium Alloys
Compressed Air
Process Gas
Scale from Autoclave
H-5 Loop Filters
Can-Decon Solutions

from X-2 Loop
Fil ter Cake
Combustion Water
G.B.H.W.P. Particulate

Matter and Tube
Deposit

Autoclave Deposit

Filters
Pt. Lepreau Sea Mater
Douglas Point Boiler

Samples
Incinerator Candle

Holder Deposit
Regeneration Solutions
Salt Test Solutions
Solutions from Boiler

Chemistry Loop
Leach Water

from Cement Sample
Douglas Point Boiler

Solutions
Reverse Osmosis Solutions
Parti culate Matter from

Glace Bay Heat Exchanger
Mo Experimental Solutions
Pump Oil from Laprade HWP

No. of
Samples

99
1
4
1
4
2

1
2
3

1

3 '
2

42

1

26
6
6

1

98

4
2

55
2

No. of
Determinations

99
4

14
1

24
4

1
4
3

16

78
52

168

26

26
6

12

3

294

4
2

55
4

Technique*

MS
MS
MS

X-Ray
FAA
FAA

FAA
GCA
ISE

ICP

ES
ES
ICP

ES

FAA
FAA
FAA

FAA

FAA

FAA
FAA

FAA"
X-Ray

Elements Determined o r
Type of Analysis

»2, D2

Gas Composition
N02
Ni
Fe, Ni , Cu, Co, Cr, Al
Mg

Fe
C l , SO.,
F

Quantitative

Qualitative
Qualitative
Quanti tat i ve

Qualitative

Cs
Na
Na, Mg

Ca, Na, K

Fe, Cu, N i , Si

Na
Na

Mo
Quantitative Cl , S

I



2.2.8 Analysis Requests (Page 2)

Received From

Chemical
Operations

W.E. & P.

General
Chemistry

Type of Sample

Incinerator Burn
Solutions

Xe Process Gas
Oil Fraction from

Whiteshell Waste
Drums

Emulsion from
Whiteshell Waste
Treatment Residues

Li OH Resin Conditioner
Precipitates from

Synthetic "Mo Runs
Filters
X-2 Loop Fi l ter
Iron Solutions
X-2 Loop Fi l ter
X-2 Crud Scrapings
Molybdenum Solutions
Boric Acid Solutions

from X-2 Loop

Transition Piece

Th/Pu Fuel Extract

Deposit from Enriched
Uranium Storage
Container

Synthesized Organic
Chemical

Boron Standards
Deionized Water

No. of
Samples

9

2
196

3

2
28

2
1
5
1
1

167
4

1

4

1

5

5
2

No. of
Determinations

18

10
266

6

8
392

8
7

10
2
6

400
6

6

204

34

15

20
52

Techni que*

iSE, S

MS
X-Ray

ICP

ICP
ICP

ICP
ES
FAA
FAA
FAA
FAA
FAA

ES

ES

ES

ICP

ICP
ES

Elements Determined or
Type of Analysis

F, SO,,

N02
Quantitative Cl

Quantitative, C

Quantitative, B
Quantitative

Composition
Quantitative, Hg, Mo
Quantitative
L i , B
L i , Mg
Ca, Mg, Fe, Cu, Ni, Cr
Mo, A l , Ca, Ba, Sr, Hg
B, Li

Alloy Identif ication

Quantitative for
Impurities

Semi-quanti ta t i ve

Quantitative B

B
Quantitative

CO
CD



2 .2 .8 Analysis Requests (Page 3)

Received From

General
Chemistry
Cont'd.

Fuel
Materials

Chemical
Engineering

Mechanical
Services

Fuel
Engi nee ring

Environmental
Research

Type of Sample

Swipes
ThO2 Containing Rare

Earths (Extract)
D20 from Supergrader

Experiment
ZrO(N03)2 Solutions
Nickel Plates
Process Gases

WNRE ThO2 Powder
U/Si/Al Alloy
Fission Gas
ThO2
Zr & Nb

Water from G.S.M.P.P.
Trailer

Commercial
Surfactants

Chromium Samples
Pt Catalyst Extracts

Mortar from Bldg. 204
Chimney

Solutions of Scrapings
from Fuel Elements

Millipore Filters
Well Water Samples
Dissolved Gases

No. of
Samples

12
5

3

2
2
7

2
2

41
9

26

30

30
30
6
9

10

3

4

17
297

6

No. of
Determinations

312
40

3

2
2

37

2
4

120
240
26

30

30
120
12
9

20

3

24

102
624

26

Technique*

ES
I CAP

ISE

ISE
FAA
MS

ISE
FAA
MS
ES
MS

S

FAA
ICP
FAA
FAA
ICP

GCA

FAA

FAA
FAA
MS

Elements Determined or
Type o f Analysis

Quantitative
Dy, Sm, Eu, Gd

F

F
Ni
Gas Composition

N03
A l , Si
Gas Composition
Quantitati ve
H2

u v 2 5 .

Fe
Fe, A l , Quantitative
Fe, Cu
Cr
Fe, Quantitative

pH

Ca, Mg, Fe, Cu, N i , Cr

Mg, K, A l , 3 i , Fe, Ca
Ca, Mg, K, Na, Si
Gas Composition

1

CO
«£>

1



2.2.8 Analysis Requests (Page 4)

Received From

Physical
Chemistry

Metal lurgical
Engineering

Material
Science

AECL-RCC

M.E. & D.

NRU Reactor

R.& I .S.

Process Systems
Design

Type o f Sample

D2 Process Gas

Zr-2.5% Nb
Zr-4
He-3
Extruded Zr/Al Tube
Zr/Al Al loy

H2 Cracking Cover Gas
Zr Al loys

Zr Al loys

133Xe

Process Gas

Process Water

F i l i n g Cabinet
Insulation

Disc o f 304
Stainless Steel

No. o f
Samples

1

120
4
1
1
1

33
3

4

7

5

2

1

1

No. of
Determinations

4

120
4
5
1
4

102
9

8

48

15

8

21

10

Technique*

MS

MS
MS
MS

X-Ray
ICP

MS
X-Ray

ICP

MS

MS

ICP

ES

X-Ray

Elements Determined or
Type of Analysis

Gas Composition

H2
H2
Mass Spec.
Zr
Quantitative Zr, Al

Impurity Content
Alloy Type

Identification
Quantitative Ni, Fe

Gas Composition

Gas Composition

Fe, Al

Quantitative for
Composition

Co



2 . 2 . 8 Analysis Requests (Page 5)

Received From Type of Sample

Engineering Test Specimens
Research

TOTAL

PREVIOUS (PR-CMa-57)

No. o f
Samples

1546

1266

No. of
Determinations Technique*

45

4562

3181

X-Ray

Elements Determined or
Type of Analysis

Alloy Identification

*FAA - Flame Atomic Absorption, ISE - Ion Selective Electrode, MS - Mass Spectrometry (Gas),

ES - Emission Spectrography, S - Spectrophotometry (UV/VIS), ICP - Inductively Coupled Plasma,

GCA - Gravimetric Chemical Analysis
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Gamma Spectrometry Laboratory

- V. Corriveau

A total of 152 samples were analyzed during the period.

Nal spectra - 8

GeLi spectra = 254

The distribution of samples was as follows:

Loop *zl kl kl k± M M U-2 U-5 NRU NPD

Y's 6 1 4 1 1 3 1 5 1 1 9

MET (Bldg. 375) Xenon Recovery Special Analyses

3 7 212

2.3 .2 Analysis of 2 3 0Th in Canadian U-Th Ores

- W.J. Edwards

The implementation of the high resolution liquid scintillation
a-spectrometry method described previously (PR-CMa-57) for Z30Th analysis has
been delayed by a shortage of immediate funds for equipment. Work on this pro-
blem is continuing meanwhile, in an effort to develop an alternative technique
using epithermal neutron activation combined with solvent extraction techniques
as preconcentration steps. At present the work is exploratory, to discover if
sufficient sensitivity can be achieved by this technique.

2.3.3 Diffusion of Iodine in Strained Zircaloy

- W.J. Edwards, L.P.V. Corriveau in collaboration with R. Haddad
(Materials Science Branch)

A series of measurements were undertaken at the request of the
Materials Science Branch to try to determine whether iodine would diffuse in
Zircaloy when it was annealed under mechanical strain; no such diffusion has
been noted when annealing in an unstrained condition.

A small amount of 1 3 1I was first deposited just into the surface of
samples of Zircaloy by the isotope separator group; some of these doped samples
were annealed under strain, some without strain and others were not annealed.
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The 1 3 1 I in the samples was then measured, after which a thin surface layer was
removed by the Materials Science Branch using an HNO3-HF stripping technique
and the remaining 1 3 1 I measured. Repeated surface str ipping and ac t i v i t y
measurement were used to obtain a depth p ro f i l e .

Figure 2.3.3.1 shows the str ipping curves for an unannealed sample,
a sample annealed under s t ra in , and a sample annealed without s t ra in . The
curves show that each of the annealed specimens str ips more slowly than the
unannealed sample, but there is l i t t l e difference measurable between the strain-
ed and unstrained samples. The slower str ipping of iodine from the annealed
samples is perhaps due to irregular dissolution of the oxide f i lm formed while
annealing.
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Figure 2.3.3.1 Loss of 1 3 1I from Zircaloy Surfaces with Chemical Stripping
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

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

No. of Analyses

21 Chemical Company Interlab comparisons and

standardizations

8 Metex Corporation H2O Analysis (contract)

9 Pickering NGS D20 Inventory Control (contract)

37,287 Physical Chemistry H20 - H2 Exchange on-line H2

analyses
2,400 General Chemistry Superupgrader H2 & D2 on-l ine

analyses

39,725

2.4.2 Heavy Water Analysis

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

2.5.1 Laboratory Demonstration of the CECE-HWP Superupgrader

- M. Hammerli, A.S. Denovan

2.5.2 D20 Analyses on the Noranda CECE-HWP Pi lot Rig

- M. Hammerli, A.S. Denovan

2.5.3 Performance of the G.E. Solid Polymer Electrolyte (SPE) Cells

- M. Hammer!!, A.S. Denovan

2.5.4 Electrolyt ic Oxygen Isotope Effects

- M. Hammerli, W.J. Olmstead

2.5.4.1 Oxidation of Water to Oxygen with BrF3

We require a method for the preparation of oxygen-isotope gas stand-
ards from natural water, heavy water, and mixed water standards before we
attempt to measure small e lect ro ly t ic oxygen isotope effects (see PR-CMa-54).
Oxidation of water to oxygen with BrF3 can be used but this method has the
following drawbacks:

(a) 100% yields are not always obtained (see PR-CMa-57).

(b) The low vapour pressure (0.7 kPa at 20°C) of BrF3 makes BrF3 d i f f i c u l t to
transfer from one compartment to another in the reaction apparatus.

(c) According to reference (1), BrF3 reacts with Br2, a product of the reaction
with water. This reduces the amount of BrF3 available for the oxidation
of water.

