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1.2 ION PENETRATION

1.2.1 Elastic Scattering Cross^-Section Measurements for 0.5
and 1.0 MeV Protons on Mg, Al, Si, Ca and Ni

- W.N. Lennard and D. Phillips

In order to obtain the efficiency calibration for
our Si(Li) detector as described in PR-CMa-48,
section 1.2.2; AECL-6538, cross sections are required for
elastic scattering at 160° of helium ions and protons.
Although the scattering of the ''He ions from all targets
used is given, to within a few percent, by the Rutherford
scattering formula, there was a concern that proton
scattering might be influenced by resonances in the cross
sections at the beam energies used. Consequently, we have
measured the elastic scattering cross sections for protons
incident at 0.5 and 1.0 MeV, on targets Z2 = 12, 13, 14,
20 and 28. We prepared double foil targets (two thin
targets) consisting of the target to be used for the
efficiency measurements (clement Z?) and a thin self-
supporting Au target (90-250 ;ig-cm~?) , with the Au
positioned upstream. We determined the areal density of
the target relative to the Au using 1.6 MeV 'lHe+ ions, for
which the scattering cross sections of both are known. We
then bombarded the same two-foil targets with protons of
energy E o, where E o was chosen to exceed 0.5 MeV or 1.0 MeV
by an amount equal to the energy loss in the (upstream)
Au foil. From the relative yields of protons scattered
from Au and target foils, we then deduced each elastic
scattering cross section, <T S(2 2), relative to the
Rutherford scattering cross section, a R(Z 2). The results
are shown in Table 1.2.1.1. In no case did we observe
deviations from the Rutherford scattering prescription,
within experimental errors.

Table 1.2.1.1

Measured elastic scattering cross sections,
relative to )

22 Ef1!!*) =0.5 MeV Ê H"*") =1.0 MeV

12(Mg) 1.01 ± 0.04 0.99 ± 0.04

13(A1) 1.04 ± 0.Q4 0.98 + 0.04

14(Si) 1.00 + 0.04 1,00 ± 0.04

20(Ca) 0.98 ± 0.03
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1.2.2 Absolute Measurement of the Photopeak Efficiency for
a Si(Li) Detector: 0.52 - 8,04 kiv

- W.N. Lennard and D. Phillips

A previous report (PRr-CMa-4 8, section 1.2.2;
AECL-6538) described a new technique for measuring the
absolute detection efficiency of a solid-state X-ray
detector at low photon energies (1.5 keV < E x <_ 6.40 keV)
using a PIXE method. We have now extended these measure-
ments using our thin window Si(Li) counter down to
E x = 0.52 keV (oxygen Ka X-ray energy). We have used the
recent theoretical calculations of Basbas, et al, (1) for
aK-values to obtain an expression for the absolute
efficiency ( E X ) :

d os Mx \
[1] e = 4 iv —

dfi N p V i c a K

where N x = number of K X-rays, Np = number of scattered
particles, fix = solid angle of X-ray detector,
flp = solid angle of particle detector, OJK = K shell
fluorescence yield (taken from Langenberg and van Eck (2)),
OR = K-ionization cross section and das/dfl = differential
elastic scattering cross section for the projectiles.

Our results are shown in Figure 1.2.2.1. The data
are plotted at the Ka X-ray energies appropriate to the
18 target materials used. The smooth curve is a calcula-
tion which shows the effects of absorption by the Be
window (8ym), the Si dead layer (taken to be 0.2um) and the
Au contact layer (taken to be 50 nm).

We have also measured the absolute efficiency by a
conventional technique using a thin, drop-evaporated 5 7Co
source (provided by J. Merritt). We obtained
ex (6.40 keV) = 0.97 ± 0.05 using this technique, which is
in good agreement with our result.
e x (6.40 keV) = 0.92 ± 0.08 using the ion beam technique.

In summary, these measurements provide a means of
calibrating the efficiency of X-ray detectors at very low
photon energies—an order of magnitude lower than can be
achieved by conventional techniques using evaporated
radioactive sources. The technique is free of the self-
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Figure 1.2.2.1 - Measured and calculated efficiency for
a 30 mm2 x 3 mm Si(Li) X-ray spectro-
meter. The detector was apertured to an
active area of 16.42 mm2. Data were
generated by use of proton- and alpha-
induced K X-ray lines.
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adsorption problem that plagues other methods. It is
rapid and can Be performed easily provided there is access
to an ion beam accelerator.

(1) G. Basbas, W. Brandt and R. Laubert, Phys. Rev. A17,
1655 (1978};.

(2) A. Langenberg and J, van Eck, J. Phys. B12, 1331
(1979).

1.2.3 Charge State Analyzer for the 2 MV High Voltage Mass
Separator

- W.N. Lennard, D. Phillips, D.A.S. Walker and
G.R. Bellavance

In some future experiments we will require beams of
Ne + free of charge state impurities (Ne + + and N e + + + ) . As
a preliminary, we have measured the various charge states
present in a 0.5 MeV 2 0Ne beam, nominally singly charged,
using an arrangement in which collimated beam from the
separator passes through an elestrostatic particle
deflector consisting of two plates with a potential
difference between them which can be varied from 0 to 2 kV.
This potential is controlled by a programmable power supply
driven by a 0.3 Hz triangular wave form generator. In
this way ions of a particular charge state were deflected
through an aperture (0.6 cm x 0.3 cm), placed on one side
of the "straight-through" (0°) position. They were then
detected with a CsI(Tl) scintillator which was optically
coupled to a photomultiplier. Prior to each run the beam
current intensity was adjusted to yield a count rate of
approximately 250 cps through the 0° aperture. A shutter
was then placed over this aperture to prevent neutral atoms
from reaching the Csl(Tl) crystal. Charge state fractions
proved insensitive to vacuum conditions in the range
studied (0.133 - 13.3 mPa).

Some difficulty was experienced in producing beams of
pure charge state. Figure 1.2.3-1 shows a plot of both
the "cleanest" and "dirtiest" 2 0 N e + beam obtained to date.
Charge state contamination is thought to arise from beam
aperturing. Thin foils, 0.0025 cm - 0.0102 cm thick, with
apertures, 0.0012 cm ~ 0.0102 cm diameter, located at
their centres, were used to collimate the beam prior to
deflection. The N e + + and N e + + + are believed to originate
from beam scattering off the edges of these apertures.
Design changes are being made.
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2K

Figure 1.2.3.1 - Plot of the charge states present in the
"cleanest" and "dirtiest" 0.5 MeV 2 0Ne +

beams. "Cleanest" beam is shown by the
solid line and "dirtiest" by the dotted
line.

1.2.4 Nuclear Microanalysis of Adsorbed CO and D2 on Platinum

- J.A. Davies and C. Sitter in collaboration with
P.R. Norton (Physical Chemistry Branch) and W.N. Unertl
(University of Maine)

An advantage of having a (differentially-pumped) beam
line connection between the 2.5 MV Van de Graaff and our
UHV LEED/Auger chamber is that nuclear microanalysis
techniques can be used to determine quantitatively the
adsorption behaviour of various gases on clean metal
surfaces. Auger electron spectroscopy has been the commonly
used method of analyzing sub-^monolayer contaminants.
However, nuclear reactions not only provide comparable
sensitivity to Auger for many low-Z elements, but they also
offer the advantages of higher absolute accuracy, freedom
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from substrate interference fi and the possibility of depth
profiling. Furthermore, they can be rea.di.ly applied to
hydrogen 'and helium analyses, where Auger spectroscopy is
completely unavailable. We have therefore developed
suitable calibration techniques for several of the more
useful nuclear reactions.

By mounting two standard targets side-by-side on the
goniometer stage—viz. (i) an anodized Ta2O5 film with a
known 1 60 content (9.8 ± 0.1 x 10 1 7 at?Dm.cm~2) and (ii) a
Si wafer containing 4.77 ± 0.07 x 10 1 5 implanted Bi
atoms-cm"2—we measured at constant solid angle the
relative yields (and hence the cross section ratios) of
the 16O(d,pi)17O* reaction at 970 keV and the 2.0 MeV kHe
scattering off Bi. Since the Bi + 4He scattering cross
section has already been accurately measured (1), we were
thus able to obtain directly the 16O(d,p!)17O cross section.

Secondary standards for calibrating other reactions
relative to the 160(d,pI>

170 cross section were prepared
iri situ by condensing 20-100 nm films of suitable molecular
gasls Tviz. CO2 for the

 12C(d,p)13C reaction and D2O for
the D(3He,pj4He reaction), using tfce same frozen gas/
cryoshield system as described previously (2). Since the
stoichiometry of the frozen film is known, the cross
section for either the 12C(d,p)13C or the D(3He,p)4He
reaction can be obtained directly from the corresponding
proton yield ratio to the 16O(d,pi)17O yield from the same
film.

The resulting (150°) cross section values measured
thus far are given in Table 1.2.4.1 along with values
recommended in a recent compilation (3). For the
16O(d,pi)17O measurement, the agreement is perhaps just
within the combined quoted errors, but in the other two
cases our values are significantly smaller than the
previously accepted ones.

We have made a series of CO and D2 adsorption measure-
ments on Pt(100) and Pt(lll) surfaces and using the above
data have obtained the results summarized in Table 1.2.4.2.
In the CO adsorption study, the observed 16O content was
always slightly lower than the izC content, although the
discrepancy is almost within the combined statistical
errors. Further measurements with longer counting times
are planned in order to test whether or not the discrepancy
is real. In a complementary set of RBS and LEED measure-
ments, the Pt(100) phase transformation from the re-
constructed (5 x 20) pattern of the clean surface to the
bulk (1 x 1) pattern has been followed as a function of the
CO and the D2 coverage.
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(1) J, L'Ecuyer, J.A, Davies and N, Matsunami, Nucl,
Inst. Meth. 16JÏ, 337 (1979)..

(2) W.K. Chu, M. Braun, J.A. Davies, N. Matsunami and
D.A, Thompson, Nucl. Instr. Meth. 149, 115 (1978).

(3) S.T. Picraux, G. Amsel and L.C. Feldman in Ion Beam
Handbook for Materials Analysis, ed. by J.W. Mayer
and E. Rimini (Academic Press, N,Y., 1977) p.25N.

Table 1.2.4.1

Absolute Cross Section Values
(Laboratory coordinates)

Cross Section (mb-sr M at 150c

Beam
Energy

Process (MeV) Our Value Ref. 3

1 5O(d,p!) 1 70 0.970 13.3 ± 0.3 12.5

1 2C(d,p) 1 3C 0.970 25.5 ± 0.8 29

DC^e.pJ^He 0.750 54.5 ± 1.5 60

Table 1.2.4.2

Saturation Coverage on Platinum

Prc

12C(d

16O(d

D(3He

3cess

,p ) 1 3 C

,P l> 1 7 0

,p)*He

Adsorbed
Gas

CO

CO

D ,

T(K)

1 8 5

1 8 5

1 8 5

Coverage (10 1 5

(100)

0.98 ±

0.85 ±

-H
-

0.4*

0.06

molecules*

0,

0.

1 .

(Ill)

.79 :

.69 i

,10 i

t 0

t 0

: 0

cm"2)

. 0 3

. 0 5

. 0 5

* Errors quoted are statistical
# Depends on surface pretreatment
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1.2.5 Stopping Powers for Heavy Ions

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

The first phase of a program to establish reliable
values for stopping powers of various solids for a number
of ions is nearing completion. Measurements have been
completed for "*He ions in the elements Be, C, Al, Si, Ni
and Au. Only Ti and Ag require further work. Data for
Ni have now been processed and the results are compared
in Figure 1.2.5.1 with values from the various semiempirical
tabulations. Note that values recommended by Ziegler (1)
are within 2% of our measurements over the entire energy
region studied in our work.

Measurements for the ions 3He, 7Li, 1 2 C , 1 4N, l60 and
19F are now well advanced.

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

(2) L.C. Northcliffe and R.F. Schilling, Nuclear Data
Tables 1_, 233 (1970) .

(3) J.F. Ziegler and W.K. Chu, Atomic Data and Nuclear
Data Tables 13, 463 (1974).

STOPPING CROSS SECTION OF NICKEL FOR *H£ IONS

200 tOO 600 800 1000 1200 1400 1600 1800 2D00
ENERGY ( » • V )

Figure 1.2.5.1

Stopping power of nickel for ^He ions:- • - Northcliffe
and Schilling (2), E9 - Ziegler and Chu (3), A - Ziegler (1).
The solid line is a least squares polynomial fit to our data
and has an error of 4%.
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1.2.6 Heavy Ion Range Measurements

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

Studies on ranges of heavy ions in solids using
He ion backscattering for the analysis had been suspended
pending the establishment of reliable stopping power data
for **He ions in targets of Be, C, Al and Si. This having
been done (see previous section), we are again making
range measurements for implants of Cr, Ag and Ba at
energies of 0.3 to 2.0 MeV. These projectiles were
chosen to provide an overall picture of the Z dependence
of ion ranges. The one remaining projectile to be
studied is Au. At present an ion source is being
developed which will provide Au+ beams in the High Voltage
Mass Separator.

1.2.7 Heavy Ion Ranges in Double Layer Structures

- H, Ishiwara and W.D. Mackintosh

in PR-CMa-48, section 1.2.6? AECL-6538, we reported
that the distribution of Bi ion implanted in double-
layer structures (thin Si films superimposed on Ge
substrates and thin Ge on Si), was discontinuous at the
interface. We have now shown that a discontinuity is
also present in structures composed of C on Si and C
on Ge. In all cases the experimental values of the
ratio of ion concentrations on either side of the
interface agrees with theoretical predictions within the
experimental error (̂  20%).

The experimental work on this project has now been
completed and a paper for publication is in preparation.

1.2.8 Characteristic X-Ray Measurement of Lifetimes for Heavy
Ion Induced Fission

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

For details, see PR-P-112, section 2.18; AECL-6582.
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1.2.9 Helium Implantation into Metal Foils

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

We have continued with a program of 3He and kEe
implants into high purity metal foils to service the
requirements of the experiments on high velocity DSAM
lifetime experiments (see PR-P-122, section 2.12;
AECL-6582). Since many of the nuclear reactions of
interest are low yield, it is necessary to compensate
through use of high dose implants and consequently it is
desirable to establish where implantation saturation
effects set in.

We have inplanted 3He ions at 35 keV into foils of
Au, Nb and Cu to fluences ranging from 2 x 10's cm"2 up
to 4 x 10 1 7 cm"2 in Au, to 7 x 10 1 7 cm"2 in Nb and to
5 x 10 1 7 cm"2 in Cu. Retention was measured by relative
3He(d,p)l+He reaction yields.

Departures from a linear relationship between implanted
and retained dose nowhere exceeded 5%. No dose rate
dependence was found in Au foils when the ion flux was
varied from 3 to 10 uA*cm~2 (swept). No temperature
dependence was observed below 290 K in Au targets. No
difference in retention was found in a comparison between
a Au foil implanted at 35 keV to a fluence of 4 x 10 1 7 cm"2

and a Au foil implanted at 50 keV (2 x 10 1 7 cm"2) followed
by an implant at 25 keV (2 x 10 J 7 cm"2) i.e. to the same
total fluence.

Until an absolute assay is made of the 3He content
the retention is expressible only in relative units.
However, it has been shown by Roth, et al. (1) that close
to 100% trapping occurs in Nb for 30 keV 3He implants up
to doses of 6 x 10 1 7 cm"2. The strictly linear relation-
ship between retention and dose for our foils, for example,
implies that saturation has not been reached and also that
a large fraction (£ 80%) of the implanted He has been
trapped. He-loading in Au is being incremented up to
7 x 10 1 7 cm"2 at the present time.

(1) J. Roth, B.M.U. Scherzer, R. Behrisch and
P. B0rgesen, Nucl. Instr. Meth. 149, 53 (1978).