(d) BrF3 attacks the Inconel valve seats (this problem was solved, with Teflon
seats discussed in PR-CMa-57) and stems (reference 1), making repeated
valve overhaul necessary.

The drawbacks of BrF3 may be overcome by using BrF5 instead. Accord-
ing to reference (1)* no measurable reaction occurs between BrF5 and Br2 after
one hour exposure at room temperature, and its vapour pressure is 44 kPa at 20°C.
Also, BrFs is expected to give 100% oxygen yields consistently and it is implied
in reference (1) that BrFs does not attack Monel or nickel.
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We recognized at the outset (see PR-CMa-54) that BrF5 was poten-
tially the most suitable chemical for the present application. However, we
were unable to locate a supplier and have only recently obtained the fluorine
and materials for making BrFs in-house.

A vacuum line of nickel and Monel parts has been constructed and
conditioned with fluorine gas. Nine grams of BrF3 were transferred into a
nickel/Monel reactor to which was added a 250 cm3(S.T.P.) aliquot of fluorine
by freezing with solid nitrogen (temperature = -210°C). At this temperature
the vapour pressure of fluorine is about 5 kPa. Then the reaction vessel was
heated to 200°C for minimum of 2 hours to allow reaction (1)

200° C
BrF3 + F2 BrFs (1)

to go to completion. This procedure was repeated with 5 additional such ali-
quots of fluorine. The measured yield of BrFs of 10.4 g agrees well with the
theoretical yield of 10.7 g and is sufficient for about 100 water samples.
This product will be tested when the SpectrEL quadrupole mass spectrometer has
been reconditioned.

(1) H.E. Kluksdahl and G.H. Cady, J. Am. Crem. Soc. 81, 5285 (1959)

2.5.4.2 Electrolytic Oxygen Isotope Separation Factors

The electrolytic oxygen isotope separation factors are defined as:

(160/170) gas
S(160/170) (1)

(160/170) electrolyte

and
(160/180) gas

S(160/180) = (2)
(160/180) electrolyte

Preliminary work involving testing an oxygen gas collection system
and a polypropylene three compartment electrolysis cell has been done. Nat-
ural water containing 30% by weight of KOH was the electrolyte. Electrolyses
were performed at current densities of 20, 50, 100 and 200 mA/cm2 at 250°C,
and oxygen samples were collected. The oxygen isotope ratios were measured
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on the Pernicka quadrupole mass spectrometer by H.D. Herrington (Section 2.2.5)
since the SpectrEL instrument is not yet available. Only preliminary estimates
of the 1 60/ l 70 and 1 60/ 1 80 ratios in the electrolytic oxygen relative to the
same ratios for air and compressed oxygen were possible.

These preliminary results for air compared with compressed oxygen
suggest an interference from nitrogen. The I 60/ l 70 and 1 60/ 1 80 ratios for the
electrolytic oxygen appear to be depleted to an abnormal degree in the 1 60
isotope for reasons not understood at present. The water electrolysis and
oxygen gas collecting systems for these experiments appear to be working satis-
factorily.

2.5.5 Nitrogen Dioxide-Xenon Standards and Analysis Method

- M. Hammerli, W.J. Olmstead

Because of our previous experience in measuring nitrogen oxides at
the parts per million level and below, and in preparing gas standards in general,
we were asked (J.P. Mislan, Section 2.2.6, this report) to prepare N02-in-xenon
standards. These could then be used to determine limits of detectability and to
produce a valid calibration curve.

Gas standards containing from 10* to 10 parts per million N02 in
xenon were prepared in duplicate as follows: both gases were purified by freeze-
thaw cycles using liquid nitrogen to remove non-cordensible gases. Aliquots of
purified NO2 and Xe were measured with a precision Heise gauge. Each standard
was prepared using the freeze-thaw technique for transfer and mixing. Standards
containing successively lower concentrations of N02 in Xe were made by diluting
the higher N02 standards with Xe. All standards were analyzed by J.P. Mislan
and colleagues on the SpectrEL and Perm'cka quadrupole mass spectrometers (see
Section 2.2.6). A concentration of 25 ppm N02 in Xe is just detectable.

To possibly improve the above detection limit, we investigated a
method based on the reaction:

2N02 + 2NH3 *" NH^N03 + N2 + H20 (1)

Accordingly, 12.7 cm3(S.T.P.) of NH3 were mixed with 8.5 cm
3 of N02 in a flask

equipped with a break seal. Duplicate experiments gave the results of Table
2.5.5.1.

The lower experimental values for N2 and N03" with respect to the
theoretical values may indicate that the reaction did not go to completion.
Water contamination of the starting chemicals is most likely the cause for the
high water results.

A preliminary analysis based on reaction (1) was also attempted by
reacting 21.25 cm3 of the 1000 ppm N02-in-Xe standard with 8.5 cm

3 of NH3.
Both the N2 and H20 fractions of the reaction products were too small to measure
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TABLE 2.5 .5 .1 : Measured and Calculated Reaction Products or
Constituents for the Reaction of Nitrogen
Dioxide with Ammonia

CONSTITUENT

1. N2

2. H20

3. N03"(in H20)

QUANTITY

MEASURED

Expt. #1

3.74 cm3

6 mg

10.3 mg

Expt. #2

3.64 cm3

7 mg

11.4 mg

CALCULATED

4.26 cm3

3.5 mg

11.8 mg
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quantitatively by the previous methods but the nitrate could be determined sat-
isfactorily as NO3" by ion chromatography (J.R. Woods). The measured quantity
of N03~ was 45 yg compared with a calculated value of 29.4 yg.

While the above agreement between measured and calculated values is
marginal, such N03~ levels are still 50 to 100 times higher than the detection
limit of ion chromatography for this ion. Therefore, reaction (1) has promise
as a method for analysing NO2 down to 5 or 10 ppm. The method has the following
advantages:

(a) The highly radioactive xenon can be treated with ammonia to convert the
N02 and only the reaction products need be analysed.

(b) Short analysis times (e.g. same-day results) are possible.

(c) The limits of detection for N03~ appear lower than those for N02 by mass
spectrometry and are close to the requested limits (5 ppm).

(d) It may be possible to perform the analyses at the production site using a
specific ion electrode for N03".

We plan to measure more N02-in-Xe standards to investigate the pre-
cision and the limits of detection, and to evaluate the use of N03~ specific
electrode for this application using reaction (1).

2.5.6 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

To complete the development work on the borate electrode, the inter-
ference by various anions to electrode response was determined. The extent of
interference varied with the anion: ClOi*" > I" > N03~ > OH" > Cl" > F- with
values of the selectivity coefficients ranging from 2xlO3 to 2, for CIO*" and F",
respectively.

2.5.7 Response of the Copper-Selective Electrode

- J. Gulens, L. Seguin, P.K. Leeson

The response of the copper-selective electrode in air-saturated
solutions containing various concentrations of copper (II) was studied as a
function of pH. Results showed that the previously reported anomalous response
of the electrode in this system (PR-CMa-57) may have been due to incomplete
attainment of equilibrium conditions. In the pH range of 7.5 - 9.5, up to
20 minutes were required for the electrode potential and pH to attain their
apparent equilibrium, as compared to the 2-3 minutes reported previously. In
addition, the electrode response indicated that a solid phase was being formed
in solution at higher copper concentrations. The identity of this solid phase
is at present unknown, as the value of its solubility product does not agree
with that for any known copper salt. The investigations are continuing.
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A computer program, MINEQL II, has been acquired (courtesy
R.E. Jackson, Environment Canada) and adapted to the CRNL computer to model the
copper-hydroxide-carbonate system. When the total metal and total ligand con-
centrations are specified, this program will speciate the metal present as a
function of solution pH,i.e.,it will calculate the concentration of the uncom-
pleted metal and the concentrations of the various metal-ligand complexes. If
solid phases are formed, the speciation results are corrected accordingly.

2.5.8 Influence of High Radiation Fields on the Response of Ion-Selective
Electrodes'

- J. Gulens
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2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Thermal Ionization Mass Spectrometry

- L.W. Green, T.H. Longhurst, J.R. Woods, L.F. Sparkes, G.G. Them

Studies of the optimal filament loading form of U, Th, and Pu are
continuing. Adsorption onto anion-exchange f i l t e r paper was evaluated as a load-
ing form for U and Th. The dist r ibut ion coefficients for U(VI) and Th(IV) were
determined by a-counting of 233K and 2 2 8Th, respectively, and a value of 3 was
obtained in both cases. For eff iciency determinations, discs of 0.8 mm diameter
were cut from the f i l t e r paper, equilibrated for 1 to 2 h with U(VI) or Th(VI)
solutions, and transferred to f l a t Re ionization fi laments. Average values for
the measurement eff iciency were 1x10"" for U and 3xlO"6 for Th.

The accuracy of the U 235/238 ra t io measurement using the anion-
exchange paper loading form was tested by analyzing an i r radiated, low-enriched,
UO2 fuel sample and comparing the result with that obtained previously using the
t r i p l e filament technique on a puri f ied al iquot. The dissolved fuel was di luted
to 100 vg-mL"1 U to provide a nominal 30 ng quantity of U on the disc af ter
equi l ibrat ion. The radioact iv i ty of the d i lu te fuel solution was suf f ic ient ly
low that the equi l ibrat ion could be performed in a Class C fume hood. The de-
termined value for the 235/238 rat io was 4.36xlO"3 and is in exact agreement
with the value obtained using the t r i p l e filament technique.

Materials analyzed for their isotopic composition included: two
enriched UAISi samples and eight irradiated enriched U02 samples from Fuel
Materials Branch, four irradiated enriched U02 samples from Fuel Engineering
Branch, six enriched U02 samples from Nuclear Materials Control Branch, and two
yellowcake samples from Eldorado Nuclear Ltd.

2.6.2 Fuel Analysis

2.6.2.1 Burn-up Determination

- C.H. Knight, B.M. Recoskie

Twelve irradiated UO2 fuel -pel le t samples from the Fuel Engineering
and Fuel Materials Branches were dissolved, and the uranium was separated and
puri f ied for mass spectrometric analysis. The results w i l l be used to calculate
fuel burn-up by the U-235 depletion method.

Considerable time has also been spent on t ra in ing and famil iar izat ion
of new personnel with the use of the hot cel ls and glove boxes during th is
quarter.

In preparation for isotope d i lu t ion analysis of irradiated fuels for
the i r quantitative neodymium content, a standard 1S0Nd spiking solution was
prepared containing 31.8 ug Nd-g"1.
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This solution was stored, both in Nalgene volumetric flasks and in
sealed glass ampoules. After storage the following results were obtained by
stable isotope dilution analyses using another standard natural neodymium solu-
tion prepared from high purity material (5-9s Nd203):

Original Nd 150 (Gravimetric) 31.8 yg/g
(Isotope Dilution) 31.8 yg/g

After 40 days Storage in Glass (Isotope Dflution) 31.3 yg/g
After 100 days Storage in Glass (Isotope Dilution) 31.3 yg/g

These results suggested that some Nd was being lost from the solution,
however, a repeat isotope-dilution analysis of the original stock solution (after
100 days) gave 31.3 and 31.4 yg/g. Consequently a recheck of the natural stand-
ard wi l l be done by preparing a new 5-9s standard.

Work has continued on the development of methods for ThO2-UO2 fuel
burn-up using considerably smaller quantities of sample in order to increase
column efficiencies and to permit the spiking of the Th fraction with 230Th in as
small a quantity as possible since there is a limited supply of the spike solution.

2.6.2.2 Controlled Potential Coulometry

- C.H. Knight, B.M. Recoskie

A total of 12 11/Al samples have been analyzed for their quantitative
uranium content for the W.E.& P. Branch. As has been experienced in the past, a
number of these samples dissolved very slowly. Because slow dissolution has
serious implications for "Mo production rates, the problem is also being studied
by the System Materials Branch.

2.6.3 Analytical Support for (Pu, Th)O2 Pellet Production

2.6.3.1 Routine Analysis.

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

In support of the BQL-422 campaign to produce (Pu, Th)O2 fuel contain-
ing 1.54 wt% plutonium in thorium, the following analyses were performed:

Analysis

Quantitative Plutonium
Hydrogen
Metallic Impurities
Carbon
Fluoride
Nitrogen
Moisture

Number of Analyses

2
10
3
2
2
2
3



204
178
60

0.12
0.25
0.02
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The problem of higher than normal residual hydrogen in the vacuum
degassed pellets (see PR-CMa-57) has been corrected. Replacement of a faulty
thermocouple which had been giving high readings, and vacuum degassing at 850°C
have reduced the residual hydrogen concentration to a range of 0.3 to 0.6 yg-g .

2.6.3.2 Analysis of Uranium Ore Sample

The Fuel Materials Branch is attempting to determine the distribu-
tion of natural uranium in ore using fission fragment autoradiography. To assist
their evaluation of this technique quantitative analyses for uranium and thorium
in the ore were done. The analysis results for three natural U fragments are
given in the table below.

Samp!e lUmg.g"1) Th(mg>g-1)

1
2
3

2.6.3.3 Alpha Spectrometry

Alpha autoradiography is used in the Recycle Fuel Fabrication
Laboratory by the Fuel Materials Branch to determine the distribution of the
alpha-emitting f iss i le components in a fer t i le matrix. To more clearly define
the emission spectra of the a-particles that were impinging on the films used
for autoradiography, seven specimens of fuel pellets of the following composi-
tions were cut and polished, and the spectra were obtained on the a-spectrometer:
(1) Natural U02, (2) 10 wt% enriched U02, (3) Thorium dioxide, (4) ThO2-2 wt%
Natural U02, (5) ThO2-2 wt% enriched UO2, (6) ThO2-2.9 wt% enriched UOz
(fabricated by co-extrusion), (7) Natural uranium ore sample. Each of the
samples were remeasured with a 4 ym gold-foil f i l t e r placed on the surface to
check the effect of f i l ter ing out the low-energy alpha particles.

In another study an attempt was made to determine the extent of
cross-contamination between different fabrication campaigns in the Recycle Fuel
Fabrication l ine. To determine the extent of this carryover two pellets from
the second batch of the enriched uranium campaign, which followed the (Pu, U)02
campaign, and one pellet from a thorium dioxide batch, which followed the en-
riched uranium campaign, were analysed for plutonium contamination. After
separation from the thorium and uranium by ion exchange, the total plutonium
was determined by alpha counting. The enriched uranium pellets had an average
of 43 yg plutonium per pellet while the thorium pellet contained 0.04 yg
plutonium.

2.6.3.4 Lanthanides in Thorium Dioxide Powders

- in cooperation with G.J. Jarbo and P.L.J. Faught, see Section 2.2.1.1
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The program to verify that the separation techniques, previously
described in PR-CMa-55 and-57, produced satisfactory solutions for the determin-
ation of dysprosium, europium, gadolinium and samarium by emission spectroscopy,
continued in this quarter. Four 1-g samples of thorium dioxide powder were
spiked with varying amounts of the lanthanides in the concentration region of
interest to fuel analysts. The thorium was separated by the procedure previously
outlined and the solutions were analyzed by inductively-coupled-plasma optical-
emission spectroscopy. The recoveries given in Table 2.6.3.4.1 are considered
acceptable, but work is continuing to standardize the separation processes and
to eliminate inconsistent recoveries.
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TABLE 2.6.3.4.1

Rare Earth Recoveries From Thorium Solutions

Lanthanide Amount Taken Amount Found

Dy 0.1 0.11
0.2 0.17
0.3 0.23
0.5 0.34

Eu 0.1 0.07
0.2 0.20
0.3 0.31
0.5 0.50

Gd 0.1
0.2 0.18
0.3 0.20
0.5 0.36

Sm 0.1 0.12
0.2 0.20
0.3 0.28
0.5 0.38
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2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

2.8.2 Meetings

M. Hammerli - attended meeting of Industry, Trade and Commerce to
discuss the future of the Noranda PAIT Project: Phase II, Ottawa,
1981 June 19

M. Hammerli - held discussions with Bryan Taylor regarding Canada
- U.S. cooperation on H2 Projects, Ottawa, 1981 June 19

W.M. Thurston - review D/H analysis and set up IR spectrophoto-
meters, BHWP, 1981 July 20-22

M. Hammerli - held discussions with Dr. F. Schubert, Life Systems
Inc. on possible Electroiyzer Development contract, Cleveland,
1981 August 18

R.M. Cassidy - attended and chaired organization meeting for 1981
Workshop on Analytical Chemistry Related to Canada's Nuclear Industry,
Eldorado Nuclear Ltd., Ottawa, 1981 September 10

L.W. Green, J. Gulens - attended organization meeting for 1981
Workshop on Analytical Chemistry Related to Canada's Nuclear Industry,
Eldorado Nuclear Ltd., Ottawa, 1981 September 10

M. Hammerli - held discussions with Prof. A. Tseung regarding IEA
Advanced Electrolysis Programs, Toronto, 1981 September 14

M. Hammerli - held discussions with Dr. B. Fleet and Dr. S. Das Gupta
of HSA Reactors Ltd. regarding possible R&D contract in the Advanced
Electrolysis Program, Toronto, 1981 September 15

M. Hammerli - contract review meeting with Ecoplastics Ltd., Toronto,
1981 September 15

2.8.3 Courses

I.H. Crocker - Middle-Management Development Seminar, Ottawa, 1981
September 20-25
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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) Low Dose Radiolysis of No-0p Mixtures

As reported previously (PR-CMa-57; AECL-7416) the anomalous behaviour
of the Philips N0/N02 analyzer has been traced to the production of an
unidentified substance in the irradiated N2-O2 mixtures. I t was found
that this substance could be destroyed by passing the irradiated gas
through a hot quartz, Pyrex or copper coil (of the same dimension) before
entering the NO/NO2 analyzer. At temperatures above 420°C and gas contact
times with the hot'coil of 6 seconds, the interfering substance is
completely removed and the sum of the NO and NO2 concentration is constant,
but with increasing temperature the partitioning between NO and NO2
changes, there being more NO as the temperature increases. This technique
does not allow measurements of the individual concentrations of NO and NO2
in the irradiated N2-O0 mixtures. Fortunately, the measurement of the
total yield of the oxides of nitrogen can be related to the total yield
of ground and excited N atoras.

A steady-state analysis of the chemical kinetics in irradiated N2-O2
mixtures has been completed. Ion-molecule kinetics were ignored in this
analysis since i t is expected that no net formation of the oxides of
nitrogen can be obtained from ion-molecule reactions of N2+. Clustering,
reaction [1], and subsequent charge exchange with O2, reaction [2], wi l l
remove N2 ions without N atom formation.

[1] Ng + 2N2 + Nj + N2

[2] Nj + 02 •> 2N2 + 02
+

The 02 formed in reaction [2] wi l l charge exchange with NO

[3] 0 2
+ + NO -* N0+ + 0 2

or be neutralized. The neutralization of NO by electrons, O2"
or MO2" will either lead directly to NO or free atoms. However, the N
atom will then react with 0 2 to form NO.
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[4] N + 0 2 •* NO + 0

The N ion formed from dissociative ionization of N2 will lead to an N atom
after clustering

[5] N+

and neutralization of N- or directly by charge exchange

[6] N+ + 0, •> N + 0 9
+

Again the N atom formed from neutralization or charge exchange w i l l form
NO by reaction [4 ] . The net effect of the N+ ion is that the total y ie ld
of N atoms w i l l be increased by 2 G(N+).

13Because of the low concentration of the oxides of nitrogen, < 10
molecules cm~3, many possible reactions in the N2-O2 system may be ignored.
The steady-state analysis involved 17 reactions and 10 possible chemical
species. The rate constants were taken from the latest compilations ( 1 , 2).
The result of the analysis is that the sum of the concentration of NO and

is given by:

G(N) x D x Vr

m + [No2] - V X i 0 Q x fN

where 6(N) is the y ie ld of N atoms for pure N2, D is the dose rate, Vq
the volume of the radiation c e l l , Vp h
analyzer, f j ^ is the mole percent o
the volume of the radiation c e l l , Vp the pumpTng speed through the NO/NO9

j f No in the mixture. c

The experiments were carried out by varying the volume of "the co i l type
radiation c e l l , hence the residence time and dose, for a premixed N2-O2
mixture. A plot of the sum of the NO and NO2 concentrations versus the
volume of the radiation cel l should y ie ld a straight l i ne . Experiments are
now underway to test equation [7 ] .

(1) D.L. Baulch, R.A. Cox, R.F. Hampson, J.A. Kerr, 0. Troe and
R.T. Watson, J . Phys. Chem., Ref. Data 9_, 295 (1980).
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(2) R.F. Hampson, "Chemical Kinetic and Photochemical Data Sheets for
Atmospheric Reactions" Report No. FAA-EE-80-17, 1980.

3.2.2 Radiolysis of Liquid Systems

(a) Radiolysis of Aqueous Gadolinium Nitrate Solutions

- J.W. Fletcher and P.J. Roy

Computer calculations (PR-CMa-47, AECL-7416) indicate the formation
of n i t r i c oxide (NO) and nitrogen dioxide (NO?). We have detected NO by
mass spectrometry and NO2 by a Philips PW 9762 oxide of nitrogen analyzer
in the radiolysis of a neutral mil l imolar gadolinium n i t ra te solut ion.
Work is continuing to determine the yields under various conditions.

(b) Iodine Chemistry in Aqueous Solution

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

Oxyiodine radical species have been suggested (1) as intermediates
in the oxidation of iodine by oxygen and hydrogen peroxide. Reaction [1]
was assumed to be a major radical step.