- 14 -

1.2.10 High Velocity DSAM Lifetime Measurements of Nuclear Levels
in the Femtosecond Region

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

For details, see PR-P-112, section 2.12; AECL-6582.

1.3 ELECTRON MICROSCOPY

1.3.1 Collision Cascades in Si

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

Studies of the annealing behaviour of damaged regions,
which were produced during low fluence (1011 «• 10 1 2 ions^cm"2)
ion bombardments in Si, are in progress. Detailed measure-
ments have been made on the damaged regions as a function
of the annealing temperature and a brief summary of the
results is given in Table 1.3.1.1. In all cases the
damaged regions produced by the molecular implants were
more resistive to annealing then those produced by tlie
atomic implants. This was true even though the energy
density of an atomic implant was greater in some cases than
that produced by molecular implants; compare, for example,
15 keV Bi with 40 keV As 2, and with 40 keV Sb2. However,
within an atomic implant series the annealing temperature
increases with increasing energy density and the same
behaviour is observed within a molecular implant series.
Also indicated is a trend for the annealing temperature to
increase with increasing average diameter of the damaged
regions, particularly within a particular atomic or molecular
implant series. However, a comparison based simply on the
average diameter may not be quite fair as details of the
shape of the size distribution curve may also be
important. In any event, the annealing results certainly
indicate that there are significant differences in the
degree of "amorphicity' within the damage cascades
produced by the various ions.
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Table 1.3.1.1

Recovery Characteristics of Individual Damaged Regions in
Ion Bombarded Silicon

Ion

As

Bi

As 2

Sb2

Bi,

Energy

(keV)

20

15

40

40

30

Energy
Density

in Cascade

(eV-atom"1

0.25

1.20

0.40

0.56

1.76

Initial
Average

Temperature Corresponding Diameter
to a 50% Decrease in the of

Observed Number of Damaged
Damaged Regions•cm~2 Regions

(K) (ran)

413

495

562

582

608

3.0

4.3

3.4

4.9

5.1

1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Backscattering Measurements of Al-Ag Mixed Dumbbells in
A1-Q.07 at.% Ag Crystals aftef~3He Implantation

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

It is known that Ag solute atoms in Al crystals trap
self-interstitial Al atoms to form <100> Al~Ag mixed
dumbbells. This trapping configuration is stable from
40-200 K. During annealing in stage III (near 200 K ) ,
the mixed dumbbells are annihilated by combining with
vacancies (1).

An outstanding question concerning defect trapping
is whether, in the absence of vacancies, the mixed
dumbbell is thermally stable above stage Ii:: recovery.
That is, are the mixed dumbbells or the vacancies mobile
in stage III? One way of studying this problem is to trap
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the vacancies at other defects so that their migration
is delayed beyond stage III. In this case, the persistence
of mixed dumbBells past stage III would indicate that
they were not mobile in that stage and thus were extremely
stable. This question is of primary importance in calcula-
tions of creep and void growth in reactor materials.

We have attempted to trap irradiation-induced
vacancies in Al-0.07 at.% Ag crystals by implanted He ions.
It is known that ^He is very mobile in metals, but can be
trapped strongly by vacancies (2) . Moreover, ''He which
is already trapped by a single vacancy can trap additional
vacancies. We have chosen to use 3He ions because they
can be detected by the reaction 3He(d,p)l*He and have
implanted the crystals with 2 x 1 0 x 5 and 6 x 1 0 1 5 cm"2

ions at 293 K. In each case two equal doses were implanted,
one at 15 keV, the other at 30 keV.

After the implantations it was observed that
approximately 25% of the Ag atoms were in non-substitutional
sites. The displacement was not along <100> directions.
Annealing for 600 s at 4 70 K caused the Ag atoms to return
to substitutional lattice sites. After this anneal, the
concentration of 3He remaining in the 2 x 10 1 5 cm"2 3He
sample was compared with the concentration in the unannealed
6 x 10 1 5 cm"2 3He sample. Less than 10% of the 3He had
been lost, indicating that the 3He atoms were still trapped
by vacancies. The higher implant sample was then also
annealed to return the Ag atoms to lattice sites.

Both of these crystals were then irradiated with
1 MeV kUe+ ions at 70 K to fluences of 3 - 8 x 10 1 5 cm"2.
These irrad.ations produced <100> Al-Ag mixed dumbbells,
at a rate which was somewhat slower than had been previously
observed for unimplanted crystals. The number of the mixed
dumbbells disappearing during isochronal annealing was
then measured. Recovery was 90% complete after a 600 s
anneal at 220 K. This result suggests strongly that the
mixed dumbbell is not stable above stage III recovery.
However, the trapping of multiple vacancies by 3He or ''He
in Al has not yet been investigated. Thus the possibility
also exists that those 3He atoms which have remained in the
crystal, presumably by being trapped at single vacancies,
cannot trap additional vacancies. In this case, the
present results would not give information on the
stability of mixed dumbbells.

(1) M.L. Swanson and F. Maury, Can. J. Phys. 53, 1117
(1975) .

(2) E.V. Kornelsen, Rad. Effects 13, 227 (1972).
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1.4.2 Measurement of the Trapping Properties of Fe atoms in Mo
Crystals Using Characteristic X-Rays

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

A Kevex X-ray detector with 45° window has been
mounted in the low temperature target chamber of the
Van de Graaff accelerator. This equipment will be used to
determine the position of Fe atoms in b.c.c. crystals, in
particular Mo. Initial tests with 55Fe sources and with
He+ and H+ bombardment of pure Fe and Zr-0.2% Fe have been
completed. The signals were satisfactory, but a rather
large background signal existed, which possibly could be
reduced by collimating the detector in futire experiments.

1.4.3 Backscattering Measurements of the Diffusion of Ag in SiC

- M.L. Swanson and A.F. Quenneville with P.O. Offermann
(Hahn-Meitner-Institut, Berlin)

The SiC samples which had been implanted with
2 x 10 1 5 Ag ions-cm"2 (PR-CMa-47, section 1.4.3; AECL-6455),
were annealed for 4 h at 1620 K. The resulting Ag profiles,
as measured by 2.5 MeV He+ backscattering, showed consider-
able broadening as compared with the unannealed implanted
samples, indicating that some diffusion had occurred.
These results will be checked. A pair of unimplanted
samples were annealed face to face. Subsequent analysis
showed that no impurities were introduced by the anneal.

1.4.4 Backscattering Measurements of the Trapping Configuration
of Self-Interstitials at Cr Atoms in an Al-0.06% Cr
Crystal

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

It has been proposed by Dimitrov, et al. (1) that the
trapping configuration of an interstitial Al atom at a Cr
atom site underoes a change at 50 K. We have investigated
this possibility by channeling-backscattering measurements
in an Al-0.06% Cr crystal. The configuration, as determined
by measuring <110>, <100> and {100} yields, remained the
<100> mixed dumbbell from 50 - 70 K.

(1) C. Dimitrov, O. Dimitrov and F. Dworschak,
J. Phys. F: Metal Physics £, 1031 (1978).
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1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 The Behaviour of Xe Markers During the Reaction of
Aluminum with Hot Water

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

When Al samples are immersed in water at 368 K, an
oxide forms. When we attempted to investigate the
mechanism of the reaction by introducing Xe markers by
ion implantation, we found that the marker atoms had
completely disappeared after the reaction had taken place.

In further studying this phenomenon, a series of
samples were implanted with 1 x 1015 atoms-cm"2 at 40 keV.
During implantation, part of the surface was masked so that
we could compare the behaviour of implanted and non-
implanted surfaces. These were then immersed in hot water
for times ranging from 1 to 5 minutes. They were then
subjected to Rutherford backscattering analysis.

Samples treated for 3, 4 and 5 minutes formed oxides
and retained no Xe. Oxides on the implanted and non-
implanted parts were of the same thickness. Samples
treated for 1 and 1-1/2 minutes showed no detectable oxide
growth and no loss of Xe. The samples treated for 2 minutes
showed that oxidation had started, but was uneven across
the surface. Where there was little or no oxide there was
no loss of Xe. The Xe loss is therefore associated with
the early stages of oxide formation. We also found that
the stoichiometry of the oxide appeared to be variable.
We think that this indicates that the initial attack on
the metal takes place in small preferred areas leaving a
part of the area sampled by the analyzing beam (1 mm
diameter) unchanged.

The disappearance of the Xe markers simultaneously
with the initiation of oxide formation is consistent with
one model for the process which envisions the passage of
Al into solution and subsequent deposition as a hydrated
oxide on the surface (1).

(1) R.S. Alwitt in "Oxides and Oxide Films", Vol. 4,
J.S. Diggle and A.K. Vijh, eds., Marcel Dekker,
New York, 1976.
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1.5.2 Studies of porous Aluminum Oxides

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

In PR-CMa~48, section 1.5.1; AECL-6538, we noted that
when In, Xe, RE> or I were implanted at doses exceeding
1 x 10 1 S ions»cm*"2 into preformed porous oxides on Al, no
thickening of the oxide occurred during subsequent
anodization. We have now found that Ba exhibits the same
effect. An inhibiting effect was also observed when the
Ba ions were implanted into specimens covered only with
the natural air-formed oxide. This is the first instance
of this phenomenon we have seen. Implants of In, Xe, Rb
or I had not inhibited oxide formation under this condition.

1.5.3 Oxygen Analyses of CdSe Thin Films

- W.D. Mackintosh and H.H. Plattner in collaboration with
F. Shepherd (Bell Northern Research)

The oxygen content of a number of CdSe films was
determined using the 16O(d,p)17O reaction. The amount
present in the sample was found by comparing the yield of
protons from the samples with the yield from a standard
consisting of a Nb2O5 film of known thickness and
stoichiometry formed on the metal substrate. The content
of the CdSe films ranged from 1 - 5 yg-cm~2.

1.5.4 X-Ray Fluorescence Analysis

- D.C. Santry

The use of the ND-6603 data acquisition system for
elemental analysis by X-ray fluorescence has been studied
(see PR-CMa-44, section 1.5.4; AECL-6179), using several
types of samples provided by the General Chemistry Branch.
The fluorescence source-detector system can accommodate
samples of a great variety of size and shape, consequently
it is not necessary to destroy samples by sectioning for
examination. Thus nondestructive analyses have been
performed on pump seals, fume hood filters and filaments
from ion guns. Simple analysis, such as confirming the
amount of Sn in zircaloy or Nb in Zr-Nb alloy standards,
could be performed rapidly and nondestructively, and without
applying matrix absorption corrections, we obtained values
within approximately 2% of quoted values. For more
complicated analyses such as samples of lake sediments,
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incinerator ash. and ore tailings from dump sites, it was
possible to identify those elements with. Z greater than
20 when present in amounts greater than 0.5%. Quantita-*-
tive analysis of such samples would not be easy at present
because the data system cannot be programmed.

At present the system is most useful in providing the
analyst with a rapid, nondestructive identification of
the major constituents in a sample. With this knowledge
the appropriate technique for obtaining quantitative data
can be more easily chosen.

1.5.5 Thermal Neutron (n,p) and (n,ct) Reactions

- D.C. Santry, R.D. Werner and A. Lone (Neutron and Solid
State Physics)

Embrittlement and swelling of nuclear reactor
components have been attributed to neutron induced atomic
displacements and gas production via (n,p) and (n,a)
reactions. Our previous studies confirmed the identity
of 59Ni' as a source of uHe in stainless steel irradiated
with thermal neutrons (1). However, in those studies
the spectrometer was in the neutron beam and exhibited a
high background "noise" in the low energy region of the
spectrum thus hampering the detection of protons and alpha
particles derived from reactions which have low cross
sections. Attempts are now being made to repeat the experi-
ments at the NRU N4 external thermal-neutron facility in
which a well collimated neutron beam (flux
8 x '107 n-cm~2-s~1) irradiates only the target; the
detector is out of the neutron beam. Preliminary studies
indicate a reduced low energy background. For example,
using an Al sample implanted with % e (cnp = 5327 barns*)
the proton peak at 570 keV and the triton peak at 190 keV
were easily seen.

Neutrons scattered from thick targets enter the
detector and contribute to the low energy background. To
test the effectiveness of thin targets for eliminating
this difficulty, we are preparing samples of 59Ni
deposited on thin films of suitable material. In addition,
we shall examine stable isotopes of Zn, Zr, Nb and Mo
since for these materials the Q-values for the (n,p) and
(n,a) reactions are favorable.

(1) R.D. Werner and D.C. Santry, Nucl. Sci. Ena. 56,
98 (1975); AECL-4894.

* 1 barn = 100 fm2
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1.5.6 The. Anodic Oxidation of Superimposed Metallic Layers

- J.P.S. Pringle

A theory has been put forward (1) to treat the case of
anodic oxidation of superimposed metal layers of Nb and
Ta.

The model which was developed has been further
elaborated to treat the experimental results on the
anodization of the binary alloys Ta:Si (.2) and Ta:Ti (3) .
A paper has been prepared.

(1) J.P.S. Pringle, submitted to Electrochimica Acta.

(2) P.J. Silverman and N. Schwartz, J. Electrochemical
Society 121, 550 (1974).

(3) R.L. Ruth and II. Schwartz, J. Electrochemical
Society 123, 1860 (1976).

1.6 COMPUTATIONS

1.6.1 Low Energy Scattering of Hydrogen, Helium and Lithium

Ions from a Nickel (110) Surface

- D.P. Jackson

The calculations of low energy ion scattering (first
discussed in PR-CMa-44, section 1.6.1; AECL-6179) have
been extended to other incident ion beams in order to
more fully study the neutralization processes involved.

Comparison of the experimental results (1) for
600 eV ^He* ions incident on the Ni(110) surface with the
computer calculations show a remarkable effect. The
experimental data consist of simple single peaks in the
backscattered ion energy spectra at the He/Ni binary
scattering value. Very nearly the same backscattered peak
area is seen for all azimuthal angles (i.e. the angle
between the projection of the incident beam on the surface
and a specified crystal direction in the surface). In
other words, keeping the total scattering angle between
the beam and detector fixed and rotating, the crystal
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produces no change in the experimental yield. This is
not the case in the calculations» In fact, both multiple
peaks and a strong dependence on azimuthal angle are
seen, indicating that significant neutralization is
taking place. Similar comparisons involving 1H + and 6Li +

reveal a rather more complex picture. In these cases the
same peak structures are seen in both the calculation
and the experiments but the yields of the peaks are
different showing a somewhat different neutralization
effect.

The theoretical approach being used to bring the
calculations and experimental data into agreement is to
postulate a trajectory dependence of the neutralization.
That is, that the probability of an ion surviving tc
appear in the detector is dependent on the time it spent
in the surface region and its path relative to the
surface atoms. Already crude sorting of the reflected
ions into trajectory types has indicated that such a
model may be successful in explaining the 4He + data. The
crucial tests will be the 1H + and 6Li + cases where model
refinements are necessary to predict the relative yields
of the observed multiple peak structures.

(1) W. Heiland and E. Taglauer, Max Planck Inst. for
Plasmaphysics, unpublished data.

1.7 ACCELERATOR OPERATION

1.7.1 2.5 MV Van de Graaff

- G.R. Bellavance

The accelerator performed satisfactorily during the
March-May period with 9 days downtime of which two days
were due to power failure, two days were used to replace
faulty bearings on the alternator and repair leaks on the
feedthrough at the tank base, and one day was required for
routine maintenance and inspection.

Four days were required to repair the data acquisition
system.
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The beam time ChoursJ was allocated as follows:

JH + 2D + 3He + "He+ Total

March.

April

May

TOTAL

2
-

2

36

40

27

103

6

23

1

30

115

117

1Q5

337

159

180

133

472

1 .7.2 High Voltage Mass Separator

- G.A. Sims

The only mechanical repair that had to be made
during this period was the installation of two new bearings
on the mid-section of the rotating shaft. The bearings
that were removed had been in operation for approximately
2600 hours. The T.V. camera had to be repaired because of
damage caused by tank sparks and an anode voltage meter
was also replaced.