[1] I- + 0 2 -> I02-

We have not been able to substantiate this step using pulse radiolysis.
However, our data indicate that the hydroxyl radical acts as a chain
carrier via reactions [2] and [3].

[2] HOI + OH- + 10- + H20

[3] 10- + H 20 2 -> HI02 + OH-

Experiments are continuing in order to confirm the mechanism of iodine
oxidation.

(1) D. Edelson and R. Noyes, J. Phys. Chem. 83 212 (1979).
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(c) Two Phase Water Radioiysis

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

Table 3.2.2.1 shows representative results obtained when neutral,
degassed water was irradiated at 70°C. The samples, which were stirred
throughout the irradiations, had a gas to liquid volume ratio (Vg/Ve)
of ^ 0.5. Sufficient dose was given to ensure steady-state reaction
conditions were reached. As the overall radiolytic decomposition of
water is given by reactions [1] and [2],

[1]

[2]

the mass-balance equation [3] should be obeyed.

[3] [H2] = 2[02] + [H202J

As can be seen in Table 3.2.2.1 the condition required by [3] is not
obeyed. Earlier workers (1) also could not obtain a material balance
from pure water and,after extensive study, concluded the problem arose
from unavoidable trace impurities in the glass cell surface.

For the above reason i t was impractical to use the results in
Table 3.2.2.1 to test the computer modelling of the radiolysis of
water (2). To generate data for this comparison, hydrogen peroxide was
added as a radical scavenger to the water to minimize the effect of t h e ,
surface impurities. Degassed water samples containing 1.3 x 10"^ mol-L"
hydrogen peroxide were irradiated to steady-state conditions at 70°C in
cells where Vq/Ve was varied. The results are shown in Fig. 3.2.2.1
along with the values (solid lines) calculated from the MACKSIMA CHEMIST
program using rate constants adjusted from their room temperature values
by the Arrhenius equation (3). The agreement between the calculated and
experimental yields is fa i r .

In irradiated water, the G-value for hydrogen atoms, molecular
hydrogen, hydroxyl radicals, solvated electrons and hydrogen peroxide
are well established at room temperature. For higher temperatures there
are three conflicting reports (3, 4, 5) available. As high temperature
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TABLE 3.2.2.1

Product Yields from Water Irradiated at 70°C

10"23 Dose Vg/Ve 106[H202] 106f02] 106([H202] + 2[O2]) 1O6[H2]

(eV/kg)

1.8

1.8

1.8

1.8

14.4

14.4

0

0

0

0

0

0

.64

.60

.57

.65

.37

.54

moi-L"1

2.6

4.2

0.8

5.6

4.2

not
measured

mol

18

7

<

180

<

<

.0

.2

1

1

1

moi-L"1

38.6

18,6

0.8

360

4.2

—

mol-L"1

111

84

117

321

99

162

TABLE 3.2.2.2

Thermal Decomposition of Hydrogen Peroxide at 100°C

Time
(Hours)

0

0

0

1.5

3.25

5

6

6

105[H20?]

mol-L-f

18.2

17.1

23.3

14.7

7.6

11.9

8.8

2.8

10J[02]

moi-L"1

1.13

2.87

—

3.96

7.89

5.81

—

105([H202] + 2[02])
mol-L"1

20.5

22.8

—

22.6

23.4

23.6

—
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Figure 3.2.2.1 - The steady-state y ie ld of hydrogen ( • ) , oxygen ( x ) , and
hydrogen peroxide (*) (expressed as concentration dissolved
in the l i qu id phase) from irradiated 1.3 x 10~4 mol-L~l
H2O2 solutions as a function of Vn/V-. Lines are calculated
by MACKSIMA CHEMIST. 9
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computer modelling calculations require these G-values, radical scavenging
experiments have been designed to obtain these resul ts . In preparation
for these scavenger studies, quantitat ive assays for n i t r i t e ions, hydrogen
peroxide in the presence of n i t r i t e ions, and carbon dioxide have been
developed ever the last quarter. Experiments are currently underway at
room temperature to check the methodology.

At temperatures greater than 70°C, the thermal decomposition of
hydrogen peroxide in neutral water becomes s igni f icant over the time scale
of our experiments. To determine the rate and stoichiometry of th is
react ion, degassed 1.3 x 10"4 mol-L"1 hydrogen peroxide solutions were
heated at 100°C for varying lengths of time. The oxygen and hydrogen
peroxide concentrations are shown as a function of time in Table 3.2.2.2.
Since equation [4] holds wi th in the accuracy of the measurements (see
Table 3.2.2.2)

[4] [H202] + 2[02] = constant

th is indicates that the decomposition reaction is given by [5]

[5] H 20 2 -*• H20 + ^ 0 2

The oxygen y ie ld at zero time probably arose from decomposition of
peroxide on the fresh glass surface of the ce l l when i t was f i l l e d .
The ce l l also affects the rate of reaction as the decomposition was
not a smooth function of time. However,a ha l f l i f e of about 3 to 4
hours can be assumed at 100°C.

(1) A.O. A l len, C.J. Hochanadel, J.A. Ghormley and T.W. Davis, J . Phy .
Chem. (1952), 56_, 575.

(2) M.B. Carver, D.V. Hanley and K.R. Chaplin, AECL-6413.

(3) W.G. Burns and W.R. Marsh, J . Chem. Soc. Faraday I , 77, 197 (1981).

(4) C.J. Hochanadel and J.A. Ghormley, Radiat. Res., J6., 653 (1962).

(5) K.N. Jha, T.G. Ryan and G.R. Freeman, J . Phys. Chem., 7?_> 868 (1975).
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3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

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

(a) Selective Multiphoton Decomposition (MPD) of Natural-Abundance CF̂ D
in CF3H

 J~

The recovery of a deuterium enriched sample of water for MPD of
natural-abundance fluoroform was f i r s t reported in PR-CMa-56, AECL-7332.
The separation factors (aD = f(H/D)HYD * (H /D)Fiuoroform^ r e P o r t e d by u s

(s 90) were considerably lower than the values of at least 20,000 inferred
by previous workers ( 1 , 2) . The low values were thought to be due to
downgrading of the enriched sample by exchange with natural-abundance
water adsorbed on the ce l l surface. To test th is hypothesis, a series
of experiments was performed in a ce l l which was isolated from sources
of water fo r the duration of the ent i re ser ies. In th is way, enriched
water samples would equi l ibrate with the adsorbed water and the water
col lected fo l lowing each successive experiment w i l l approach a D/H ra t io
equal to that of the primary MPD product.

Measured separation factors for the series of select ive MPD
experiments are shown in F ig. 3 .3 .1 .1 . The successive experiments
from 3 to 7 show increasing values of ap and c lear ly demonstrate that
physical separation of a sample, deuterium enriched 2000 times over
natural abundance, is possible by select ive MPD of f luoroform. Since
s ign i f i can t depletion of the available CF3D has occurred during the
20,000 pulse experiments, the single pulse enrichment factors are larger
than the 2000-fold enrichment measured.

(1) J.B. Marl ing, I.P. Herman and S.J. Thomas, J . Chem. Phys. 72, 5603
(1980). " ~

(2) S.A. Tuccio and A. Hart ford, Chem. Phys. Letters 65., 234 (1979).

(b) Multiphoton Absorption of Decomposition of Monomethyi-Amine

Prof i les o f the three d i f fe ren t CO2 laser pulses used i n both
multiphoton absorption (MPA)and decomposition (MPD) experiments are
shown in Fig. 3.3.1.2. These are generated by cut t ing a 10 or a 20 ns
s l i ce out of the smooth osc i l l a to r pulse and then amplifying th is to
obtain the 6 and 9 ns FWHM pulses, respectively. The 40 ns FWHM pulse
is generated by inser t ing a p-Ge saturable absorber in to the beam af ter
the osc i l l a to r and replacing the CdTe electroopt ical switch with a x/2
plate. The resul t ing pulse is then ampl i f ied.
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Figure 3.3.1.1 - Separation factors measured for deuterium enriched water
samples obtained for selective MPD of the natural abundance
CFJD component in fluoroform. During this series of
experiments, the cell was isolated from sources of natural-
abundance water vapour, such as room air.
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Figure 3.3.1.2 - CO- Laser Pulse Profiles. The pulse shapes for amplified
10 ns and 20 ns cutouts are shown on the left and centre,
respectively. The shape of the single longitudinal mode
oscillator output after passing through a saturable
absorber and then beinq amplified is shown on the right.
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MPA measurements using the 6 and 40 ns pulses are shown in Fig.
3.3.1.3 A and B, respectively, for CH3NH2 at a pressure of 0.67 kPa.
A wider range of intensi t ies is covered by the 6 ns compared to the
40 ns pulse. Bends in the plots of the absorption data are seen for
both the 6 and 40 ns pulses. For the MPA of the 40 ns pulse, one of
these bends comes at higher fluence (J/cm2) this is apparently an
intensity rather than a fluence dependent phenomenon and is similar to
observations made previously by us of MPA of CDF3 (see PR-CMa-53,
AECL-7094).

For an increase in CH3NH2 pressure from 0.40 to 1.33 kPa the MPA
energy absorbed per molecule almost doubles for both the 6 and 40 ns
pulse, even though there are very few gas kinet ic col l is ions during
the laser pulse. Such an increase in MPA is thought to be due to rapid
rotational relaxation making a larger fract ion of the molecules resonant
with the laser beam as pressure increases.

The results of MPD studies ( for the pressure range 0.133-1.33 kPa)
for each of the laser pulses 6, 9 and 40 ns, at a constant fluence of
20J/cm2 are shown in Fig. 3.3.1.4. In contrast to SFs (1) , there is a
clear dependence of y ie ld of H2 (̂ H? is the number of H2 molecules/
pulse/kPa of CH3NH2) on laser beam intensi ty . At a pressure of 0.267 kPa,
Y^? f a l l s by a factor of 30 for a 7-fold decrease in in tens i ty .

(1) P. Kolodner, C. winterfeld and L. Yablonovitch, Opt. Commun. 20,
119 (1977). ~~

3.3.2 Laser Magnetic Resonance

- D.R. Smith, J.S. Geiger and J.D. Bonnett, with A. Carrington,
University of Southampton

Our study of the ground state radical NHD (X2A") (0,0,0) has
continued, with LMR spectra now obtained at various wavelengths, notably
129.5, 170.6, 211.26, and 232.9 urn.