The following beams were requested and obtained over
the past three month period; H+, H 2

+, ''He"1", 4He + +, 7Li +

12C+/ 12c++( 12N+p H N++, 16o+, 160
++, 2 0lIe+f «t 0Ar+, «

52 C r
+, 8 3Kr +, 81(Kr+, 1 0 7Ag+, 129Xe+f 130Xe+f 1 3 8Ba+ a n d

209Bi+.

1.8 PUBLICATIONS, REPORTS AND LECTURES

1.8.1 Publications

A Comparison of Radiation Damage in Al By Channeled and
Random Beams of 0.6 MeV He + Ions
- M.L. Swanson, P. Offermann and K.H. Ecker, Can. J.
Phys. _5_7, 457 (1979) ; Atomic Energy of Canada Limited,
Report~ÂECL-6 468.

Stopping Powers for Heavy Ions in Carbon Over the Energy
Region 200 to 2000 keV
- D.C. Santry and R.D. Werner, IEEE Transactions on Nuclear
Science, NS-26, No. 1, (1979); Atomic Energy of Canada
Limited, Report AECL-6460.
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The Range of 12Q keV Ions in Solids
- D.C. Santry, R.D. Werner and O.M. Westcott, IEEE
Transactions on Nuclear Science,-NSv26, No, 1, (.1979);
Atomic Energy of Canada Limited, Report AECL-6461.

1.8.2 Lectures

Interaction of F: C100)-(5x20ï with H 2, CO and 0 2

- W.N. Unertl, P.R. Norton and J.A. Davies, The APS Meeting,
Washington, 1979 April 23-26.

Electron Microscope Observations of Individual Damaged
Regions in Ion Bombarded Silicon
- L.M. Howe, M.H. Rainville, H. Haugen and D.A. Thompson,
The 1979 Can. Metal Physics Conference, Kingston, 1979
June 6-8.

The Irradiation Induced Transition from the Ordered-*
Disordered-"Amorphous States in Zr3Al
- L.M. Howe and M.H. Rainville, The Microscopical Society
of Canada Annual Meeting, Vancouver, 1979 June 15-17.

Structural and Chemical Analysis of Platinum Surfaces by
High Energy Ion Beams
- P.R. Norton, J.A. Davies, D.P. Jackson and W.N. Unertl,
The 39th Annual Physical Electronics Conference, Maryland,
U.S.A., 1979 June 18-20.

The Mixed Dumbbell Interstitials in f.c.c. Metals
- N. Matsunami, M.L. Swanson and L.M. Howe, The Japan
Physical Society, Japan, 1979 March 31.

The following lectures were presented at the Electrochemical
Society Spring Meeting, Boston, Mass., 1979 May 6-11:

1) The Anodization of Superimposed Layers of Niobium and
Tantalum: Theory
- J.P.S. Pringle

2) The Anodization of Superimposed Metallic Layers: Theory
- J.P.S. Prinale
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The following lectures were presented at the Chemical
Institute of Canada Conference, Vancouver, 1979 June 3-̂ 6.

1) The Anodic Oxidation of Superimposed Layers: Theory
- J.P.S. Pringle

2} The Anodic Oxidation of Superimposed Niobium and
Tantalum Layers: Theory
- J.P.S. Pringle

The following lectures were presented at the 1979 IEEE
International Conference on Plasma Science, Montreal,
1979 June 4-6.

1) The Influence of Surface Trapping on the Reflection
of Hydrogen Atoms from Titanium
- D.P. Jackson

2) Implantation and Reflection of Medium Energy Hydrogen
and Helium in Oxidized and Multilayered Solid Surfaces
- P.C. Lichtenberger, J.E. Robinson and D.P. Jackson

The following lectures were presented at the Canadian
Association of Physicists Congress, Vancouver, 1979
June 18-21.

1) Universal Scaling Law for K-Vacancy Production in
Heavy Ion-Atom Single Collisions
- W.N. Lennard

2) Stopping Powers of Be, C, Al and Si for ''He Ions
- D.C. Santry and R.D. Werner

3) The Study of Point Defects by Channeling Measurements
- M.L. Swanson and L.M. Howe

The following lectures were presented at the 4th Inter-
national Conference on Ion Beam Analysis, Aarhus, Denmark,
1979 June 25-29.

1) Absolute Coverage Measurement of Adsorbed CO and D2
on Pt(lll)
- J.A. Davies, P.R. Norton and W.N. Unertl

2) A Quantitative Microanalysis by Heavy-Ion Beam Induced
X-ray Excitation
- I.V. Mitchell, W.N. Lennard and J.B. Sanders

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

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught, H. Herrington

2.2.1.1 DC Arc Excitation of Solids and Solution Residues

A thorough evaluation of the Webb (M.S.W. Webb and
M.L. Worthingham, Atomic Energy Research Establishment
- R5799) technique is in progress for both solids and
solutions (i.e. solution residues). The principal part
of this development program involves the excitation of
a series of multi-element standards from which calibration
curve data can be derived. A series of 21 multi-element
standards (Spex Mixture - 47 elements as oxides)
covering the range 0.0005 wt.% to 1 wt.% (in graphite)
for each element have been excited to give a graded series
of line spectra on photographic plates (Kodak-SAl).
Lithium fluoride was used as plasma stabilizer and Co
served as internal standard. The DC arc excitation
interval was 180 seconds. A minimum of two lines per
element will be processed to derive intensity ratios
with respect to Co internal standard lines. Each
standard was excited five times in succession to test
the precision of the method.

Soil standards (International Atomic Energy Agency,
Certified Reference Material, Soil-5) have been acquired
for the purpose of checking the accuracy of the Webb
technique using newly derived calibration data.

2.2.1.2 Emulsion Calibration and Microdensitometer Data Processing

Due to inflexibility in data transfer to the
teletype unit interfaced to the Jarrell-Ash 21-300 micro-
densitometer, computer processing of emulsion calibration
data is unwieldy and time consuming. A recent
publication ('The Functional Form of the Calibration Curve'
J.R. Woodyard, B.C. Piper and K.R. Stever, Applied
Spectroscopy, Vol. 33, No. 1, 1979) describes a
relatively simple algorithm for transformation of
photoplate transmission data into relative intensity
results. A program has been prepared for a Hewlett
Packard 9820 desk calculator to facilitate emulsion
calibration calculations. Data used in a previous
emulsion calibration procedure have been re-processed
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via the HP 9820 using the novel algorithm and compared
with previous intensity ratios obtained from the
Control Data Corporation 6600 (CRNL, Mathematics and
Computation Centre). Intensity ratios derived from the
two calculation schemes compare favorably. Calibrations
will now be performed on each new shipment of photographic
plates.

The HP 9820 is also being used for off-line
calculation of concentration results by accessing
calibration curve data using curve coefficients. The
HP 9820 calculator/HP 9862A plotter combination lacks
two significant features which are needed to form an
ideal spectrographic data system. These items are: an
interface to the microdensitometer to provide direct
transfer of percent transmittance data to computer memory
and a mass memory peripheral (cassette tape or floppy
disk) to give storage capacity for all emulsion
calibration and calibration curve data. Two options are
being considered: addition to the HP 9820 data system
or introduction of a Commodore 2001 microcomputer (32 K
word memory) with dual floppy disk memory peripheral
(32 K word capacity) and impact printer.

2.2.2 Analytical Support for Heavy Water Production Plants

- R.M. Cassidy, R. Harpur

2.2.3 Atomic Absorption Spectrometry

- D. Bellavance, J.P. Mislan

Laboratory work was confined to analysis of service
samples by established methods.

2.2.4 Inductively Coupled Argon Plasma/Optical Emission
Spectrometry (ICAP-OES)

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

2.2.4.1 Determination of B and Gd in D2O (Reactor Moderator)

Work is in progress to define analysis conditions for
B and Gd in D2O at concentration levels expected in
reactor application (soluble poisons).
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2.2.4.2 Analysis of Zirconium Alloys for Alloying
Elements and Impurities

Work is continuing in the application of ICAP-OES
to the determination of minor and trace elements in
zirconium and zirconium alloys. Ion-exchange chromatography
using the technique of high efficiency cation chromatography
with post column detection will be used to determine
optimum separation conditions, for removal of Zr matrix.

2.2.4.3 Analysis of Biological Materials

(in cooperation with Dr. D.W.S. Evans, Plant Hospital)

Certain diseases are characterized by the presence
of abnormally high levels of specific trace elements in
blood or urine. Loss of motor function is associated with
an increase in the selenium content of urine. Current
work is directed towards detecting selenium in the urine
of a patient whose condition is being monitored by CRNL
medical staff. Selenium at the level of one mg/L in
urine can be measured (Se - 196.03 nm emission line)
by direct injection (concentric nebulizer/spray chamber
combination) into the plasma of the CRNL, ICAP optical
emission spectrometer. A Se monitoring program for this
patient is in progress.

2.2.4.4 Analysis of Non-Metals

A cursory examination of indirect detection of SO^
by monitoring S atomic emission at 182.03 nm has shown a
detection limit of 50 mg/kg with nitrogen purge of the
spectrometer compartment. More work is required to
lower this detection limit for practical service
analysis.

2.2.5 Chromatography

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

2.2.5.1 Low-Level Metal Ion Determinations

Work has continued on the application of high-
performance liquid chromatography and post-column reaction
detection to the determination of small concentrations of
metal ions. Studies of trace enrichment of Co(II) have
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shown that samples as large as 200 mL can be
quantitatively concentrated on a 3 x 3 mm ion exchange
cartridge. Figure 2.2.5.1.1 shows that linear calibration
curves are obtained in the low pg-mlT1 range;
representative chromatograms for the analysis of a
21 pg'ituY"1 Co(II) standard and a 70 mL sample of water
from a reactor loop are also shown in Figure 2.2.5.1.1.
This system has been used to analyze water from NRX
reactor loops, H-4 and H-5. The Co(II) concentrations
found were in the range of 10 to 14 pg-mL"1; other metal
ions found were Cu(II), Ni(II), Zn(II) and Pb(II).

Preliminary tests with other metal ions have also
shown good recoveries from 200 mL samples for Ni(il),
Zn(II), Pb(II) and Mn(II); the smallest concentrations
tested to date are in the range of 1 to 5 ng^mL"1. This
system has also been used to analyze plant distilled water,
tap water, and Ottawa River water; Figure 2.2.5.1.2
shows the chromatogram obtained for a 20 mL sample of
acidified river water. The analysis of plant distilled
water showed that there was significant Cu(II)
contamination in this water; Cu(II) concentrations for
river and plant distilled water were 4 and 283 ng«mL-1

respectively.

The determination of small concentrations of metal
ion by 'on-column1 injection is also possible due to the
large molar absorptivities of the complexes formed with
the reagent used for detection, 4-(2-pyridyl)-azoresorcinol.
Table 2.2.5.1.1 shows the results obtained for a series
of steel samples and an Incoloy sample. Preliminary
studies indicate that these techniques can also be
applied to the analysis of Zircaloy.

The effect of parameters such as nature of ion
exchanger, flow rate, pH, composition of mobile phase,
and column temperature, on column efficiency have also
been studied. Details of these investigations will be
given in a publication which is presently in the first-
draft stages.
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Enrichment
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Table 2.2.5.1.1

Analysis of Steels and Incoloy

Mild Steel
Sample

B.C.S. No. 327
S.S. No. 57

No. SS-12

No. SS-13

No. SS-14

No. SS-16

No. SS-17

Incoloy B

Wt.% Found
by HPLC

Co

0.0062

0.251

0.027

0.194

0.027

0.124

0.018

Mn

0.407

0.488

0.440

0.444

0.477

0.455

0.690

Certified
Analysis
(wt.%)

Co

0.006

0.250

0.021

0.190

0.027

0.125

0.020

Mn

0.16

Analysis Not
Certified

(wt.%)

Co Mn

0.54

0.49

0.52

0.48

0.50

2.2.5.2 Determination of Multifunctional Carboxylic Acids

Further investigations of the gas chromatographic
determination of oxalic acid, citric acid and ethylene-
diaminetetraacetic acid (EDTA) as their methyl esters, have
shown that losses observed previously were due to the
adsorption of the EDTA ester onto the syringe needle and
the photochemical decomposition of the oxalate, citrate,
and EDTA iron complexes in the presence of dissolved oxygen.
The adsorption of the EDTA ester can be eliminated if the
syringe needle is held in the injection port for at least
15 s and the photochemical decomposition of the iron
complexes can be prevented if samples are stored in the dark.

This method is presently being used for the routine
analysis of these acids. Details of the method are in the
final draft form and will be published shortly. No
further work is planned in this area.
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2.2.6 Quadrupole Mass Spectrometry

- T.H. Longhurst

2.2.6.1 Deuterium Concentration in Deuterated Cytosine Monohydrate

A crystal of cytosine monohydrate which had been
deuterated by contact with D20 (followed by evaporation
of the excess D20 in air), was analysed for Dr. B.M.
Powell of the Neutron and Solid State Physics Branch
by mass spectrometry to determine the deuterium
concentration. For comparison, a standard (not deuterated)
sample and a sample which was freshly deuterated, by
contact with D20, were also analysed.

The results are shown in Table 2.2.6.1.1.

Table 2.2.6.1.1

Atomic % Deuterium

Sample

Evaporation
in air as
received

Freshly
Deuterated

Portion of Molecule

Water Cytosine

47 40

84 54

Hydrogen isotopes in the water of hydration are easily
exchanged and under ideal conditions 100% deuteration is
possible. Three hydrogen atoms in the cytosine portion
of the molecule are available for rapid exchange with
deuterium. These hydrogen atoms exchange easily and
care must be taken to avoid back exchange with hydrogen
from atmospheric moisture.
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2.2.6.2 CH 3
1 3 1I Release front Charcoal Filters

The quantity of radioactive iodine species escaping
various activated charcoal filter systems is of concern,
but the actual concentration is very small (< 1 pg/dm3).
For analytical work a method of preconcentration is
necessary. Until recently, cryogenic trapping at -196°C
has been used. While this method efficiently traps the
more volatile iodine species, it also collects the more
abundant and radioactive xenon and the increased sample
activity makes sample handling more difficult.

The USA Occupational Safety and Health Administration
(OSHA) has recommended a method for the analysis for CH3I.
With this method the vapor is collected from air in
approved charcoal sample tubes, the collected vapor is
desorbed by solvent extraction with toluene, and the
resulting solution is analyzed by gas chromatography.
This method was tried using CH3I standards but was not
suitable due to a very low recovery of CH3I from the
charcoal and erratic chromatographic results due to the
presence of relatively large quantities of the strongly
retained toluene.

The same procedure was also used to analyse species
collected with a Maypack sampler; Barnebey-Cheney 727
activated charcoal pretreated with 5% potassium iodide is
used with this sampler. The same problems of low recovery
and variable GC results were experienced. However, large
quantities of other light halogen species were detected;
dichloromethane, trichloroethylene and tetrachloroethylene
were identified previously from Maypack samples by GC-MS.
A room-temperature vacuum extraction of unused 727 charcoal
also produced large quantities of halogen species. The
quantities observed were large relative to CH3I, making
727 charcoal undesirable as an analytical adsorbant.
However, 727 charcoal is also used in the main filter beds,
which may make it necessary to cope with some of these
other halides regardless of sample system used.

2.2.7 Determination of Hydrogen-in-Metals by Inert Gas
Fusion/Gas Chromatography

- H. Herrington, J.P. MisIan
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2.2.8 Analytical Support for NRX Calandria (Corrosion)
Working Party

- J.P. Mislan, M.T. Hurteau, D. Nishimura (Reactor Loops
Branch)

The monitoring of factors which influence the
corrosion rate of 2S-A1 calandria tubes has been resumed,
with cooperation from Reactor Loops personnel. A Philips
PW 9762 NO/NO2/NOX analyser is being used for continuous
monitoring of nitrogen oxides in air sampled from two
different calandria tubes, one in the outside ring G-l
and another near the centre H-6. A custom-built valving
system directs air from the corrosion zone and 21 cm
below it in each tube to the analyser for periods of
60 minutes. The temperature inside calandria tube H-6 is
monitored with four thermocouples attached to the sampling
probe in H-6. A differential pressure (AP) transducer
serves to give an indirect measure of air flow through the
calandria tube.

The objectives of the NRX calandria tube corrosion
monitoring program are to:

1) confirm the presence of a localized concentration
of NO X species in the tube-sheet region of
individual calandria tubes.

2) t-how that there is a correlation between the
lower corrosion rate and lower NOX concentrations
in peripheral calandria tubes such as G-l compared
to H-6.

3) confirm that air-flow in individual tubes is
directly related to N0 x production.

4) indicate the effectiveness of an inert gas purge
(e.g. CO2) in reducing [NOX] and hence the
corrosion rate in individual calandria tubes.

The results of a two week monitoring program of [NOX]
in H-6 and G-l, and AT and AP in H-6 are summarized below.

1) No [NOX] gradient was detected in calandria tube
H-6, presumably because of the high sampling
rate of 0.45 L/min (4.3 tube-volumes«h*).
Previous measurements of [NOX] were made at
0.10 L/min.
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2) Concentrations of N0 x were observed to be
< 50 uL/L increasing to 150 pL/L during low power
or shut-down conditions. Increased [N0x] was
accompanied by a 20°C temperature rise (40°C to
60°C) and a reduction in AP (2.0 cm H2O (head) to
1.65 cm H2O (head)) indicating reduced air-flow.
This 'peaking' behavior of [NOX] was not observed
previously.

3) The trend of N0 x concentration with time in G-l
is similar to that of H-6. The concentrations
are one-third of what might be expected from a
decreased production rate resulting from a lower
neutron flux at the outside of the calandria.



2.2.9 Analysis Requests

Type of SampleReceived
from

System
Materials

Coolant water

Reverse osmosis product

Synthetic waste solution

NPD heat exchanger scale

Power plant boiler scale

Grafoil packing

Fission-product solution

Reverse osmosis solution

Solids from UFj (ultra filtration
unit)

Fuel decrudding solutions
Grafoil packing
CAN-DECON solutions
Reverse osmosis filters and filtrates
Bruce G.S. incinerator ash
H-5 crud filters
Bruce G.S. - fuel descaling solutions
Synthetic waste solutions
Leach tests

NRX-NRU exhaust duct specimen
Scale from NPD heat exchanger
Cement samples
Fission product solution
Millipore filter

NO. Of
Samples

1

21

1

1

2

2

1

1

1

21
2
14
20
5
3
9
1
52

2
1
3
3
4

No. of
Analyses

40

660

45

30

16

92

12

179

12

105
8
42
20
10
18
45
9

157

10
4
9
3
36

Type of Analysis Done

Quantitative
Spectrographic
Quantitative Plasma
Emission
Quantitative Plasma
Emis'sion
Quantitative
Spectrographic
Quantitative
Spectrographic
Quantitative
Spectrographic
Quantitative
Spectrographic i
Na, K, Ca, Mg, Fe,
Cu, Cr, Mn, Si, SO,,, ^
Cl, PO,,
Na, K, Ca, Mg, Fe,' '
Cu, Cr, Mn, Al, Si,
P C , SO»
Fe, Ni, Cu, Co, Cr
Cl, SO,,, NO3, pH
Fe, Ni, Cr
Cl
Cl, SO,,
Fe, Ni, Cu, Co, Cr, Al
Fe, Ni, Cu, Co, Cr
Cu, Fe, Mg, Na, Sr
Cs, Al, Ca, Cr, Cs,
Sr, Co
Cr, Cu, Mn, Mo, Si
Fe, Cu, Ni, Li
Sr, Cs, Co
Sr
Si, Al, Na, Ca, Mn,
Mg, Fe, B



Received
from

System
Materials

Metallurgical
Engineering

Fuel
Engineering

General
Chemistry

Chemical
Engineering

Fuel
Materials

Physical
Chemistry

E.I.&P.

NPD

Type of Sample

Leach test solutions
Zr-2.5% Nb specimens
CECE pilot plant process gas

Carbon steel specimens
Incinerator ash

Zr-2.5% Nb test specimens

NPD fuel sheath specimens
Fission gas

H-in-Zr secondary standards
PUO2-UO2 fuel

Ni/Ti coupons
D2O from ZED-2
High-purity iron
LPCE-Rig process water

GS Pilot Plant process water
H2 process gas

UO2 fuel

D20 test solution
CsBO,, in MIBK/THF
CECE Pilot Plant process gas

Power plant boiler scale

Moderator and coolant D2O
Process D2O

No. of
Samples

8
180

7

2
2

24

8
10

5
2

2
8
3
4

210
2

NO. of
Analyses

8
180
24

8
3

54

8
60

5
102

6
8
3
8

346
12

6
2
45

16
300

Type of Analysis Done

Na
H, D
Quantitative mass
spectrometry
C
C

H

Quantitative mass
spectrometry

H
Quantitative
Spectrographic
Fe, Ti, Ni, Cu
K
Mn
Fe, Cu

Fe, Al, 251tUV
Impurity analysis
by mass spectrometry

Fe

K
Na
Quantitative mass
spectrometry

C, Fe, Co

Cl, F, Fe, Al
Quantitative
Spectrographic

I



Received
from

Advance
Engineering

Engineering
Research

Materials
Science

Quality
Control

Nuclear
Physics

Chemical
Operations

Accelerator
Physics

Mechanical
Equipment
Development

AECL
Radio-
chemical Co.

Ontario
Hydro

Type of Sample

Acid stripper solutions

High purity process water
Hydrazine

Zr-2.5% Nb test specimens

Zr-2.5% Nb test specimens

Argon process gas

Xenon process gas

Portland cement

Ti alloy specimen

Stainless steel specimens

Xe commercial product

Zr-2.5% Nb specimens

TOTAL

No. of
Samples

No. of
Analyses

Type of Analysis Done

20

1
1

48

2

2

1

3

1

4

1

16

20

1
1

53

4

8

6

81

3

8

6

32

Ag

Cl
Cl

H

H

Quantitative mass
spectrometry

Quantitative mass
spectrometry
Quantitative
Spectrographic

U, Al, Ti

C

Quantitative mass
spectrometry

D

785 2999
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Flux Measurements in NRU Silicon-Irradiation J-Rods

- W.J. Edwards (in collaboration with G. Nicholson, NRU
Reactor Branch, CRNL)

Further 60Co dosimetry measurements have been made
to intercompare the simultaneous neutron flux in pairs
of adjacent J-rods (1,3) and (48,50) available for silicon
transmutation work. For these measurements a set of four
cobalt monitors mounted in a 19 mm diameter Al support rod
were irradiated while suspended symmetrically at the
reactor center line. Simultaneous flux measurements for
30 minutes were done on one pair of adjacent J-rods, and
after an interval of several days, on the other pair.
The average neutron flux for each set is given in Table
2.3.1.1.

Table 2.3.1.1

Central Neutron Flux in NRU J-Rods

J-Rod No. cj> n/(cm2-s)

1 1.36 x 1013 ± 1%

3 1.08 x 10 1 3 ± 1%

48 1.05 x 10 1 3 ± 1%

50 1.26 x 10 1 3 ± 1%

The measurements in Table 2.3.1.1 show a flux gradient
of 20 - 30% in the average center line flux for each pair.

2.3.2 Radiochemical Analyses

- W.J. Edwards
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2.3.2.1 Strontium-90

Strontium-90 is one of the few fission products that
cannot be determined by y-radiation measurements.
Following requests from the System Materials Branch, a
radiochemical procedure has been developed for the
absolute determination of 90Sr from leaching solutions
and other solutions from waste treatment experiments. A
standard ion exchange technique has been used followed by
measurements with an end-window @~-counter. The method
has been extensively calibrated and tested using standard
90Sr supplied by J.S. Merritt of the Standards Group,
Nuclear Physics Branch. This facility is e Tailable on a
service basis to other groups within the lii. '.ts of the
available manpower.

t-2.3.3 y-Spectrometry Laboratory

- P.A. Robinson

A total of 248 samples was received during the
period 1979 March 8 to 1979 June 8. These were analysed
as follows:

Na(I) spectra
Ge(Li) spectra

decay curves beta
gross beta

20
314

334

112

112

DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

Special
Analysis

112

0
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DISTRIBUTION OF GAMMA ANALYSIS

loop

Y'S

x-l

3

X-2

1

X-3

13

X-4

1

X-6

2

U-X

4

U-2

8

U-5

5

NRU

39

NPD

5

Special
Analysis

253

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 1979 March 13 to 1979 June 6.

No. of Analyses Branch

6000 General Chemistry

100

15395
(H2 on line)

52277
(H2 on line)

35

73810

General Chemistry

General Chemistry

Physical Chemistry

PHHWP, GBHWP," BHWP

Pickering GS

Program

Absolute Deuterium
Content Determinations

H2-H2O Combination
Standards Correlation

Electrolysis-Catalyst
Exchange

H2-H2O Exchange

Interlaboratory
Comparisons

D2O Inventory
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2.4.2 Heavy Water Analysis - Cooperation with Production Plants

- W.M. Thurston/ M.W.D. James

2.4.3 Calibration of Hydrogen Standards

- A.S. Denovan, M.W.D. James and W.M. Thurston

A review of the combustion technique for burning
hydrogen standards to form water for direct calibration
with water standards has been completed.

Agreement between two series of combustions was better
than ± 0.5 ppma throughout the range covered (40 - 300 ppma)
Because of the large number of analyses (̂  120) and the
good agreement between two analysts we have decided to use
the combustion technique results to tie hydrogen standards
directly to our Canadian primary water standards.
Hydrogen standards have been adjusted accordingly
effective 1979 June 1.

2.4.4 Absolute Deuterium Analysis of Water Standards with
Near Zero Deuterium Content

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

This work is continuing and to date four determinations
have been made on one drum of water from Port Hawkesbury
with an absolute deuterium content of 2.75 ppma + 0.05,
and a single determination on a drum recently received
from BHWP (^1.5 ppma). A second drum at BHWP has been
identified as having a deuterium concentration of
'v 0.2 ppma and is being sent to CRNL for absolute
determinations using the distillation technique.

2.5 ELECTROCHEMISTRY

2.5.1 Laboratory Demonstration of the CECE-HWP Super-Upgrader

- M. Hammerli, A.S. Denovan
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2.5.2 ZED-2 Analytical Support

- M. Hammerli, W.J. Olmstead

2.5.3 L?CE Analytical Support

- M. Hammerli, E.D. Bellavance, M.T. Hurteau

2.5.4 H/D Separation Effects on Titanium-Nickel Alloy Electrodes

- M. Hammerli, W.J. Olmstead

2.5.5 Charging and Discharging Characteristics of Titanium-
Nickel Alloy Electrodes

- M. Hammerli, W.J. Olmstead

2.5.6 Ion-Selective Electrode Determination of Boron

- J. Gulens, P.K. Leeson

Aqueous solutions of boric acid (H3BO3) must be
converted to fluoroborate (BF~) by reaction with aqueous
HF, in order to determine the boron concentration using
the fluoroborate electrode. The conversion rate increases
with increasing temperature and increasing HF concentration;
however, the HF must be neutralized prior to analysis by
the electrode in order to attain maximum sensitivity
(PR-CMa-4 8, AECL-6538).

We have determined that the response characteristics
of the fluoroborate electrode are the same in NHi»F
solutions as in NaF solutions: the response is strongly
affected by the pH but not by the NHijF concentration.
Aqueous NH3 is preferred over NaOH for the HF neutralization
not only because NHi»F is more soluble than NaF but also
because it provides pH buffering capacity. Initial
results from conversion studies using high HF
concentrations at room temperature are encouraging^ over
the boron concentration range of 2 x 10~5 - 5 x 10"6 mol/L
(0.22 - 0.054 mg/kg) the recoveries were > 90%.
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2.5.7 Sulfide-Selective Electrode Measurements in Ground Water

- J. Gulens, A. Geerts

A new commercial continuous monitor for measuring H2S-
in-water is based on acidification of the sample and a
sulfide-selective electrode/glass electrode detection
system. We are interested in incorporating these
principles in a small portable instrument that could be
used for sulfide measurements in ground water in the field
(Perch Lake Basin). We are awaiting the delivery of some
key components before assembling the portable unit;
meanwhile, the response of sulfide electrodes in alkaline-
ascorbic acid solutions is being investigated.

2.5.8 Studies of Ag2S Electrodes

- J. Gulens (with D. Shoesmith and P. Taylor, Research
Chemistry Branch, Whiteshell Nuclear Research Establish-
ment)

The non-Nernstian response at low sulfide concentra-
tions in alkaline-ascorbic acid solutions of some sulfide
ion-selective electrodes has been attributed to the
measurement of mixed potentials, which arise because of
metallic silver accumulating at the Ag2S/solution interface
(1). X-ray diffraction analysis of the electrodes confirms
that Ag metal is present at some electrode surfaces, the
amount varying from electrode to electrode. Scanning
electron microscope examination of their surfaces has not
shown the presence cf any new deposits but does reveal
that pitting is occurring.

Further evidence for the presence of Ag metal is
provided by voltammètric studies. The system Ag/AgzS is
known to have a high electronic conductivity but the Ag2S/
solution interface has a high resistance to the transfer
of electrons to redox species in solution (2). However,
we have observed a response with these electrodes to redox
couples in solution. In an oxalate solution (pH 4)
containing Fe(II), an oxidation peak is observed whose
height is concentration and scan-rate dependent. Similar
oxidation processes are also observed in alkaline solutions
containing reducing agents (ascorbic acid, hydrazine).
However, electrodes that have a solid-state graphite
contact to the AgaS crystal, or have an internal liquid
contact, do not give any apparent faradaic response in the
systems studied.

(1) J. Gulens, B. Ikeda, Anal. Chem., 50, 782-787 (1978).

(2) M. Koebel, N. Ibl and A.M. Frei, Electrochim. Acta,
19, 287-295 (1974).
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2.5.9 H2S-in-Water Monitors

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

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2.6.1 Spark Source Mass Spectrometry

- S.V. Armstrong

The spark source mass spectrometer was down for a
significant portion of this quarter because of failures of
cooling water and liquid nitrogen systems and of diffusion
pump heaters. Slow corrosion of cooling water system metal
fittings during the decade that the instrument has
operated finally led to their rupture. The liquid nitrogen
system failure was due to an electrical fault in the
automatic refill system. The several faults were
rectified and the instrument is again functioning normally.

2.6.1.1 Analysis of Super-Pure Iron Intended for Irradiation
Capsule Fabrication

Analyses of various rods of nominally super pure iron
were continued (cf. PR-CMa-48, AECL-6538, 2.6.1.1, p. 49),
with another nine samples being examined for their total
trace element concentration. Thirteen to fourteen elements
were detected in each of these samples. The results
indicate that the samples are sufficiently close to
specification to be acceptable.

2.6.2 Thermionic Emission Mass Spectrometry

- J.A. Schruder, C.H. Knight

No irradiated samples were analysed during this
quarter because the Bldg. 250 hot cells were still in the
process of being renovated. However, another twenty-one
samples of unirradiated uranium, boron and gadolinium
originating with Ontario Hydro, the AECB, United Nuclear,
Fuel Materials, Workshops Estimating and Planning and
General Chemistry were analysed for their relative
isotopic abundances.
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No plutonium analyses were done because the glovebox
used for many years to load plutonium mass spectrometer
filaments has been shut down and is being replaced by a
modern glovebox that will meet current safety standards.