A computer program has been developed which calculates r ig id
rotator (asymmetric top) zero f i e l d energy levels and the Zeeman-tuning
of these levels when a magnetic f i e l d is applied. I t also provides a
printout of t ransi t ion energy as a function of magnetic f i e l d . With the
aid of this program, and the published constants (1) a preliminary
analysis of the 211.26 ym (1419.0493 GHz) spectra has been carried out
(Table 3.3.2.1). Intense a and tr (E _[_ H and E | | H, respectively) spectra
are observed between 0.05 and 0.5 T. Five of the a spectra are assigned
to 2Q2 - 3^3, F-| - F-j, AMJ = -1 transit ions and three more of the
a spectra are assigned to 2g2 - 3]3, Fo - Fg, AMJ = -1 t ransi t ions.
At least four a spectra are due to another rotational t ransi t ion of NHD,
or another species. Three of the TT spectra are assigned to 2Q2 - 3}3,
F-j - F-|, AMj = 0 transit ions while 3 strong and various weak spectra
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Figure 3.3.1.3 - Multiphoton Absorption by CH3NH?. Multiphoton absorption
of the CO2 laser 9P24 line by CH3NH2 at 0.67 kPa
(A) pulse width 6 ns FWHM (B) pulse width 40 ns FWHM.
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Figure 3.3.1.4 - Dependence on pressure"and laser pulse intensi ty of the
y ie ld (number of hydrogen molecules/pulse-kPa) of hydrogen.
A l l experiments at 20 + 1 J/cm2.
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are due to another rotational transition of NHD or another species.
(F] and F2 designate the spin-rotation components corresponding to
J = N + H and J = N - h, respectively (2) . )

Our assignments have been supported by correlating field shifts
with frequency shifts, achieved by slightly tuning the FIR laser to
higher or lower frequency. We have not yet attempted an analysis of
hyperfine structure. One conclusion of our work is that the zero
field transition energies are slightly lower than previously thought
(Table 3.3.2.2).

(1) D.A. Ramsay and F.D. Wayne, Can. J. Phys. 57, 761, (1979).

(2) J.T. Hougen, J. Mol. Spectroscopy, 54, 447 (1975).

(3) D.A. Ramsay private communication.

TABLE 3.3.2.1

Assignment of NHD(X2A") Spectra at 1419.0493 GHz

Approximate Magnetic
Field (T)

0.0690

0.0765

0.0890

0.1100

0.1260

0.1425

0.2080

0.5231

0.1414

0.1910

0.3428

Assignment

E l H (o)

F r F r -3/2-v-5/2

F r F r - 1 / 2 - - 3 / 2

F]-F1, +1/2 - -1/2

F r F r +3/2 - +1/2

F2-F2, -3/2 - -5/2

F r F r +5/2 - +3/2

F2-F2, -1/2 - -3/2

F2-F2, +1/2 - -1/2

E||H (TT)

F1-F1, -3/2 - - 3 / 2

F r F r - 1 / 2 - - 1 / 2

F,-F,. +1/2 - +1/2
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TABLE 3.3.2.2

Comparison of NHD(X2A"), 2QZ - 3 ] 3

Zero Field Transition Energies, GHz

Ramsay

Ramsay

and

and

This work,

3.3.3

Wayne

Birss

LMR

Volatile
of

(1)

(3)

Molecules of Heavy
Zirconium Isotopes

Fr
1418

1418

1418.

• F l

.846

.7045

.552

Elements:

F2

1420

1420

1420

"F2

.405

.1957

.000

Approaches to Laser Separation

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

3.4 HYDROGEN WATER EXCHANGE

3.4.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen and Water

- J.P. Butler, J. den Hartog, F.W.R. Molson, J.H. Rolston,
L.M. Dainty and K.L. Gale.

3.4.2 Studies of the (111) Surface of Monocrystalline Pt

- P.R. Norton, in collaboration with T.E. Jackman, J.A. Davies,
D.P. Jackson, C.W. Sitter (Solid State Science Branch) and
W. Unertl (University of Maine)

See Solid State Science Branch, section 1.3.1.
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3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF,H) and Water

- E.A. Symons

3.5.2 Isotopic Exchange Reactions in Protic Solvents

- J.D. Halliday, P.E. Bindner and S. Padamshi

Deuterium Redistribution in Pi methylamine - Nd Catalyzed by Cesium
Pi methylamide

The study of deuterium redistribution in dimethyl amine - N̂  (to
yield mono-, d i - , and tri-deuterated methyl groups) [1] as a function of
cesium dimethyl amide catalyst concentration at 323.15 K has been completed.

Cs N(CH3)
[1] (CH,\ ND <= - „ ... fr CH,D, CHD9, CD, substituted dimethylamine

Pseudo f i r s t order rate constants taken from the in i t ia l rate data for
various amide concentrations are shown in Fig. 3.5.2.1. These results
for the dimethylamine system are similar to those of methylamine (1)
where the curvature in the graph was produced by an equilibrium between
the active catalyst in solution, the monomeric amide, and unreactive
dimers, . . . , n-mers.

In i t ia l rate data have been used because there is marked curvature
in the ln(X-Xe) vs. time graphs (1) (X, Xe are the concentrations of
amino deuterium at times t and equilibrium,respectively). This is
shown in Fig. 3.5.2.2 for a solution with a catalyst concentration of
0.0757 mol/kg solvent. The overall reaction is apparently being retarded
by the buildup of protium concentration in the amino position of the
solvent which slows the reverse reaction due to a large isotope effect.
The time-concentration data are being further analyzed with the aid of
the reaction kinetics program MACKSIHA-CHEMIST (2) in order to extract
the isotope effect. Inclusion of this effect is expected to correct
for the curvature in the In (X-Xg) graph.
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CONCENTRATION (mol /kg solvent)

Figure 3.5.2.1 - Observed in i t ia l pseudo f i r s t order rate constants for
deuterium redistribution in dimethylamine - Nj vs.
concentration of cesium dimethyl amide catalyst at
323.15 K.
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Figure 3.5.2.2 - Ln(X-Xe) vs. time graph for a 0.0757 mol/kg solvent cesium
dimethylamide solution. The straight line shows the
deviation of the data from the in i t ia l rate.
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(1) J.D. Haliiday and P.E. Bindner, Can. 0. Chem. 54, 3775 (1976).

(2) M.B. Carver, D.V. Hanley, and K.R. Chaplin, AECL-6413, Feb. 1979.

3.5.3 Separation Factor for Deuterium Exchange Between Hydrogen and
Methanol/Water Mixtures

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

Measurements of the separation factor, a, between hydrogen gas and
l iqu id methanol-water mixtures at temperatures of 25, 40 and 55°C have
been completed. Solutions were prepared with d i f fer ing mole fractions of
alcohol and each contained an i n i t i a l deuterium atom fract ion of 0.030.
The water content of commercial methanol was measured as 0.1% by measure-
ment of the near infrared absorption at 1940 nm (1) . The results for mole
fractions between 0 and 1 are summarized in Fig. 3.5.3.1 which shows that
a increases l inear ly with alcohol f ract ion at a l l three temperatures.
There is no evidence of pronounced maxima in the a-composition curves in
contrast to those observed for the viscosity of various alcohol-water
mixtures (2). Separation factor measurements therefore appear insensitive
to the subtle changes in the intermolecular environment of the hydroxyl
groups responsible for the viscosity maxima in these mixtures.

(1) R.L. Meeker, F.E. Cr i tchf ie ld and E.T. Bishop, Anal. Chetn. 34, 1510
(1962).

(2) W. Drost-Hanson and L. Korson, Viscosity and Conductivity Studies,
Progress Report No. 349, August 1968, Office of Saline Water, U.S.
Department of the In ter io r , Washington, D.C.

3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Publications

The Single Pulse Photoacoustic Technique for Measuring Infrared
Multiphoton Absorption by Polyatomic Molecules
- S.L. Chin, W.N. Selander, D.K. Evans and Robert D. McAlpin*>
Applied Optics ( in press) (1981)

A Short Pulse CO2 Laser for Photochemical Studies
- A.W. Pasternak, D.O. James, J.A. Nilson, D.K. Evans, Robert D.
McAlpine, H.M. Adams and E.B. Selkirk
Applied Optics ( in press) (1981)
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Figure 3.5.3.1 - Temperature and Composition Dependence of Separation Factor
a for Deuterium-Protium Fractionation between Hydrogen and
Methanol-Water Mixtures at 25°C ( top), 40°C (middle) and
55°C (bottom); error bars indicate ±12! of measured value.
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Surface Relaxation of the Platinum (lOO)-(lxl) Surface at 175 K
- J.A. Davies, T.E. Jackman, D.P. Jackson and P.R. Norton
Surface Science, J09 20 (1981)

3.6.2 Lectures

Short Pulse CO2 Laser Photochemistry of Methyl amine
" D'K. Evans, Robert D. McAlpine and H.M. Adams
10th International Conference on Photochemistry, I rak l ion , Crete,
Greece, 1981 September 6-12

The HF Laser-Induced Photochemistry of Trifluoroethanol
- D.K. Evans, Robert D. McAlpinu and J.W. Goodale
Fi f th National Quantum Electronics Conference, Hu l l , England
1981 September 23-25

Infrared Laser Photochemistry of Small Molecules
- D.K. Evans
Department of Chemistry, University of Nottingham, Nottingham,
England, 1981 September 18

Multiphoton Absorption and Decomposition with Infrared Lasers
- D.K. Evans
University of Hull, Department of Applied Physics, Hull, England
1981 September 16

Etudes de la Photochimie des Petites Molecules par Laser Infrarouge
- D.K. Evans
Centre d'Etudes Nucleaires de Saclay, Gif sur Yvette, France
1981 September 14

The following lectures were presented at the 28th International
Union of Pure & Applied Chemistry Congress, Vancouver, Br i t i sh
Columbia, 1981 August 16-21

Pulse Radiolysis: A Technique to Clar i fy the Chemistry of Aqueous
Iodine Solutions
• J.W. Fletcher and L.W. Thomson

Multiphoton Absorption and Decomposition Studies of Fluoroform-d
- R.D. McAlpine, D.K. Evans and H.M. Adams

Medium Effects on Base-Catalyzed Hydrogen Isotope Exchange: Some
Hydrocarbon Acids and Molecular Hydrogen
- E.A. Symons and E. Buncel
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The following lectures were presented during leave of absence
at University of Munich, West Germany

Surface Structure and Reactivity
- P.R. Norton
University of Osnabruck, Physics and Chemistry Departments,
1981 January 12, University of Innsbruck, Inst. for Physical
Chemistry, Austria, 1981 March 19

Catalytic Oxidation of CO on Pt(lll)
" P.R- Norton
University of Munchen: Institut fur Physikalische Chemie,
Munchen, West Germany, 1981 January 16
Surface Studies by MeV Ion Beams
- P.R. Norton
University of Erlangen-Nurnberg, Department of Physics,
1981 January 29, FOM Ins t i tu te , Amsterdam, The Netherlands,
1981 Apri l 23, Ins t i tu te for Physics, University of Munchen,
West Germany, 1981 June 2, Ins t i tu te for Crystallography,
University of Munchen, West Germany, 1981 June 8
Relationship between Surface Structure and Reactivity for
Platinum Surfaces
- P.R. Norton
Fritz-Haber Ins t i t u t der Max Planck Gesellschaft, Ber l in ,
1981 March 23, Kernforschungsanlage Julich Ins t i t u t for
Surface and Vacuum Physics, 1981 March 25