2.6.3 Fuel Analysis

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

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

A limited number of separations have been carried out
on a fuel solution that had decayed for about six years.
Alpha decontamination factors of 103 - 101* have been
achieved in the neodymium fractions. The principal
fission products detected in this fraction by y spectrometry
are listed in Table 2.6.3.1.1. It is planned to evaluate
the separation method on newer fuel solutions as soon as
the chemistry hot cell renovations are completed.

Table 2.6.3.1.1

Decontamination of Fission Product Neodymium

Nuclide Decontamination Factor*

137Cs 1 x 105

15-Eu 1 x 102

I06Ru 8 x 103

•Decontamination factor = Activity in original solution

Activity in separated fraction

2 6.3.2 Hot Cell Renovations

A revised completion date for the Bldg. 250 hot cells
renovation of September 1979 has been estimated by
Mechanical Services Branch. The ventilation system,
including air conditioning, has been completed; electrical
modifications including alarm systems are almost complete.
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Main items uncompleted are the glove box line and a sliding
gate for cell #3. Construction of these items has .just
commenced in the main machine shops.

Burnup samples waiting for analysis now number about
50, including eleven ThO2-UO2 specimens.

2.6.4 Analytical Support - Plutonium Fuel Fabrication Line

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

2.6.4.1 Routine Analyses

During the quarter the following analyses were
carried out in support of fuel fabrication for Experiment
BDL-419:

Plutonium content - 5
Uranium content - 1
Plutonium isotopic - 1
Oxygen/metal ratio - 4
Moisture - 3

Six bundles, which had been completed for Experiment
BDL-419, had to be reprocessed through a vacuum degas
cycle, analysed for hydrogen, and reassembled into
elements as a result of the intermittent hydrogen
contamination outlined in PR-CMa-48, AECL-6538. At the
end of the quarter, the fabrication line was again
producing new fuel elements.

2.6.5 Calibration of Neutron Non-Destructive
Assay Equipment for Plutonium Analysis

- F.C. Miller, L.G. Shurrock, B.W. Hildebrandt (in
collaboration with A.T. Jeffs, Fuel Materials Branch, CRNL)

Work is continuing on the- preparation of a standard
fuel element which will be representative of a typical
batch of mixed oxide fuel; this element will be used as
a calibration standard for the non-destructive neutron
assay equipment in the fabrication line. Fifty pellets
from Batch 102 were chosen at random; forty of these pellets
are to be assembled into the element, the other ten
pellets were analysed repetitively on the neutron non-
destructive assay equipment. Three of these ten pellets
were then analysed for plutonium content and isotopic

Metallic Impurities
Hydrogen
Nitrogen
Carbon
Fluoride

- 3
- 14
- 1
- 1
- 1
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composition by the analytical laboratory with the
following results for plutonium content:

Sample Wt.% Pu a Wt.% Fissile Pu/
• ' ' Total Heavy Elements

Pellet A 0.5468 + 0.0006 0.4919

Pellet B 0.5482 ± 0.0005 0.4932

Pellet C 0.5493 ± 0.001 0.4942

The weight percent of fissile plutonium in total heavy
elements in Batch 102, calculated from the known amounts
of plutonium and uranium originally added to the batch,
is 0.492, which is in good agreement with the value
determined in the representative pellets.

2.6.6 Conversion of Plutonium Nitrate Solutions to Oxide

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

The plutonium dioxide obtained by conversion of stored
plutonium nitrate solutions (cf. PR-CMa-48, AECL-6538)
was blended thoroughly and analysed for total plutonium
and metallic impurities. The plutonium dioxide was packaged
and returned to Nuclear Materials Control for storage.

The analysis for plutonium content of the original
nitrate solution by coulometry in sulphuric acid media
failed to produce acceptable results because of a high
iron concentration in the final product solution. As
a result, the analysis was carried out in HC1 media in
which the half-cell potentials for iron and plutonium are
sufficiently different to allow the reduction of Pu(IV)
to Pu(III) without reducing Fe(III) to Fe(II). Liquid
waste from the process was analysed for plutonium by alpha
counting. The efficiency of the conversion from nitrate
solution to dioxide was as follows :

Pu in Nitrate Pu in dioxide (t,) Pu in liquid
Solution (g) waste (g)

365.9 ± 0.6 366.1 ± 0.6 0.3 ± 0.03
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2.7 PUBLICATIONS AND REPORTS

2.7.1 Publications

Peak Power and Heavy Water Production from Nuclear
Electrolytic H2 and 0 2 in Canada
- M. Hammerli, J.P. Butler, and W.H. Stevens
Int. J. of Hydrogen Energy, £, 85-99 (1979).

2.8 LECTURES, CONFERENCES, MEETINGS, COURSES

2.8.1 Lectures and Conferences

CANDU with Hydrogen
- M. Hammerli
Presented at 7th Conference of College Chemistry Canada
(C3 Conference) Mohawk College, Hamilton, 1979 May 31 -
June 2.

A Demonstration of the Combined Electrolysis Catalytic
Exchange (CECE) Process
- M. Hammerli, A.S. Denovan
Presented at Catalysis Discussion Group Spring 1979
Meeting, CRNL, 1979 May 17

The following papers were presented at The Chemical
Institute of Canada 62nd Canadian Chemical Conference
and Exhibition, Vancouver, B.C., 1979 June 3-6.

Advances in Continuous H2S Monitoring by Ion-Selective
Electrodes
- J. Gulens and H.D. Herrington

The Potential of High-Performance Liquid Chromatography
for the Separation and Determination of Trace
Concentrations of Metal Ions
- R.M. Cassidy and S. Elchuk

2.8.2 Meetings

Working Party Group Meeting on Annex IV & V of IEA's
Hydrogen Program at Brookhaven National Laboratory,
1979 April 1-4. Attended by M. Hammerli.
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Kick-off meeting for contract for long term testing and
evaluation of separator materials and electrocatalysts
at the Noranda Research Centre, 1979 May 2. Attended by
M. Hammerli.

International Symposium on Advances in Chlor Alkali
Technology, London, England, 1979 June 13-15. Attended
by M. Hammerli.

13th Meeting of Analytical Subcommittee, held at Halifax,
N.S., 1979 May 23-25. Attended by R.M. Cassidy
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- A.W. Boyd and O.A. Miller

(a) Yield of Excited N Atoms in the Radiolysis of
Nitrogen

As discussed in PR-CMa-47, AECL-6455 and PR-CMa-48,
AECL-6538 the O3 yields in the Febetron radiolysis of
N2-O2 mixtures should be dependent on the yields of
ground state (NC^S)) and excited state (N(^D)) nitrogen
atoms.

Our values for these yields are shown in Figure
3.2.1.1. The ozone was measured by its absorbance at
260 nm in a 4 pass multiple reflection cell with a total
path length of ^ 40 cm. The electron beam from a Febetron
705 was scattered by a 0.005 cm Ta foil and entered the
optical cell through a 0.025 cm Al window. The maximum
dose per pulse in the cell was 2 x 10 1 9 eV*g~l and the
average dose and dose rate were estimated from blue
cellophane dosimetry to be 1 x 10 1 9 eV-g"1 and 3 x 10 2 6

eV"g~1'S~1 respectively. The yields were measured 1-2 ms
after the pulse and are based on G(03) = 12.8 in pure O2.
As a check, measurements were repeated using both Matheson
ultra high purity O2 and extra dry oxygen and Matheson
CP nitrogen and extra dry nitrogen. No significant
differences were found.

Using methods previously described (PR-CMa-45,
AECL-6327, PR-CMa-46, AECL-6401) determinations were
made of the N02 in N2-O2 mixtures. The irradiations for
these measurements were done using quartz cells with
an average dose per pulse of 1 x 10 eV'g"1 and an
average dose rate of <v> 3 x 10 2 7 eV'g~1>s~ . These gave
an upper limit for the yield of NO2 in a 90% N2, 10% O2
mixture from a single pulse of G(NO2> £ 0.05. In an
irradiation of 10 successive pulses G(NO2> £ 0.02.

Comparison of the above data with computed values
for various ratios of G(N(2D)) to GfN^S)) does not
provide unambiguous values for these two yields. For
example in a 4% O2 mixture the O3 yields are best
fitted by G(N("S)) < 3.0 and G(N(2D)) > 2.5; GCN^S)) +
G(N(2D)) = 5.5). However the computed value of the
NO2 yield for G(N("S)) = 5.5 (i.e. G(N(

2D)) = 0) is
G(NO2) = 0.15 and this increases with increasing values
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of G(N(2D)). Further computations and measurements of
the NO2 yield at lower dose, rates (where it should
increase) are being done to resolve these discrepancies.

(b) Isotope Effects in the Radiolysis of H2O-D2O
Solutions

- with J.W. Fletcher

Through the generosity of W.G. Burns (AERE, Harwell)
and R. Catterall (Univ. of Salford) a computer program
for the calculation of yields in spur reactions in water
radiolysis has been obtained. It is planned to use this
program to determine if the isotope effects in the
reactions producing H2 in water are consistent with the
model for water radiolysis.

To extend previous measurements we have made, see
ref. (1), PR-CMa-23, AECL-4434 and PR-CMa-43, AECL-6090,
a* values have been determined as a function of pH at
various dose rates. The results are listed in Table 3.2.1.1.

The values at % 2 x 1016 eV-g-'-s"1 were obtained
using the Gammacell and are for the hydrogen from spur
reactions only. It appears that within the experimental
uncertainty of ^ ± 2% there is no effect of pH. The
hydrogen in the high dose rate irradiations (using a
Febetron 705) is from both spur and homogeneous reactions.
The value in pure water at ^ 1 x 10 2 7 eV-g"1^"1 is in
excellent agreement with that obtained previously (1).
The limiting values at both low and high pH are slightly
higher than the values in (1) where the lowest dose rate
was ^ 1 x 1027 eV-g"1^"1. At these limits it is believed
that outside the spur at pH = 0 all the hydrated electrons
are converted to H atoms and at pH = 14 all the H atoms
are converted to hydrated electrons.

(1) A.W. Boyd, C. Willis and G.C. Lalor, Can. J. Chem.
50, 83 (1972).

* a is defined as (H/D) radiolytic H2/(H«D) reactants
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Table 3.2.1.1

Isotope Effects in the Formation of H2 from the
Irradiation of 90% H2O 10% D20 Solutions

Dose Rate
eV-g-1 ,-1

pH Solutes Added*
mol•L~x

•\. 2 x 1016

-v 1 x 10 2 7

^ 5 x 10 2 5

^ 2 x 1025

^ 1 x 10 2 7

^ 5 x 10 2 5

^ 2 x 10 2 5

-v 1 x 10 2 7

^ 1 x 1025

^ 1 x 1025

0
2
4
6
7
8

10
12
14

7
7
7

KBr ^0.01

0
0
0

14
14
14

H2SOU
H

11

NaOH
11

0

1

. 5
II

II

. 0
11

11

2.08, 2.04
2.05, 2.12

2

2
2

. 0 7 ,

. 0 9 ,

. 1 4 ,

2 . 0 8 ,
2 . 0 7 ,
2 . 0 8 ,
2 . 1 2 ,
2 . 1 0 ,
2 . 1 3 ,
2 . 1 0 ,

2 .08
2.07
2.05
2 .12
2.09
2 .13
2 .10

2.43, 2.46, 2.43
2.40, 2.46, 2.42

2.43, 2.45

2.94, 2.91, 2.91
2.93
2.93

2.50, 2.49
2.64, 2.92, 3.09

2.80, 2.96

* KBr was added to suppress back reactions. The pH
of these solutions was adjusted with H2SO1» and KOH.
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3.2.2 Pulse Radiolysis of Liquid Systems

- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and L.W. Thomson

(a) Kinetics of Alkali Metal Reactions in Ethers

The kinetic analysis outlined previously (PR-CMa-47,
AECL-6455) has been extended in an attempt to simulate
flash photolysis data obtained in the presence of crown
ethers (1). The overall reaction scheme in the presence
of dicyclohexyl 18-crown-6 (C) is the same as that given
previously with the addition of reaction [1] and the
equilibrium constants of 7.3 x 108 mol'^L and 2.5 1

for potassium and sodium metal, respectively.

[1] M + + C f=^ M+C

The calculations accurately reflect the experimental
results and indicate, contrary to the original conclusions
(1), that it is not necessary to postulate the formation
of additional metal-electron species.

(1) A. Friedenberg and H. Levanon, J. Phys. Chem. 81,
766 (1977).

(b) 2.5 MeV Van de Graaff Electron Accelerator

Continued difficulties have been experienced with
the accelerator. Because of repeated voltage instabilities
the accelerator tube was replaced and modifications were
made to the anode insulators. These repairs appear to
have been successful.

(c) Reactivity of Gadolinium Ions with Solvated Electrons
and OH Radicals

- W.A. Seddon, J.W. Fletcher, F.C. Sopchyshyn and
L.J. Santry

Gadolinium nitrate is used as a neutron absorber
in CANDU reactors. However, relatively little is known
about its overall effect on the steady state yields of
hydrogen in the reactor system. _Basic rate constant data
for the reaction of Gd 3 + with e s~ and OH are required so
that computer calculations can be utilized to predict the
effect of Gd(NO 3) 3 on the radiolytic production of hydrogen.
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Preliminary measurements indicate that the second order
rate constant for e s~ + Gd

3 + is > 109 L«mol~ -s" 1.

(d) y-Radiolysis of Gd(NO3)3 Solutions: Hydrogen
Production and Computer Simulation

Analytical procedures for the analysis of hydrogen
by gas chromatography have been tested and appear
satisfactory for this program. Preliminary computer
calculations using "MACKSIM" and a model system have
been initiated.

3.2.3 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans and F.K. McClusky

(a) Multiphoton Decomposition of Methanol Using a CO2
Laser

Previously (PR-CMa-4 8, AECL-6538) we reported a
survey of relative absorption cross sections for
absorption of CO2 laser lines by four different isotopic
species of methanol. The multiphoton absorption parameters
of 3 of these lines (the three lines used in previous
decomposition studies of undeuterated methanol by a C02
laser (1,2)) have now been measured for various pressures.
These results are summarized in Table 3.2.3.1.

The CO2 laser lines give fluence dependent cross
sections for most of the pressure range studied. This
is in contrast to our previous studies with the HF laser
(see PR-CMa-47, AECL-6455) in which, for pressures above
^ 150 Pa, collisional perturbations removed this fluence
dependence. Multiphoton decomposition studies, using the
C02 laser are continuing.

Due to laboratory modifications, the CO2 laser was
not available for decomposition experiments on isotopic
mixtures.

(1) S.E. Biakowski and W.A. Guillory, J. Chem. Phys.
67., 2061 (1977).

(2) R. Bhatnagar, P.D. Dyer and G.A. Oldershaw, Chem.
Phys. Letters 6̂ L, 3391 (1979).
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Table 3.2.3.1

Cross section parameters for absorption of various
CO2 laser lines by CH3OH. The constants are

defined in PR-CMa-47, AECL-6455.

Pressure
(Pa)

66.1
269
670
1.35x103

271
677
1.334x103

68.7
270
670
1.33x103

K

3.6 xlO~21

1.24xlO-20

2.74X10"20

5.30X10"20

4.01xl0-21

8.3 xlO"21

1.86xlO-20

1.36xlO-20

1.95X10"20

6.59xlO-20

8.22xlO-20

b

C02

-0.13
-0.27
-0.23
-0.20

CO2

-0.26
-0.13
-0.13

002

-0.33
-0.31
-0.18
-0.07

K/hcv

9P(18) Line

1.75x10"*
5.95X10"1

1.31
2.54

9P(20) Line

1.93x10"!