Catalysis, Surface Chemistry and Physics
- P.R. Norton
FOM Institute, Amsterdam, The Netherlands, 1981 April 21

MeV Ion Beams, Surface Physics and Chemistry
- P.R' Norton
Department of Physics, Technical University of Munchen,
West Germany, 1981 July 3

MeV Ion Beams in Surface Research
- P.R. Norton
Department of Chemistry, Queen Mary College, University of
London, England, 1981 August 20

MeV Ion Beams in Catalysis Research
" P.R. Norton
Department of Chemistry, University of East Anglia, Norwich,
England, 1981 August 21, Department of Chemistry, University
of Cambridge, England, 1981 August 24

Recent MeV Ion Beam Studies of Pt(lOO) and (110) Phase
Transitions
- P.R. Norton, T. E. Jackman, J.A. Davies, D.P. Jackson
Phase Transitions on Surfaces: Organized by German Physical
Society at Bad Honnef, 1981 April 28
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally Induced Cracking

(a) Gaseous Hydrogen Cracking

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

Recent experiments have been done with specimens from a Zircaioy-2 slab,
rather than the Zr-2.5 vt% Nb al loy slab used ear l ie r . Considerable d i f f i c u l t y
was experienced in getting hydrogen cracking to s ta r t . Although during our f i r s t
experiments on gaseous hydrogen cracking 50$ of the Zircaloy-2 specimens (2 of
4) cracked with incubation times of not more than about 2 hours, the f i r s t two
Zircaloy-2 specimens tested in our present system refused to i n i t i a t e hydrogen
cracks even after many days. One of these was induced to s tar t cracking by
admitting iodine vapour to the evacuated system, although even then an incuba-
t ion period of 2-3 days ensued. After cracking started in iodine the system was
evacuated, warmed with a hair dryer, and hydrogen was admitted. Cracking
started again almost immediately and proceeded at veloci t ies typical of gaseous
hydrogen cracking in Zr-2.5 vt% Nb. The system was purged several times to
eliminate traces of iodine, and the specimen w i l l be careful ly examined fracto-
graphically to establish that fractography is typical of hydrogen cracking.

A second specimen, from an ear l ier batch of slab with more equiaxed
grains, refused to s tar t even after nearly a week'in iodine, whereas the next
specimen tested started without any prompting after an incubation time of ^1/4 h
in hydrogen. The velocity versus stress intensity curves for the Zircaloy-2
specimens which have now gone to the c r i t i ca l stress intensity (Kin) show
veloci t ies and Kin values very similar to Zr-2.5 wt% Nb but
with considerably more tunneling of the crack than was evident for the la t te r
a l loy . No dependence on gas pressure was seen for the specimens which were
cracked at 1.0 and 0.1 atm, respectively (100 kPa and 10 kPa). Further
experiments on Zircaloy-2 are continuing, and the extent of inh ib i t ion by
surface oxides, which is thought to explain the errat ic i n i t i a t i o n behaviour,
w i l l be examined.

(b) Stress-Corrosion Cracking by I? Vapour

- B. Cox and R. Haddad

Small stress-corrosion i n i t i a t i on sites (^ 10 vim deep) have been produced
using the modified ring-compression apparatus (see PR-CMa-57, (AECL-7416),
Section 4.2.1) . In most cases, these areas were completely transgranular in
nature, with some s l ight evidence of possibly intergranular features. No
reproducible loci for i n i t i a t i o n were found; occasionally there were what
appeared to be precipitate part ic les at the i n i t i a t i o n s i t e , but non-dispersive
X-ray analysis fa i led to reveal any concentrations of al loying elements, or
impurit ies at these s i tes. In one instance, where there appeared to be a large
inclusion (30 urn diameter), th is gave analyses for Na, K and Cl (with some other
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elements). After ultrasonic cleaning, however, i t had disappeared and is
regarded as being an a r t i f ac t .

I f an active-path mechanism is to be viable as an explanation of trans-
granular iodine-induced cracking, then i t requires that stress-assisted diffusion
of iodine in zirconium shall occur, since J.C. Wood (J. Nucl. Mat. 1975, 57,
155) has already shown negligible iodine diffusion in unstressed specimens. To
search for th is i t was decided to carry out diffusion experiments on stressed
specimens implanted with '31j a n ( | sectioned by repeated pickl ing. I t was not
possible to use f l a t specimens and microtome them (as in the previous study)
because of the desire to stress them. The pickl ing technique was developed so
that layers approximately 1 urn thick could be removed with reasonable uniformity.
After the f i r s t pickl ing sequence the as-implanted specimens lost ^ 99% of the
implanted ' 3 ' I . The specimens annealed at 300°C under stress, in vacuo, for
times of 1 and 20 hours lost about 80 and 55%,respectively, of their i n i t i a l
ac t i v i t y , and several subsequent pickl ing sequences were needed to remove al l
the ac t i v i t y . No effect of stress was observed, only annealing time seemed to
dictate the rate of ac t iv i ty loss.

To check the significance of these resul ts, because of doubts about the
uniformity of metal removal from the annealed specimens, additional specimens
were implanted with '27j an ( j the position of the iodine peak was monitored
by Rutherford back-scattering. No broadening of the peak was observed for
annealing times up to 20 hours under stress. SEM studies have shown that the
th in oxide f i lm result ing even during vacuum annealing at 300°C causes severe
local izat ion of the pickl ing process so that even after removal of 3-5 urn
(average) of metal, there is s t i l l some original surface remaining undissolved.
We conclude that there is no evidence for diffusion of iodine in stressed
Zircaloy at 300°C. Neither of the present techniques could have detected a small
di f fusion ' t a i l ' in the specimens.

4.2.2 Protective Coatings for Zircaloy Fuel Sheaths

- N. Ramasubramanian

Zircaloy-2 r ings, 1 cm in length, were cut from fuel sheath tubing and
coated with 70 nm thick sputtered fi lms of 410 stainless steel. The coated rings
were divided into three batches; rings from two batches were Dai red with uncoated
rings and pre-oxidized at 623 K in steam at 10 MPa and in 10"* M LiOH solution.
F ina l ly , a l l the rings (uncoated, coated, uncoated and pre-oxidized, and coated
and pre-oxidized) were oxidized in steam at 773 K and 10 MPa for 28 or more
hours. The results obtained may be summarized as follows:

(a) Pre-oxidation

During pre-oxidation the weight gains for the coated and uncoated
samples were nearly the same; they varied from 16 to 32 mg/dmz depending on
the time of oxidation. The uncoated samples had a shiny black oxide and the
stainless steel f i lm on the coated samples showed interference colors.
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(b) Oxidation in Steam at 773 K and 10 MPa

After 28 hours the uncoated samples had gained 500 mg/dm^ and were
completely covered with white oxide. Examination on the optical microscope
revealed typical nodular type oxide growth.

After a total of 58 hours of oxidation the coated samples, with and
without pre-oxidation, had a uniform oxide growth corresponding to a weight gain
of 40 to 65 mg/dm2. The surfaces were essentially free of nodules, except
for the odd ones visible along the rims. The stainless steel film showed inter-
ference colors.

In the case of the pre-oxidized uncoated samples, the density of nodules
was much less than the regular uncoated samples but was slightly higher than the
coated samples. The weight gain varied from 100 to 190 mg/dmz following 58 h.
The pre-oxidation seems to suppress nodular oxidation of the alloy.

Thus the stainless steel f i lm, following oxidation in LiOH solution at
623 K for 10 days, s t i l l offered protection against nodular corrosion in high
temperature high pressure steam. However, considering a steady-state solubility
of % 7 nm/month reported for 316 stainless steel under in-core conditions, a
much thicker sputtered coating would be required to sustain the protection
against nodular corrosion. The dissolving stainless steel (iron and chromium)
would add to the problem of activity transport.

Nodular Corrosion

The observation that pre-oxidation, to weight gains corresponding to the
average size of the intermetallic precipitates in the alloy, has a beneficial
effect suggests that the negative potential on the alloy is not responsible for
nodular attack. The potential variation on the oxide surface seems to be one of
the determining factors; this is reflected by the electrochemical behaviour of
oxidized and/or unoxidized intermetallics in electrical contact with the alloy.

4.2.3 Oxidation of the aZr(1120)

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

As indicated in Section 4.3.1c of PR-CMa-57 (AECL-7146), transmission,^
electron diffraction patterns taken from oxide films thermally grown on aZr(1120)
in dried oxygen at 573 K have been re-examined. Contrary to the previously
stated result, the basic orientational relationship found was [100]m//[ l l20].
Diffraction patterns from films of different thickness have been examined and a
consistent effect associated with one of the 020/002™ reflection complexes has
been noted. This particular phenomenon may be associated with twinning or a
polymorphic transformation and wil l be investigated more vigorously.
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4.3 ELECTRON MICROSCOPY

4.3.1 SEM Observation of Zi'rcom'a Ft 1ms

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

(a) Pressure Tube Material (Zr-2.5 wt% Nb)

The pressure tube material examined displayed the character is t ic elonga-
ted a-grains separated by the B-phase. Both the outside and inside surfaces of
oxides 0.5, 0.88 and 2 ym thick were examined in the SEM. Though the 3-phase
was always c lear ly v i s i b l e , the e f fec t was due to chemical p ick l ing rather than
oxidation anisotropy. When cracking of the oxide f i lms was detected i t was
usually associated with geometrical effects from deep etch p i ts produced around
second phase par t i c les . Indeed, the oxide remnants of the 3-phase behave in a
coherent manner with that of the a-mater ia l .

Examinations of the inner oxide surface showed a uniform undulating
surface with a pitch averaging approximately a few hundreds of nanometres. Again
the 3-phase gave no obvious indicat ion of preferred or delayed oxidat ion.

With f i l m thickening, l i t t l e hemispheres (about 50 to 100 nm in
diameter) appeared and seemed to increase in numbers on the free surface wi th in
the previous a-phase. The 3-phase became more d i s t i n c t , although both of these
observations are d i f f i c u l t to explain based on the fact that oxide growth
proceeds by inward oxygen d i f fus ion .

(b) Annealed Zr-2.5 wt% Mb (sheet)

In th is instance, the 3-phase was t ied up as iso lated, sharp angular
pa r t i c l es . Oxide f i l m thicknesses of 0.79 and 2 ytn were examined. When cracks
were detected they did not seem to be influenced by the 3-phase. Cracking
or ig inated from local ized swell ing of the oxide but the source of that swell ing
could not be i den t i f i ed . Again, the inner oxide surface was undulating but the
per iod ic i t y was larger than for other materials examined and d i rec t l y related to
the B-part ic le s ize.

(c) Zircaloy-2

The inside and outside surfaces of oxide films 0.38, 0.69 and 0.74 ym
thick were examined. At the intermediate thickness, as in the case for
crystal-bar zirconium, cracked bumps appeared in the outer oxide surface. These
bumps were associated with an inner volume of localized oxidation protruding
deeply into the metal. At the larger thickness, circular spall ing was noted.
Some inclusions obvious at the outer surface apparently played little influence
in the cracking process as they behaved in a coherent manner with the bulk of
the oxide.

When etching away the inner metal core, it was noted that some
thicknesses of oxide were associated with a thin, slow etching material at the
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oxide/metal interface. It is suspected that impurities accumulate at this interface
thereby affecting the chemical etching rate. Since the effect seems to be
thickness dependent, it is believed that these impurities must at some point be
incorporated into the oxide.

In a few instances, lateral cracking and flaking of the inner oxide was
noted. This behaviour has been seen only for Zircaloy-2 oxidation.

(d) Pure Zirconium

Triple zone refined zirconium showed very few effects other than the
occasional second phase precipitate on a grain boundary. Oxidation had produced
a 'fried-egg' effect - a central region due to the inclusion and an outer,
circular zone where oxidation had been obviously influenced. The circular
regions were of comparable diameter to the spalled areas seen in thick oxides
formed on crystal-bar zirconium and Zircaloy-2.

4.3.2 Displacement Damage Cascades in Group IV B Metals

- O.T. Woo, G.J.C. Carpenter and C D . Cann (Materials Science Branch,
Whiteshell Nuclear Research Laboratories)

Dennis Cann has produced computer simulations of the electron images of
a small dislocation loop, 4 nm in diameter, formed from various reflections.
These computer simulations are important for two reasons:

(a) Although most similar studies neve been focussed on b.c.c. and f.c.c.
metals (see, for example, refs. 1 and 2), only one comparable study has
been carried out in h.c.p. metals (3).

(b) For an understanding of the geometry and nature of these small loops, it
is essential to match experimental images with the corresponding
computed images.

The computer-generated dark field loop images shown in Figures
4.3-2.1(a) and 4.3.2*2(a) correspond to vacancy loops situated in the 'second
layer1 ^0.5 ̂ g from the electron exit surface, where E,g "is the extinction distance.
Image contrast reverses every ^ 0.25 £g, giving rise to an apparent series
of layers in which images of defects change in appearance. Range calculations
indicate that the loops formed by 100 keV Bi+ ion bombardment on titanium
will also be situated in the second layer (at a distance t from the surface,
given by 0.25 £g < t < 0.75 £g), and this has been assumed in the image
calculations.

Figure 4.3.2.1(a) shows the simulated images of two edge loops having
Burgers vectors of the type l/2<1100>. The operating reflection jj = 1120 is
from left to right. Loop 1 is being viewed, edge-on, with the Burgers vector b
perpendicular to the electron beam (e") direction -z, and with a modulus of
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l/2(1100)Edge loops

1

b-n

Figure 4 .3 .2 .1 (a ) Computer-simulated images of dis locat ion loops, 4 nm in
d i t f l l L o 1 J> = 1/2 [1 TOO] g = 1120;
Computersimulated images of i s t o p ,
diameter, as follows: Loop 1, J> = 1/2 [1 TOO], g = 1120; and
loop 2, b = 1/2[10T0], g = 1120. z %[0001]. Tie loop normal
n i s antTparal lel to b tor both vacancy loops.

lOOnm

Figure 4 .3 .2 .1(b) Experimental dark-f ie ld images for two d is loca t ion loops
formed by 100 keV Bi+ ion bombardment of T i , £ = 2110.
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1

l/3<1120>Loops
ig.bi

A/
9=1120

Figure 4.3.2.2(a) Computer-simulated images of dislocation loops, 4 nm in
diameter, as follows: Loop 1, b_= l/3[2Tl~0], n = [T010] ,
g = 1120; and loop 2, b = 1/311120], n = [T010], g = I l5o .
7% [0001]. - "

100 nm

Figure 4.3.2.2(b) Experimental dark-field images for one dislocation loop as
imaged under two 112"0 type reflections: g = 1210 and 1120
for the top and bottom figures,respectively. Matching (a)
and (b), the Burgers vector for this loop is l /3 t l l20 l .
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[g.bj = 0, thus giving rise to 'but ter f ly ' images. Loop 2 is being observed
using a strength of 3/2 producing inner-structure contrast at the centres of the
image. The corresponding experimental images for loops of this type are shown
in Figure 4.3.2.1(b), clearly in good agreement with the calculated images.

A similar comparison between calculated and experimental images for
loops having Burgers vectors of the type l/3<112~0> is giv*n in Figures
4.3.2.2(a,b). Evidently, when |_g_._b| = 1 , only black-white images, devoid of any
inter ior detail (as compared to images for the case of |g._bj = 2 in Figure
4.3.2.2(a) and |_g.j>| = 3/2 in Figure 4.3.2.1 (a)) are obtained

Thus, i t appears possible to suggest that the contrast images from small
loops can be classif ied according to [g.bj Values as follows. The black-white
image seen for |g.j>| = 1 would develop an inner-structure as [g.b| » 1, a
concept originalTy proposed for loop images in cubic metals (1,27. Similarly,
for Ijj.bl = 0, and n x z, the contrast image would be butterfly-shaped (Figure
4.3.2.IT. For IjubJ = ^", and n|[z, as would be the case for the observation of
the loops using a TJ002 reflectTon, the contrast image was found to be very weak
or inv is ib le, as simulated for 1/2<1TOO> edge loops and 1/3<11?O> .oops (not
shown here) and experimentally observed (see PR-CMa-56 (AECL-7332), Section
4.3.3. ) .

A paper based on these results is being prepared for external publica-
t ion .

(1) B.L. Eyre, D.M. Maher and R.C. Perrin, J . Phys. F: Metal Phys., 7, 1359
(1977).

(2) D.K. Saldin, A.Y. Stathopolos and M.J. Whelan, Phi l . Trans. Roy. Soc.
Lond. A292, 523 (1979).

(3) H. FolT~and M. Wilkens, Phys. Stat. Sol. (a) 39, 561 (1977).

4.3.3 Cross-Sectional Specimens of Ion Irradiated Zr

- J.R. Parsons and R. Herring

Transmission electron microscope observations of the depth distr ibution
of 100 keV neon ion damage in zirconium is being investigated to determine the
influence of the surface, grain boundaries and dislocations on the spatial
d ist r ibut ion of the damage. Cross-sectional specimens were prepared from
cantilever beam specimens which had been ion irradiated at room temperature. A
sandwich technique was used in which an Ag conducting epoxy was used to glue
together a stack of short lengths of the cantilever beam. This stack was
sectioned perpendicular to the irradiated face and the sections were electro-
polished unt i l perforation occurred, with a small probability that one of the
ion irradiated surfaces would intersect the thinned region.

A portion of this work was completed by R. Herring during the last
quarter. The remainder, for his Masters Degree thesis, is to be completed at
the University of Windsor under the supervision of Dr. Derek Northwood.
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4.4 METAL PHYSICS

4.4.1 Ion Simulation of In-Reactor Creep

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

A longitudinal and a transverse cantilever beam specimen of Zircaloy-2
were simultaneously ion irradiated at 600 K using the demountable furnace
described in PR-CMa-57 (AECL-7416). As with the room temperature irradiations,
dimensional changes in the ion damaged layer produced deflections of the free
end of each specimen. However, oxide growth on the ion irradiated surface was
excessive and the experiment was terminated when an interference colour thick-
ness greater than the ion range of 130 nm was reached.

This had not occurred during room temperature ion irradiations, nor was
it observed during dimensional stability tests of the furnace at 600 K.

A clue to the cause of this unexpected oxide growth was the threefold
discrepancy between the integrated ion current on and off the specimen. This
discrepancy disappeared when -150 volts D.C. was applied to the heat shields
surrounding the specimen. However, oxygen has a strong affinity for electrons
and the -150 volts between the specimen and the heat shields served to drive
both secondary electrons and negatively charged oxygen molecules onto the ion
irradiated surface.

We are repeating the experiment using a positive potential between the
specimen and the heat shields which should reduce the oxidation rate during ion
irradiation at 600 K.

4.4.2 Effect of Low Energy Helium Ion Irradiation on Zirconium and Zr-2.5 wt% Nb

- R.H. Zee

Crystal bar zirconium and Zr-2.5 wt% Nb, in both annealed and
cold-worked conditions, were irradiated with 50 keV helium-4 at room temperature
using the CRNL mass separator. All these samples were first attack-polished
then electropolished to minimize any surface damage prior to irradiation.
Post-irradiation examination was performed using a SEM.

All four types of specimens were irradiated to an integrated fluence
10'8 particles/cmz at an average flux of ^ 7 x 10'3 particles.cm-2.s-l.

f th ld i i t t d i h bli f i d i i

of
x 10'8 particles/cmz at an average flux of ^ 7 x 10'3 particles.cm-2.s-l. The

surface of the annealed zirconium was saturated with blisters after irradiation.
These blisters are irregular in shape and have an average size of ^ 10 pm. Most
of these blisters have burst showing a skin thickness of ^ 0.3 ym. Mo sign of
second layer damage has been observed underneath the burst bubbles. The
zirconium sample with 40$ cold-work shows considerably less damage than the
annealed sample. In this case, smaller blisters K 3 ym) are present and they
are quite spherical in shape.
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The irradiated structures of the annealed and 40% cold-work Zr-2.5
Nb are quite similar. The blisters in these samples have an average size of
about 5 urn. Some of these blisters K 10%) have burst.

4.4.3 Mechanical Testing

(a) Instron

- T.P. Trot t ie r and S.R. MacEwen

Two series of tests have been done recently. The f i r s t series are high
temperature constant strain-rate (constant crosshead speed) experiments on
6-cycled Zr-4 fuel sheathing material, at 500, 600 and 700°C in vacuum, and
using various strain rates with total strains up to 10%. These experiments ( in
collaboration with S. Sagat, Fuel Engineering Branch) are s t i l l continuing.

The second series of tests studied the primary and steady-state creep
deformation of Zr-2.5 wt% Nb al loys. Both swaged rod and pressure tube material
were used. These tests were done under a contract from Ontario Hydro (E.T.C. Ho)
and are now completed.

(b) MTS-a

- J . Mecke and S.R. MacEwen

Software programmes have been developed to do true strain rate tests and
stra in rate changes from the computer console.

Tests are continuing to determine the amounts of compressive and plast ic
strain that can be imposed on tensi le specimens as a function of both geometry
and aspect rat io before buckling occurs.

Using the interface described in PR-CMa-56 (AECL-7332), Section 4.4.3a,
experiments are continuing (in collaboration with S. Sagat, Fuel Engineering
Branch) to measure the strain-rate sensi t iv i ty and saturation flow stress of
beta-cycled fuel sheath.

Experiments are continuing to measure the noise of the load and strain
signals. New capacitors were instal led on the 16-bit Analogue/Digital board to
produce a 10 Hz ro l l o f f , however, the noise problem persists.