3.98x10":

8.95x10"2

9P(34) Line

6.62x10"1

9.46x10"'
3.21
4.00

Hi»

0.87
0.73
0.77
0.80

0.74
0.87
0.87

0.67
0.69
0.82
0.93

Range of Fit
(J/an2)

1
0.5
0.3
0.5

0.3
0.3
0.3

0.07
0.09
0.03
0.05

- 13
- 16
- 16
- 16

- 13
- 12
- 11

- 5
- 7
- 7
- 7

(b) Multiphoton Absorption in Methanol

- with S.L. Chin (Laval University)

Spectrophone measurements of the absorption of the
HF P!(6) line by CH3OH were previously reported in
PR-CMa-47 (AECL-6455). In these studies it was assumed
that the microphone sensitivity was independent of
pressure for the range of pressures used. Experiments
with a microphone similar to the original have now been
performed to test and to refine this assumption.

Conventional two beam (see PR-CMa-46, AECL-6401)
spectroscopy-was carried out at Laval, using a long path
cell, to obtain the cross sections for absorption of the
CO2 laser ïines 9P(16) and 10P(18) by methanol at
pressures of 40 - 933 Pa. Spectrophone measurements were
performed under the same conditions, and microphone
sensitivity factors, s, (joules of absorbed energy/volt
of signal) were obtained. These results are shown in
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Fig. 3.2.3.1. The measured absorption cross sections
along with the values derived from the microphone results
are summarized in Table 3.2.3.2.

The microphone sensitivity, s, decreases with
decreasing pressure by about a factor of 2 per decade
reduction in pressure. The initial assumption of a pressure
independent sensitivity factor was reasonable. However
the cross section measurements previously reported have
now been corrected for the observed dependence of s on
pressure, and the revised values are reported in Table
3.2.3.3. The general conclusions reported in PR-CMa-47
are unaffected by these changes.

(c) Short Pulse C02 Laser System

Recent work by Marling (1) has confirmed that large
isotopic selectivity at high pressure can be obtained by
using a short (̂  ns) laser pulse. Thus a contract was
given to Lumonics Research to design and to deliver a
C02 laser system with target specifications (i) adjustable
pulse length, shortest to be 2 ns, (ii) strongest line
energy = 0.25 J in 2 r.s and (iii) an energy contrast
ratio >_ 10.

Advances have been made in the construction of the
system. A "breadboard" assembly has produced pulses of
3 ns FWHM and an energy contrast ratio of 4 with about
0.40 J in the pulse. Work is continuing and the optical
cavity of the oscillator will be shortened to further
reduce multi-longitudinal mode lasing. Discussions on the
final configuration were held as Lumonics feels enough
data are now available to proceed with assembly.

(1) J.B. Marling, Lawrence Livermore Laboratory, unpublished
results.

3.2.4 Lasar Magnetic Resonance (L.M.R.'

- D.R. Smith, J.D. Bonnett and J.S. Geiger

Failure of the far infrared (FIR) laser glassware
prompted a significant change from planned activities in
the past quarter. The length of the FIR laser has been
reduced from ^ 270 cm to '•» 230 cm in order to improve
performance at long wavelengths. The CW CO2 laser was
relocated so that the complete LMR spectrometer is now in
the more vibration free of the two rooms housing the
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Table 3.2.3.2

Absorption Cross Sections Used for Microphone Calibration.
The laser fluence was 0.3 J/cm2.

Methanol
Pressure

(Pa)

40.0

53.3

80.2

93.5

107

120

134

200

267

400

533

134

267

400

667

933

CO2 Laser
Line

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

9P(16)

1OP(18)

1OP(18)

10P(18)

10P(18)

1OP(18)

Absorption Cross Section (cm2)
Two Beama

(8.2 ±1.9C)xlO"21

(1.2 ±0.1) xlO-20

(1.8 ±0.1) xlO"20

(1.98±0.08)xl0~20

(2.09±0.07)xl0"20

(2.33±0.06)xl0-20

(2.49±0.06)xl0"Z0

(2.92±0.04)xl0"2°

(3.40±0.04)xl0~20

(4.27±0.04)xl0"20

(4.97±0.06)xl0"20

(1.1 ±0.3) xlO"21

(2.4 ±0.2) xlO"21

(2.9 ±0.1) xlO"21

(3.8 ±0.07)xl0"21

(4.37±0.06)xl0"21

Spectrophone

1.4 xlO-20

1.3 xlO"20

1.98xlO-20

2.39X10"20

2.42xlO-20

2.81xlO-20

3.33xlO-2B

4.43X10"20

5.15xlO-20

1.4 xlO-21

2.03xl0"21

2.40xl0-21

3.71xlO"21

5,09xl0"21

b

Measured at Laval University.

Calculated from the microphone results and the dependence of s
on pressure (see Figure 3.2.3.1).

Error ranges quoted are for one standard deviation.
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Table 3.2.?.3

Revised cross-section parameters for absorption of
the HF Pj(6) laser l ine by methanol.

Symbols are defined in PR-CMa-47, AECL-6455.

Pressure
(Pa)

4.2

5.97

13.5

28.3

51.4

67.4

132

263

676

1.35x103

2.75x103

K/hcv 1+b

(4.7 ±0.4)axl0~22

(4.5 ±0.4) xlO"22

(1.1 ±0.1) xlO"21

(1.6 ±0.1) xlO"21

(3.23±0.08)xlO~21

(5.4 ±0.3) xlO"21

(7.1 ±0.4) xlO"21

(5.6 ±0.4) xlO"21

(1.5 ±0.2) xlO"20

(3.3 ±0.2) xlO~20

(5.1 ±0.2) xlO"20

-0.34±0.05

-0.34±0.05

-0.24+0.03

-0.19±0.02

-0.17±0.01

-0.23±0.03

-0.08+0.02

0

-0.02±0.02

0

0

(6.5+0.5)xl0"3

(6.1±0.5)xl0~3

(1.5±0.1)xl0"2

(2.1±0.2)xl0~2

(4.4±0.1)xl0~2

(7.4±0.3)xx0~2

(9.6±0.4)xl0~2

(7.8±0.4)xl0"2

(2.1±0.3)xl0-1

(4.5±0.3)xl0~1

(7.0+0.2JX10-1

0.66±0.05

0.66+0.05

0.76±0.03

0.81±0.02

0.83+0.01

0.77±0.03

0.92+0.02

1.00

0.98+0.02

1.00

1.00

a) Er ro r ranges a r e shown t o 95% confidence l e v e l .
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facility. The spectrometer sensitivity at 400 Hz
modulation frequency has improved by a factor of 3 to
i> 3 in 10 s and is now determined entirely by electronic
noise in the detector system. Significant improvements
also appear in operational stability.

3.2.5 Angular Correlation of Linear Polarized Dipole Radiations

- J.S. Geiger with A.J. Ferguson (Nuclear Physics Branch)

Correlations between the direction of linear polari-
zation of the pump radiation and of the lasing «radiation
are observed in the operation of FIR lasers (1).
Consideration of this effect has been restricted to the
laser geometry in which the pump radiation and the laser
beam are colinear (1,2). In the present work we have
deduced the expression for the angular correlation of
linearly polarized dipole radiations in the absorption-
emission sequence characteristic of FIR laser operations.
The absorption is taken to occur between a molecular state
of total spin a and the intermediate state of total spin b
and the subsequent laser emission between the state of
spin b and a final state of total spin c. Kyperfine
coupling has been ignored but will act to attenuate the
correlations. The correlation expression is the following:

, a-c1 + 9/4-(-1)° .W(l,b,l,b; a,2) .W(l,b,l,b; c,2)

1/2- ( l+cos<J>2) • ( cos) • ( cos(2ipi+2<J>3H + 1/2- ( l-cosifi2)

-2V'3) J - sin2<|)2- (-1) 7ricos2iJ>i + (-1) 7T2cos2if)3 + 1

+ 2/3 [11

where the W's are Racah coefficients, the ir's have value
0 for El radiations and 1 for Ml radiations, and the </i i,
i|>2 and ip3 are Euler angles (3). The polarization rules
for the colinear case of El radiations, ij>2 = 0, which
have the polarizations parallel for ZAJ even (a-c even)
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and perpendicular for EAJ odd (a-e odd) follow from this
expression since the W's which appear are always positive.
Corresponding polarization rules for the side pumped FIR
laser of Evenson, et al. (4), tp2 2l

 9 0 ° ' a r e a s follows.
For the case in which the pump radiation is polarized
perpendicular to the plane defined by the laser beams the
rules are the same as for the colinear case just described.
However, if the pump radiation is polarized in the plane
defined by the two radiations then it follows from [1]
that there is no preferred polarization orientation (i.e.
maximum gain orientation) for the FIR radiation since
1(0, 90, <fi3) is a constant independent of <(J3 (El radiations).

(1) T.Y. Chang and T.J. Bridges, Opt. Communications 1,
423 (1970). ~

(2) J.O. Henningsen, IEEE, J. of Quantum Electronics 13,
435 (1977).

(3) A.J. Ferguson, "Angular Correlation Methods in Gamma
Ray Spectroscopy", North-Holland Publishing Co.,
Amsterdam, 1965.

(4) K.M. Evenson, D.A. Jennings, F.R. Petersen, J.A. Mucha,
J.J. Jimenez, R.M. Charlton and c.J. Howard, IEEEf J.
of Quantum Electronics 13, 442 (1977).

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water

- J.P. Butler, J. den Hartog, F.W. Molson, J.H. Rolston,
J.R. Tromp and D.E. Clegg

3.3.2 Surface Studies by X-Ray and UV Photoelectron Spectroscopy
(XPS and UPS) and Low Energy Electron Diffraction (LEED)

- P.R. Norton, D.K. Creber and J.W. Goodale

CO adsorbs on Pt(100) with a sticking coefficient
near unity and UPS measurements clearly demonstrate that
it is adsorbed in the molecular state (i.e., it is
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undissociated with the carbon atom bonded to the metal
surface). Adsorption of oxygen into an already adsorbed
CO layer causes the disappearance of the molecular bands
in the UPS but only a reduction in the 0 Is and C Is line
intensities by ^ 30%. The 0 Is and C Is binding energies
show that a bond still exists between carbon and oxygen.
It is believed that the CO-adsorption of oxygen causes
dissociation of CO in the sense that the metal forms a
bond to both 0 and C atoms which remain closely spaced on
the surface. Upon warming the surface to near the
CO-desorption temperature, molecular CO reappears on the
surface ana finally disappears by desorption as CO. This
result has important implications in the mechanisms of
the Fischer-Tropsch synthesis, in which the first step
is the dissociation of CO, and of the oxidative regeneration
of platinum catalysts poisoned by adsorbed CO. It is the
first demonstration of room temperature cracking of CO on
a platinum surface.

3.3.3 Photoelectron Spectroscopic Studies of Uranium Nitride

- with W.J.L. Buyers (Neutron and Solid State Physics
Branch)

Measurements have now been completed on the U 6s
level in UN, UO2 and U metal. There is no discernable
difference in line shape or width between these compounds.
This indicates that, contrary to our previous ideas,
multiplet splitting cannot contribute significantly
(i.e., > 0.5 eV) to the line widths. This, in turn,
suggests that configuration interaction must be important
in both the U 6s and U 4f lines in UN. Since alternating
or mixed valence is a special case of initial state
configuration interaction, UN may be an example of a mixed
valence compound.

3.3.4 Nuclear Microanalysis of Adsorbed CO and D2 on Platinum

- J.A. Davies and C. Sitter (Solid Science Branch) in
collaboration with P.R. Norton and W.N. Unertl (Univ.
of Maine)

For details, see PR-CMa-49, Section 1.2.4.
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3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine (CHA)/Cyclopentylamine (CPA)

•- E.A. Symons and M.J. Clermont

From the reliable data on hand for HD and D2 exchange
with CHA, a kinetic isotope effect of 2kHD/ko, = 1.9 ± 0.1
at +5°C, has been estimated for both LiCHA and NaCHA
catalysts. Both isotope effects show little or no
temperature dependence.

It has been shown that residual methylamine as low as
^ 5 x 10"s mol'L"1 can be detected by gas chromatography
of the solvent from CHA and CPA catalyst solutions prepared
from methylamide/methylamine solutions. No methylamine
peak was seen for a NaCHA test solution, indicating that
methylamine removal is complete and that the catalyst
solution is derived solely from CHA. No further work is
planned for the CHA system.

Experimental work is now being directed to the CPA
system, the goal being to determine the effect of
changing the catalyst cation (Li+, Na+, K+, Rb+, Cs+)
on the kinetic isotope effect and activation parameters
for exchange with HD and D2.

The vapour pressure of CPA was measured over the
temperature range -25 to +25°C. Representative values
are: -20°C, 0.20 kPa (1.5 mm); 0°C, 0.80 kPa (6.0 mm);
+25°C, 3.5 kPa (26 mm).

The solubility of D2 gas in CPA has been determined
over the temperature range -60 to +25°C, by the gas
chromatographic method used to obtain the H2 data (report
PR-CMa-46, AECL-6401). Correction for the CPA vapour
pressure was made to give solubility of D2 under a pressure
of 101 kPa. More refined H2 data are required to confirm
the few percent greater solubility of D2, and to define
the temperature dependence of the difference.

3.4.2 Deuterium Exchange and Hydrolytic Stability of Fluoroform
(CF3H)

- E.A. Symons, J.H. Rolston, D.E. Clegg and M.J. Clermont



- 74 -

Because of favourable separation factors in laser
photochemistry (1), CF3H(D) could be suitable as the
working material in a photochemical heavy water process
if tied to a water feed. There are few data in the
literature about the rate of deuterium exchange of this
molecule with water (2). However the homologue
chloroform does undergo exchange under hydroxide ion
catalysis (3), in competition with hydrolysis (4). A
preliminary run with CF3H at 70°C with 0.9 mol'L"

1 NaOH
in D2O showed à first order rate constant for exchange of
CF3H vapour above the solution of 1 x 10"

5 s"1.

(1) J.B. Marling, Lawrence Livermore Laboratory, unpublished
results.

(2) L.H. Slaugh and E. Bergman, J. Org. Chem. 26,
3158 (1961).

(3) Z. Margolin and F.A. Long, J. Am. Chem. Soc. 95,
2757 (1973).

(4) J. Hine, J. Am. Chem, Soc. 72, 2438 (1950).

3.4.3 Isotopic Exchange Reactions in Protic Solvents by NMR
Spectroscopy

- J.D. Halliday, P.E. Bindner, with R.G.C. McElroy
(Neutron and Solid State Physics Branch)

The rate of prot exchange in reaction [1]

[lj CH3SH* + H2S s
N CH3SH + H*SH

is being studied as a function of the mole fraction of
reactants, catalyst concentration, and temperature. This
rate in the absence of a catalyst is too slow to show any
measurable effect on the NMR lineshapes of the reactants
(PR-CMa-48, AECL-6538). Aliquots of trimethylamine &re
being used to generate an ionic catalyst in solution [2].

[2] (CH3)3N + H2S (CH3)3NH SH



- 75 -

The low amine quantities required can be accurately measured
and transferred to the NMR tubes in the gas phase by
using calibrated volume and vacuum line techniques.

The spectral results from methanethiol/hydrogen
sulphide solutions are being analyzed using a new version
of the intermolecular spin-coupled exchange simulation
computer program (PR-CMa-47, AECL-6455). This program
requires absorption frequencies and intensities of the
reactants in the absence of exchange.

Spectral parameters have been measured for a sample
containing equal mole fractions of CH3SH and H2S. For
CH3SH the temperature dependence of the chemical shift
difference (A<5) between the CH3 and SH groups is given
by A<S = 0.179t + 56.64, where t is the temperature (°C).
The coupling constant JHCSH = 7.36 ± 0.03 Hz. For H2S
the temperature dependence of the H2S chemical shift
(6H 2S) relative to tetramethylsilane (TMS) is given by
ÔH2S = -0.294t + 96.83.