(c) j j pe rp las t i c i t y in Zr-2.5 wt% Nb

- G.M. MacGillivray*, S.R. MacEwen and D.S. Wilkinson*

Evidence is available (S.R. MacEwen and C.J. Simpson, PR-CMa-21, AECL-
4259, 1972, and Can. Pat. 1,014,833, 2 August 1977) that Zr-2.5 wU Nb may

*McMaster University, Department of Metallurgy and Materials Science



exhib i t superplastic behaviour when it , is in an ul t ra- f ine-grained state
(d * 0.15 ym). The two goals of the present work are: f i r s t l y , to demonstrate
superplast ic i ty in th is a l loy ; and secondly, as a resul t of the f i ne , equiaxed
structure of the a l loy , to examine grain growth k inet ics and the ef fect upon
them, i f any, of superplastic deformation.

MacEwen and Simpson's ear l ie r results showed the possible onset of Stage
I I superplastic flow at st ra in rates ^ 10~5 s " ' and at temperatures as low as
0.3 Tm (where Tm i s the absolute melting temperature). An inverse relat ionship
has often been observed between temperature and grain size at the onset of
superplastic flow (J.W. Edington, K.N. Melton and C.P. Cutler, Prog. Mat. Sc i . ,
1976, 2 1 , 63). That i s , an increase in temperature gives an ef fect simi lar to
that obtained by reducing the grain size. Since, in th is a l loy , a very broad
range of grain sizes is avai lable, spanning more than two orders of magnitude,
th i s ef fect can be studied in depth. Work has been concentrated so far on
obtaining re l iab le values of true stress from a constant stress creep machine
a f te r a load change.

4.4.4 Preparation of High-Purity Zirconium

- G.J.C. Carpenter, R.H. Zee, F.A. Schmidt* and J.F. Watters

A new batch of zone-refined zirconium (from Materials Research Corp.,
Orangeburg, N.Y.) has been received for use in electrotransport pur i f i ca t ion
experiments and attempts are being made to evaluate i t s pur i t y . Spark source
mass spectrometry (by L, Green, General Chemistry Branch) has shown the
concentration of some elements to be higher than specif ied in the vendor's
analysis, in par t i cu la r : -

CRNL Analysis Vendor's Analysis
Element yg/g ug/g

Fe 500 20
Hf 120 29
Sn 40 2

The CRNL resu l t for Hf is corroborated by a value of 126 ug/g, obtained from
neutron act ivat ion analysis.

Although the vendor's analysis indicates the new batch should have a
very much lower impurity content than that used in the ear l ie r electrotransport

*Energy and Mineral Resources Research I n s t i t u t e , Ames Laboratory, Iowa State
Universi ty.
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runs, only an insignificant improvement in resistivity ratio was observed (from
103 to 113). Further chemical analysis is being carried out to check the
concentrations of elements, in particular the gaseous impurities, that are not
amenable to detection by the spark-source spectrometry and neutron activation
techniques.

4.4.5 Positron Annihilation Spectroscopy: Doppler Broadening

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

The results below are reported in terms of the usual peak (L) and wing
(W) parameters which predominantly reflect the fractions of positrons annihila-
ting with valence and core electrons, respectively.

A. Zirconium-Hydrogen System

It has been determined that positrons may be quite sensitive to the
presence of impurities in Zr (1-3) and it has been suggested that H may be one
of the impurities in Zr to which positrons are sensitive. Measurements have
therefore been made on Zr-H alloys with from 8 x 10"2 to 2.0 at% H. The aims are

(i) to try to determine the extent and nature of positron sensitivity to H
in Zr, and

(ii) to try to gauge the potential of positron annihilation spectroscopy as a
tool for the study of the Zr-H system.

1. The Effect of H Concentration

(i) At high H concentrations K 1.0 at% H) there is an increase of L with
respect to nominally pure Zr.

(ii) At lower H concentrations (< 0.4 at% H) there is a decrease in L with
respect to pure Zr.

No systematic changes in W have been perceived; however, because of its
nature it is relatively susceptible to effects of non-uniformity of sample
dimensions and it is statistically less precise than L. In general, L values are
measured to within a precision of 0.03$, or better; for W, typical statistical
precision limits are ̂  0.3%, or better.

2. Temperature Dependence

Most of the data so far accumulated refer to 293 K measurements. Some
data have, however, been gathered at 78 K.

For a l l of the samples, so far examined, L displays no measurable
temperature dependence for either H-doped or nominally pure Marz-grade Zr. The
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wing parameter, W, however, displays a temperature dependence, the size and the
magnitude of which appear to be sensitive to the Zr starting material, the H
content of the alloy, and the sample heat treatment.

2.1 Starting Material

Two batches of pure Marz-grade Zr have been studied. They are lots
no.40/E632 and 40-2240 - henceforth 40E and 402, respectively - the vendors'
impurity analyses are ident ical .

For Zr(40E)-l at% H, W increases strongly (12%) on cooling from
293 -> 78 K.

For Zr(402)-l at% H, W increases weakly (1%) on cooling from 293 •+ 78 K.

These samples had been simi lar ly prepared from well-annealed start ing
material.

2.2 Hydrogen Content

For pure Zr(40E) and H-doped Zr{40E), Wincreases with decreasing
temperature. The apparent effect of H doping is shown below

Pure Zr(40E) W increases by 5% from 293 -»• 78 K
Zr(40E)-8 x 10"2 atS H W increases by 2.5% from 293 •* 78 K
Zr(40E)-1.0 at« H W increases by 12% from 293 -> 78 K

2.3 Heat Treatment

With respect to the effect ci ted in 2 . 1 , above, an experiment to
determine the effect of heat treatment was done. Sample Zr(402)-1.0 at% H was
quenched from 773 K into water at 293 K. The effect of the quench was

( i ) to reduce W (293 K) by 2% (with respect to the pre-quenched value)
( i i ) to a l ter the sign of the temperature dependence of W such that W

decreased by 2% on cooling from 293 to 78 K, and
( i i i ) to increase L by 1% (with respect to the pre-quench value); again L

showed no temperature dependence in the range 78-293 K.

2.4 Optical Microscopy (with C.E. Coleman and L.E.J. Mooder)

Following suggestions from B. Cox and C. Coleman, samples from Zr(40E)-
1.0 at% H and Zr(402)-1.0 aW H have been prepared for optical microscopy and
examined. The main resul t , to date, seems to be that Zr(40E)-1.0 atX H shows
relat ive ly few large hydride precipitates compared to Zr(402)-1.0 at% H.

Further experiments are in progress on these and other specimens.
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(1976). ~~

(2) G.M. Hood and R.J. Schultz, J. Nucl. Mater., 67, 207 (1977).
(3) G.M. Hood and R.J. Schultz, J. Nucl. Mater., 155, 15 (1981).

B. Vacancy Migration and Recovery in Pure Metals and Alloys

A prime object of this work is to study the systematics of the migration
of vacancies and their subsequent agglomeration in metals and alloys by positron
annihilation spectroscopy. Studies are currently being performed on quenched
pure metals and alloys with a view to determining effects of both lattice
structure and solute additions. The results from this work are proving to be
quite striking - particularly from the point of view of solute effects. It is
anticipated that future, more detailed analyses of the lineshape data - other
than simply in terms of fixed L and W parameters - will yield much more informa-
tion about the structure of the defects with which the positron will interact.
Systems studied have been Al, Al(Mn), Al(In)* and Au*.

1. Aluminum and Al-1.5 x 10"2 at% Mn

The data for these samples show

(i) strong evidence for three-dimensional vacancy clustering in the range
180-260 K,

( i i ) a very strong vacancy recovery stage at 300 K,
( i i i ) a relatively stable defect state from 320-370 K, and
(iv) final recovery over the range 370-500 K for Al(Mn) and 380-460 K for

pure Al .

The major effects of the Mn addition were

(1) to enhance the signal from three-dimensional vacancy agglomeration and
(2) to yield a stronger 'as-quenched' defect signal.

2. Al-3 x 10~2 at% In

The addition of In suppresses the major signs of vacancy motion and
recovery below 270 K and removes the signal of three-dimensional vacancy
agglomeration. Strong vacancy recovery is evident from 300-400 K, where the
defect signals from L and W both decline continuously. A final remarkable
recovery stage from 400-500 K is indicative of a continued positron interaction
with defects in which In atoms and vacancies are s t i l l strongly associated. The

*The Al(In) and the Au single crystals were supplied by Max Swanson and
Tony Quenneville (Solid State Science Branch)
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results indicate a relatively strong interaction between vacancies and In atoms
in Al.

3. Au

The recovery spectra for Au show two main stages lying between 300 to
430 K and 800 to 930 K. The first stage is complex. It is associated with the
motion of elementary vacancy defects. Ths second stage is probably associated
with the annealing of stacking fault tetrahedra formed during the first stage.

In contrast,to the results for Al and Al(Mn) there is no overt sign of
the formation of three-dimensional vacancy defects during the early stages of
vacancy motion in Au.

C, Experimental Technique

1. Cryostat

A cryostat with an automatic filling system has been designed and built
for the low temperature measurements - this is proving particularly useful for
the study of vacancies and vacancy motion characteristics.

2. Data Treatment

A system for graphical output of data has been successfully tested. The
principle aim of this endeavour is to further the appreciation of the nature of
the lineshape changes which occur in response to alterations of the defect
system under study. In particular, it is hoped to be able to obtain some insight
as to the detailed structure of the defect system.

4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Papers and Publications

THE EQUATION OF STATE AND STRENGTHENING MECHANISMS FOR DEFORMATION OF CRYSTAL-
BAR ZIRCONIUM
- S.R. MacEwen
To be published in Acta Metallurgica

ION SIMULATION OF NEUTRON IRRADIATION GROWTH AND CREEP IN Zr AND Zr-2.5 wtt Nb
AT 314 K
- J.R. Parsons and C.W. Hoelke
To be published in Journal of Nuclear Materials
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PELLET CLAD INTERACTION FAILURES: SCC BY IODINE OR MVE BY Cs/Cd VAPOURS
- B. Cox, B.A. Surette and J.C. Wood
Published in Proceedings of Conference on 'Environmental Degradation of
Engineering Materials', Vol.11, p.293, V.P.I. andS.U., 1981.

A TRANSMISSION ELECTRON DIFFRACTION STUDY OF ZrO2 on aZHOOOl)
- R.A. Ploc
To be published in Journal of Nuclear Materials

4.5.2 Lectures

PELLET CLAD INTERACTION FAILURES: SCC BY IODINE OR MVE BY Cs/Cd VAPOURS
( Inv i t ed ta l k )
- B. Cox, B.A. Surette and J.C. Wood
Presented at the Second Environmental Degradation of Engineering Mate r ia l s ,
Conference, Blacksburg, VA
1981 September 21-23.

ELECTRON MICROSCOPY - TEM, SEM, STEM, AEM
- R.A. Ploc
Presented at the 3rd Annual Advances in Analytical Instrumentation and
Techniques Conference
1981 September 22-24
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