Preliminary kinetic analyses of the methyl group
spectra from the methanethiol/hydrogen sulphide solution
containing added aliquots of trimethylamine are shown
in Figure 3.4.3.1. The reduction in the pseudo 1st order
rate constant at the higher temperatures is thought to
be caused by transer of an increased fraction of the added
trimethylamine aliquot from the liquid to the vapour
phase. The effective catalyst concentrations have yet
to be determined. The data, replotted in Figure 3.4.3.2
to show the effect of added (CH3)3N on the pseudo 1st
order rate constant at constant temperature, indicate
that this rate constant is not a linear function of added
trimethylamine.

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

Computed and Experimental Product Concentrations in the
Radiolysis of Water
- A.W. Boyd, M.B. Carver and R.S. Dixon
Radiation Physics and Chemistry (in press) (1979).
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Figure 3.4.3.1 - Pseudo 1st order rate constants (reciprocal spin
residence times, T" 1) for proton exchange between
methanethiol and H2S as a function of temperature
and number of aliquots of (CH3)3N added
(1 aliquot = 6.52 x 10"8 mol): a, 11.; b, 8.;
c, 7. ; d, 4 . ; e, 2. ; f, 1.
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Figure 3.4.3.2 - Dependence of the pseudo first order rate constant
on number of aliquots of trimethylamine at
temperatures of: 0, 4.8°C; Q , 27.5°C;[D, -27.0°C;
A, -35.6°C.
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A Program Package Using Stiff, Sparse Integration Methods
for the Automatic Solution of Mass Action Kinetics Equations
- M.B. Carver and A.W. Boyd
International Journal of Chemical Kinetics (in press) (1979).

Laser Isotope Separation and the Multiphoton Decomposition
of Formaldehyde Using a Pocussed DF Laser: The Effect
of Single- or Multi-Line Irradiation
- D.K. Evans, R.D. McAlpine and F.K. McClusky
Chemical Physics Letters (in press) (1979).

A Study of the Phase Transition and Relaxation of a Pt(100)
Surface by MeV Ion Backscattering and Channeling
- P.R. Norton, J.A. Davies, D.P. Jackson and N. Matsunami
Surface Science (in press) (1979).

Hydrogen on Pt(lll) Studied by Dynamic Measurements of
the Work Function
- P.R. Norton and J.W. Goodale
Solid State Communications (in press) (1979).

Deuterium Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine
- E.A. Symons, M.F. Powell, J.B. Schnittker and M.J. Clermont
J. Am. Chem. Soc. (in press) (1979).

3.5.2 Lectures

The Radiation Chemistry of Dry Air
- A.W. Boyd
Chemistry Department, University of Alberta, Edmonton,
Alberta
1979 May 29.

The Radiation Chemistry of 0 2, N2 and NO
- A.W. Boyd
Chemistry Department, Ohio State University, Columbus, Ohio
1979 April 30.

Ion Pairing Effects on the Kinetics of Potassium Methylamide-
Catalyzed Amino Proton Exchange* in Methylamine
- J.D. Halliday and P.E. Bindner
A.C.S. National Meeting, Spring 1979, Honolulu, Hawaii
1979 April 2-6.

Reactivity of Linear and Bridged CO on Platinum Surfaces
- P.R. Norton, D.K. Creber and J.W. Goodale
Catalysis Discussion Group Meeting, Chalk River Nuclear
Laboratories
1979 May 16.
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Structural and Chemical Analysis of Platinum Surfaces by
High Energy Ion Beams
- P.R. Norton, J.A. Davies, D.P. Jackson and W.N. Unertl
39th Annual Physical Electronics Conference, U. of Maryland,
Maryland, U.S.A.
1979 June 18-20.

The Reactivity of Carbon Adsorbed on Pt(lll) and Pt(100)
Surfaces
- P.R. Norton, D.K. Creber and J.W. Goodale
39th Annual Physical Electronics Conference, U. of Maryland,
Maryland, U.S.A.
1979 June 18-20.

Interaction of Pt(100)-(5x20) with H2, CO and O2

- W.N. Unertl, P.R. Norton and J.A. Davies
APS Meeting, Washington, Washington, D.C.
1979 April 23-26.

Optical Properties of Dilute Metal/Solvent Systems
- W.A. Seddon and J.W. Fletcher
5th International Conference on "Excess Electrons in
Fluids", Colloque Weyl V, Aviemore, Scotland
1979 June 25-29.

The Kinetic Analysis of Alkali Metal Solutions in
Tetrahydrofuran
- J.W. Fletcher and W.A. Seddon
5th International Conference on "Excess Electrons in
Fluids",Colloque Weyl V, Aviemore, Scotland
1979 June 25-29.

The following papers were presented at the 62nd Canadian
Chemical Conference and Exhbition, Vancouver, B.C.,
1979 June 3-6:

The Yield of Excited N Atoms in the Radiolysis of Nitrogen
- A.W. Boyd, R.A. Rensink and O.A. Miller

Photoelectron Spectroscopy Applied to Chemisorption and
Surface Reactivity
- P.R. Morton, J.W. Goodale and D.K. Creber

Determination of Deuterium-Protium Separation Factors
Between Hydrogen, Water and Methylamine
- J.H. Rolston, J.P. Butler and J. den Hartog

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

4.2.1 Environmentally-Induced Cracking of Zirconium Alloys

(a) Gaseous Hydrogen Cracking

- B. Cox and V.C. Ling

The first Zr-2.5% Nb double cantilever beam specimen (DCB)
which was reported on previously (PR-CMa-47 and 48), is still
cracking slowly. The stress intensity (K^) has dropped to
^ 1 1 MPav'nf (10 ksi/in. ) and the crack velocity is now down to
1.5 x 10" 1 0 m.s"1 at a crack length of 8.21 cm. The
crack has arrested twice for lack of hydrogen and has restarted
immediately upon refilling. It is thought that it is now
approaching Kj^, but since regular acoustic emission signals (by
courtesy of C.E. Coleman, Metallurgical Engineering Branch) are
still being obtained it has clearly not reached it yet.

A second Zr-2.5% Nb specimen, with a much lower value of
^ 26 MPa/m (23.6 ksi/in.) for the initial stress intensity
(K]J, compared with > 70 MPa^m" for the first specimen, has
shown crack growth of 1.7 cm, but at a lower velocity because
of the lower initial stress intensity. The present K^ for
this specimen is ^ 12 MPa/n (10.4 ksi/in.), and this crack also
appears to be near to arrest. Poor coupling of this specimen
to the acoustic emission apparatus has been experienced, and at
present, no signals are being received. The ampoule still
contains hydrogen and is expected to give a small further crack
extension before reaching Kjy. At the start of this experi-
ment, a significant incubation time was observed, probably
resulting from protective oxide growth during outgassing at
200°C for 3 days. The precise, length of the incubation period
is uncertain because of the poor acoustical coupling.

Both Zr-2.5% Nb specimens appear to be approaching a
KJH value in the vicinity of 9-10 MPa/in. This is in good
agreement with the value of KIH obtained for cracking from
redistribution of internal hydride precipitates (C.E. Coleman
and J.F.R. Ambler, ASTM-STP-633, p.589, 1977) and suggests that
the high values of KIH for gaseous hydrogen cracking of
Zircaloy-4 obtained at 350 K by Nelson and Wachob (EPKI-NP-717,
1978), "" 40 MPâ în compared with ^ 10 MPa/m for internal hydride
cracking, resulted from their lack of persistence in not going
to very low crack velocities.

A second Zircaloy-2 DCB specimen tested here has shown
crack growth in hydrogen with little incubation time, compared
with the first Zircaloy-2 specimen which did not crack (PR-CMa-
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48). No epoxy was used to bond the second specimen to the
glass ampoule for acoustical coupling. This tends to confirm
the supposition that some volatile component of the epoxy
adsorbed on the pre-crack surfaces and inhibited cracking. The
stress intensity in the second specimen is now ^ 21 MPa/m (19
ksi/TnT) at a crack length of ^ 5 cm and a velocity of 2.25 x
m.s~l. Thus, it has already nearly reached the Nelson and
Wachob Kjfj at 295 K, with little evidence of incipient
crack arrest, although the crack velocity is below the minimum
of % 9 x 10~° itus"! at which Nelson and Wachob stopped
their experiments. Thus, we can probably expect that gaseous
hydrogen cracking of Zircaloy will also give a Kjy value in
good agreement with that obtained from internal hydride crack-
ing. This tends to confirm that the two phenomena are
identical, with the high initial velocities achieved in the
gaseous hydrogen.cracking arising from the elimination of the
hydrogen diffusion step (in the metal) which limits the maximum
velocity achieved for internal hydride cracking.

(b) Stress Corrosion Cracking (SCO in Iodine Vapour

- B. Cox

(i) Crack initiation

The majority of the time to failure of Zircaloy specimens
in iodine vapour is taken up by the crack initiation process
(B. Cox and J.C. Wood, Proc. of Int. Conf. on Mechanisms of
Environmental Sensitive Cracking of Materials, Guildford, U.K.,
April 1977, Metals Society). Thus, much recent work has been
devoted to the identification of the crack initiation process-
es. Both fractured radial hydride platelets (B. Cox, ASTM-STP-
681, p.306, 1979) and large embedded particles composed of
silicon and aluminum (D.D. Cubbicciotti and R.L. Jones, J.
Electrochem. S o c , 1978, J-H» 1001) have been identified as
sites for crack initiation. However, in each instance, the
number of crack initiation events was small compared with the
number of possible sites of the type investigated. In the case
of radial hydride particles this was the result of the small
number of platelets which fractured on loading the specimen.
Although the ones which fractured tended to be among the
largest in size, it was evident that .not all large (̂  10 ym)
hydrides fractured so that some other factor may have been
important. Large local variations in residual stress, which
(added to the applied stress) provide the driving force for
this fracture could be important. There is at present no easy
means for determining whether such variations are present.

Examination of the areas of transgranular fracture immedi-
ately adjacent to the initiation sites showed an unexpectedly
low frequency of grains showing the "fluting" which is
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characteristic of transgranular SCC fracture surfaces in
Zircaloy. This could be accounted for if the areas immediately
around the initiation site consisted largely of grains with
their basal poles oriented near to the circumferential direction.
The texture of fuel cladding commonly has a + 30° texture (i.e.
the peak basal pole concentration is at +_ 30° to the radial
direction in the radial/circumferential plane). However, there
is always some statistical spread around this direction and the
extent of this spread may lead to a large variation in the
frequency of grains with near-circumferential basal poles, and
hence of the probability of finding clusters of such grains,
from batch to batch of material. Hence, a criterion for crack
initiation in any piece of fuel cladding may be dictated by the
probability that a stress-raiser (cracked hydride particle or
large embedded precipitate) coincides with a region where a
number of grains with circumferential basal poles are clustered.
This would then account for the observation that actual initia-
tion events are far fewer than the possible initiation sites.
In the case of radial hydrides, the two requirements could be
coupled through the possible effect of the orientation of
adjacent metal grains on dislocation pileups on loading to the
engineering yield stress, and hence in causing high local
internal stresses.

An examination of the basal pole figures available for
batches of Zircaloy fuel cladding showed that there were large
variations in the concentrations of basal poles in the circum-
ferential direction from batch to batch, ranging from 0.3-0.5
to 1-2 times random. There are not enough data available yet to
reach any conclusions about whether or not this variation
correlates with susceptibility to iodine induced SCC in labora-
tory tests.

(ii) Crack propagation

There are several unexplained features of transgranular
crack propagation during SCC of zirconium and titanium alloys
in halides. The first of these is the observation that the
"cleavage" facets produced by transgranular cracking are at a
small angle (12-17°) to the basal plane, rather than right on
the close-packed direction [1]. The second is the nature of the
chemical process involved. By a process of elimination, it has
been deduced [2] that chemical adsorption leading to a weaken-
ing of the Zr-Zr bonds is the most probable mechanism. But this
is hardly more than a description in the absente of an hypothe-
sis as to how this reduction in the bond strength is achieved.

Recent work on the mono-halides of zirconium [3-4] may now
have provided that hypothesis. These compounds have a layer
structure consisting of two layers of halogen atoms inserted
between two layers of zirconium atoms. The latter retain their
approximate spacing in the metal, and the whole retains
metallic conductivity. The compounds exhibit a graphitic type
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of cleavage, because of the weak van der Waal's bonds between
the halogen layers, and are therefore similar to the analogous
transition metal sulphides. These halides can be formed by the
direct reaction of the higher halides (tetrahalides) with
zirconium foil at 600-800°C. Thus, the possibility exists of
their formation at the crack-tip during stress corrosion crack-
ing at lower temperatures, as a result of the large triaxial
stresses in that region. The insertion of even a single
"double-layer" of halogen atoms between two closed packed
zirconium atom layers at the crack-tip, with subsequent
cleavage between the halogen layers would provide the necessary
mechanism for crack-propagation.

The X-ray patterns of the zirconium mono-halides have been
indexed (crystallographically) on either monoclinic or rhombc-
hedral unit cells, with the latter being preferred over the
former on the basis of relatively minor crystallographic
differences related to Zr-Zr spacings [31. However, from the
epitaxial standpoint, the monoclinic derivation of the mono-
halide is most interesting since the c-axis of the monoclinic
cell can be derived from the metal cell by expansion along the
zirconium c-axis (with the insertion of two layers of halide
atoms) and a shear in the a-direction to give a monoclinic
angle £5 = 102.5°. If local formation of a mono-halide at the
crack-tip, followed by cleavage, is the mechanism by which
transgranular SCC propagates, then the shear involved in form-
ing the mono-halide could lead to a crack propagation direction
approximately 12.5° away from the basal direction, well within
the experimental scatter of our knowledge of the actual crack
direction.

The ability to explain two of the most important mechanis-
tic problems of transgranular cracking in zirconium and titani-
um with a single hypothesis is very attractive. The implication
that the halide should be diffusing in the zirconium lattice
ahead of the crack tip should also cause the reassessment of
the work of Kaplan et al [6], which has previously been
discounted both on internal grounds of experimental technique,
and our inability to observe any evidence for such diffusion in
the Zr-I system [7].

[1] D.A. Meyn and G. Sandoz, Trans. AIME, 1969, 245, 1253 (Ti
Alloys); Kjell Petersson, Studsvik Energiteknik AB,
unpublished results (Zr alloys).

[2] B. Cox and J.C. Wood, Proc. of Int. Conf. on "Mechanisms
of Environment Sensitive Cracking of Materials",
Guildford, Surrey, 4-7 April 1977, p.520, Metal Society,
London.

[3] D.G. Adolphson and J.D. Corbett, Inorg. Chem. 1976, 15,
1820.
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[4] A.W. Strauss and J.D. Corbett, ibid., 1977, 1(5, 360.

[5] R.L. Daake and J.D. Corbett, ibid., 1977, _1£, 2029.

[6] M.P. Kaplan, D.S. Cowgill, J.S. Fritzen, W.E. Krupp,
S. Krystkowiak and K.E. Weber, Corrosion, 1970, ̂ 6_, 7.

[7] B. Cox and J.C. Wood, "Corrosion Problems in Energy
Generation and Conversion", Ed. C.S. Tedmon, Electrochem.
Soc., N.Y., 1974, p.275.

4.2.2 Molten Nitrite and Nitrates as Oxidation Media for Studying
Oxide Growth on Zircaloy-2 at 573 K

- N. Ramasubramanian

Oxidation and polarization experiments were carried out to
obtain data which were lacking in the previously reported work
{PR-CMa-41 to 43).

(a) The effect of changing the molten salt on the kinetics of
oxidation were studied using large area (50 cm^) samples by
comparing the kinetics with control samples oxidizing in the
original melt. All such comparisons were made at equivalent
weight gains. When a change is made from the molten binary
nitrates to sodium nitrite, the rate of oxidation increased and
became almost the same (slightly higher) as that of specimens
oxidized continuously in the nitrite. However, a change from
the nitrite melt to the binary nitrates, although it resulted
in a decrease in rate, still gave much faster oxidation than
the rate for specimens continuously in the binary melt. It
appears that there are two effects in the molten sodium
nitrite: (i) the ionic conductivity of an oxidized Zircaloy-2
sample measured in the molten sodium nitrite is higher than
that in the binary nitrates, and (ii) the ionic conductivity of
zirconia films grown in the molten nitrite is higher than those

* grown in the binary nitrates.

(b) A pair of samples oxidized in dry air for the., same length
of time was immersed in the molten binary nitrates; one of the
samples was a control, and was left unpolarized, while the
other was polarized to obtain current-voltage data. The weights
gained by both the samples as a result of immersion in the salt
were compared at the end of the experiment. This was repeated
with other pairs of samples oxidized in dry air for various
times. The weights gained by the control samples were about
the same as those gained by the samples polarized in the melt.
Contributions to the change- in the weight gain resulted mainly
from a faster oxidation occurring in the salt than in air.
Anodic oxide growth due to polarizati'on was small.
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(c) Localized conduction at interraetallic precipitates in
oxidized Zircaloy-2 was confirmed by comparing the current-time
transients obtained in the molten ternary nitrite-nitrates
eutectic with those on a platinum micro-electrode. DC voltage
pulses, up to + 30 mV with respect to the rest potential and
20 s in duration, were applied and the current-time transients
were traced. At 473 K, the transients obtained on Zircaloy-2
(10 cm2) were nearly identical to those on platinum (0.06
cm 2). At 573 K, the curves for zircaloy-2 were very differ-
ent from those of platinum; due to contributions from the ionic
current flow in zirconia, the current decayed very slowly. From
a comparison of the conducting area in oxidized Zircaloy-2 to
that of platinum, the density of second-phase precipitates in
the alloy can be calculated as 2 x 105/cm2.

4.2.3 Breakaway Oxidation
- R.A. Ploc and J.A. Roy

The inclusions noted in Section 4.2.4 of PR-CMa-48 were
analyzed in the SEM by examining their characteristic X-ray
emissions. These particles were too small for an accurate
analysis but indicated the presence of Al and Si. Cross-
sectioning of the metal showed that the inclusions were
uniformly distributed. Attempts to remove the second-phase
particles with extraction type replicas failed.

Inspection of the fractured oxide films by SEM suggests
that the outer layers of oxide are impermeable, and the inner
layers are porous, so that cracking uf the outer protective
layer allows access of oxygen to a sizeable area of the metal/
oxide interface. Thus, at least for zirconium in oxygen at
300-350°C, it would appear that the protective barrier layer of
oxide is at the outside, and not at the metal/oxide interface
as is usually inferred.

4.2.4 Anodic Oxide on Zirconium

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

Anodic oxides were grown at 1 mA/cm2 in the constant
current mode on zirconium (Batch Be) to a final voltage of 25
volts (measured relative to a platinum reference electrode) in
1 N solutions of oxalic, citric, nitric and sulphuric acids,
potassium nitrite and nitrate, as well as ammonium nitrate. The
as well as ammonium nitrate. The nitrate samples were examined
in the SEM for breakdown of the surface oxide as noted for
Zircaloy-2 samples. No breakdown was observed. In every
instance, the oxides, when examined in transmission in the
electron microscope, gave results apparently identical to tuose
reported in PR-CMa-4 8, Section 4.2.5).
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For no apparent reason, removal of the oxide from its
metal substrate was particularly difficult. A technique was
adopted where a 3 mm disc was punched out of the chemically
thinned metal/oxide strip. The disc was then subjected to:

(a) Low temperature (200 K) electrothinning of the metal, or

(b) Normal Br/Ethyl Acetate stripping.

Method (a), though revealing oxide, apparently also
attacked the oxide as determined from the SAD electron diffrac-
tion patterns. Method (b) was acceptable if the partially
corroded disc was removed from the attacking solution before
complete dissolution. Pieces of oxide protruding from the
metal edges could be found. However, in many instances, the
simultaneous presence of the metal could be detected in ttfe
electron diffraction patterns.

4.3 ELECTRON MICROSCOPY

4.3.1 Analysis of Oxide Electron Diffraction Patterns

- R.A. Ploc and A. Elve

Theoretical SAD patterns for various zone axis models
using the procedures described previously (R.A. Ploc, Atomic
Energy of Canada Ltd., Report AECL-2751), have been generated
by computer to aid in the experimental indexing of the reflec-
tions in an oxide removed from an aZr(OOOl). These computer
generated complex patterns for the zone axis models <111>,
ïll 112 <Ï12>, <121>, <121>, <211>, <211>, <123>, <T23 >,

<312>, <312>, <321>, <321>, <231>, <2"31>, <213 >,
1 3 , , <Ï22>, <212>, <212>, <221>, <221>, <223>, <223>,

<232>, <232>, <322>, <322>, <113>, <113>, <131>, <I31>, <311>,
<311>, <233>, <233>, <323>, <323>, <332> and <3"32> have been
compared to the experimentally obtained SAD patterns. Both the
computer generated and experimental patterns will be tilted to
compare the reciprocal lattices in three dimensions.

4.3.2 Ion Simulation of Zr-2.5% In-Reactor Creep

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

Three possible explanations can be advanced to account for
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the bending of 100 keVion irradiated Zr cantilever beam speci-
mens and/or microscope specimens as reported in PR-CMa-47 and
48. These are as follows:

1. A redistribution of the compressive oxide stress as a
consequence of the observed increase in the degree of
oxide epitaxy;

2. An expansion of the ion implanted layer due to a volume
expansion produced by lattice damage and implanted ions;

3. An increase of the oxide thickness during irradiation.

The third possibility has yet to be checked using He ion
backscattering techniques. The second possibility was elimina-
ted by a 2-hour, 773 K high vacuum anneal producing a redistri-
bution of lattice damage but no change in the bending.

4.3.3 Electron Gun Performance of the Siemens Elmiskop 101

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

Routine use of the cold finger trap assembly shown in
PR-CMa-48 has permitted the extended use of single crystal
pointed filaments in a conical Wehnelt cylinder bias shield in
the electron gun of the Siemens Elmiskop 101. These electron
gun components provide higher brightness, higher coherency and
a smaller source size than those obtained by other gun compo-
nents, i.e. re-entrant or flat Wehnelt cylinder with a hairpin
or "dagger" tipped filament. In order to realize the full
potential of this system, the position of the filament tip
relative to the hole in the conical Wehnelt is extremely criti-
cal. Work is currently in progress to establish the optimum tip
position and to determine the allowable eccentricity of the tip
within the hole that still permits gun alignment.

4.3.4 <c>-Component Dislocations in Zirconium Alloys

- O.T. Woo, G.J.C. Carpenter and S.R. MacEwen

Failure of electronic components in the "Tenupol" electro-
polishing machine has hampered TEM work in the past quarter.
The machine was repaired and was operating again briefly, but
has now suffered a motor failure.

Three short transverse crystal bar Zr specimens, deformed
to nominal strains of 1.5%, 1.8% and 8.1% were sectioned and
specimens were prepared for TEM examination of the dislocation
structure in the vicinity of deformation twins (see PR-CMa-48,
Section 4.4.1). No twins were found in the foils prepared from
specimens deformed to 1.5% and 1.8% strain. The probability of
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finding a deformation twin in a given foil of these samples is
quite low, since optical microscopy revealed few twins in the
original material. For the sample deformed to 8.1% strain,
deformation twins were readily observed. Contrast experiments
of the <c>-component dislocations within the twins showed that
both <c>-type and <c+a>-type dislocations were present. The
<c+a>-dislocations were, in general, long and wavy and tended
to lie across the plate width. The pure <c>-dislocat.ions were
short and straight and were edge in character. So far, no
screw <c>-dislocations have been observed.

4.4 METAL PHYSICS

,4.1 Mechanical Testing

- F. Santone, T. Trottier and S.R. MacEwen

No computer controlled experiments were done in the past
quarter as a result of various mechanical and electronic
failures in the test apparatus. Effort has been concentrated
on rebuilding or replacing defective components. A completely
new vacuum system is now about 90% complete, and a second
miniature furnace has been built and calibrated.

The library of test data now exceeds 250 experiments. To
handle the large amount of data and to provide for new data, a
more efficient method of data transfer from paper tape to
magnetic tape storage has been developed. The possibility of a
"key-word" retrieval system is being investigated.

4.4.2 Irradiation Creep and Growth

• - S.R. MacEwen and M.A. Miller

(a) NRX Test Program

Experiment RX60-B was removed from NRX creep facility #6
on April 17. When cell time is available, the rig will be
sectioned to determine the causes of a heater winding failure
and the erratic output from the thermocouple which measured the
temperature of the fixed orifice of the pneumatic gauge.

Growth rig RX60-C has been designed and constructed to
incorporate the changes suggested in PR-CMa-4 8, 4.4.2. The
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number of thermocouples measuring rig temperatures has been
increased from 7 to 10, and wherever possible the thermocouple
bead has been laser welded to the specific component. Heater
leads have been removed as far as possible from the pneumatic
gauge, and the overall diameter of the rig has been reduced
from 3.175 cm to 2.8575 cm (1.250" to 1.125"), to eliminate
sticking on the aluminium FN-rod liner. Bench tests have been
done to verify the heater and pneumatic systems, and to obtain
nozzle calibration curves. The experiment is scheduled to be
inserted in NRX facility #6 at the beginning of July.

(b) LAMPF

Following a visit to the Los Alamos Laboratories and dis-
cussions with LAMPF personnel, it became clear that the first
major obstacle to be overcome in order to insert a NRX design
growth rig in the LAMPF 800 MeV proton beam would be to provide
sufficient cooling of the specimen. Gamma heating in NRX is
typically 0.5-1.0 watts/g; at LAMPF the beam heating is a
gaussian, with a maximum of 22 watts/g. Finite element analysis
has been done at CRNL (with assistance from R. Hosbons, Metal-
lurgical Engineering Branch), and at Los Alamos, using
different computer codes. Table 4.4.2.1 summarizes some of the
Los Alamos results and shows that with He flow rates such as
used in NRX rigs, the specimen temperature is predicted to be
in excess of 3600°C. Calculations done here confirm this
figure. Although the calculations are extremely crude, as they
consider heat loss into the flowing He only, they clearly
indicate that major modifications must be made to the rig to
provide a more efficient medium than flowing He to extract heat
from the specimen. Table 4.4.2.1 shows that with 7.6 x 10~6 m3.s"1

(0.1 gal/min) flow of water around the specimen, maximum
temperature is expected to be reduced to an acceptable 145°C.

TABLE 4.4.2.1 Maximum Specimen Temperature in the LAMPF Beam

He Flow Rate Max. Specimen Temperature
(m3/s) (ftVday) • (_!£)

6.5 x 1 0 ~ 5 200 3660
3.3 x 10"" 1000 1645
6.5 x 10""• 2000 1170
9.8 x 10~" 3000 960
1.3 x 10 3 4000 835

7.6 x 10" 6 0.1 gpm (H 2O) 145
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(c) Theoretical Calculations

Theoretical and numerical analyses have been done to
provide data for the following papers, which were presented at
the International Conference on Fundamental Mechanisms of
Irradiation-Induced Creep and Growth, held at CRNL May 8-10:

1. Calculations of Radiation Growth in Zirconium Alloys
- S.R. MacEwen and G.J.C. Carpenter

2. Solute Effects in Radiation-Induced Creep and Growth
- H. Wiedersich (Argonne National Laboratory) and

S.R. MacEwen
3. In-Reactor Stress Relaxation at Low Temperatures of

Selected Metals and Alloys
- A.R. Causey (Metallurgical Engineering Branch)
G.J.C. Carpenter and S.R. MacEwen

The first described the effects of anisotropy of the metallur-
gical structure (dislocation density and distribution; grain
size and shape) on irradiation growth, and showed that a simple
model based on the annihilation of vacancies and interstitials
at grain boundaries and dislocations predicted a growth rate
more than an order of magnitude lower than measured experimen-
tally (Murgatroyd and Rogerson, data to be published in the
conference proceedings). Four modifications to the theory were
suggested:

i) Irradiation-enhanced recovery of the dislocation network
ii) Short circuit diffusion of vacancies along screw disloca-

tions to grain boundaries
iii) Annealing of mobile di-vacancies
iv) Soitrs trapping

It was shown that by including these modifications the calcula-
ted growth strain-time curve could be brought into reasonable
agreement with the experimental data through small changes in
the constant of the network recovery equation.

Calculations for the second paper, done using constants
appropriate for Ni and Ni alloys,showed the effects of station-
ary vacancy-solute and interstitial-solute complexes on recom-
bination and irradiation creep. A pa-rametric study was done to
assess the consequences of a comp'ex binding energy, multiple
trapping and various solute concentrations. The creep rates
were calculated using a model based on the climb of disloca-
tions only; no glide component was included. Therefore, applied
stress entered the calculation through the inhomogeneity
interaction between an interstitial and a dislocation, which
itself depends on the local change in the shear modulus, AG, at
an interstitial. The effect of the magnitude of AG on the
creep rate was assessed for both isotropic and an isotropic
dislocation structures.
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The third paper was concerned with the temperature depen-
dence of irradiation creep in zirconium and nickel alloys,
measured by in-reactor, bent-beam, stress relaxation. The
numerical analysis showed that the effect of di-vacanci«s,
although in the right direction, was insufficient to explain
the observed behaviour, and suggested that long-term (1-2
displacements per atom) transient effects might be important.

4.4.3 Irradiation Creep of Simple Binary Zirconium Alloys

- G.J.C. Carpenter, J.F. Watters and A.R. Causey (Metallurgical
Engineering Branch)

It is well-established that the annealing behaviour of
point defects created by irradiation may be strongly influenced
by attractive interactions with solute atoms (solute trapping).
Undersized solutes, relative to the solvent zirconium atoms,
are expected to trap interstitial atoms, whilst oversize atoms
probably trap vacancies. Since irradiation creep and growth
are believed to be caused by the annealing of point defects at
internal sinks (dislocations and grain boundaries), solute
trapping is expected to have a significant effect on the rates
of these processes.

Most of the existing data on irradiation growth and creep
has been obtained using commercial alloys for engineering
applications. Such materials always contain relatively high
concentrations of various solute elements and impurities. As a
result, there is almost no information on the effect of indivi-
dual solutes on the growth and creep kinetics.

Since data of this kind are of fundamental importance and
would be useful in guiding the development of zirconium alloys
for reactor applications, experiments have been initiated to
follow the stress relaxation of a series of simple binary
alloys in the reactor. All of the experimental alloys have
been made from the same iodide zirconium stock, using an arc
melting unit with an inert atmosphere. Repeated melting was
used to ensure homogeneity of the 100 g melts. The alloying
elements were chosen to give a wide range of solute sizes: Al,
Au, Fe, Mo, O and Sn. Specimens will be irradiated at 320 K in
the annealed and cold-worked conditions, together with
specimens of the original zirconium stock and commercial
alloys, for control purposes.

Irradiation Growth of Zirconium Single Crystals

- G.J.C. Carpenter, J.F. Watters and R.A. Murgatroyd (United
Kingdom Atomic Energy Authority)

Several new single crystals with lengths ^ 12.5 cm have
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been grown in order to gain further information on the mecha-
nisms of irradiation growth. Of these, one has an axial
orientation near the codirection, whilst the rest are roughly
parallel with the basal plane. Prom one of the latter crystals,
a tensile specimen has been made, having a gauge portion with a
reduced diameter over a length of 12.5 cm, by machining in the
spark lathe. It has been calculated from the crystal orienta-
tion that it can be pulled in a tensile machine to a tensile
strain of 5% with only one slip system operating, in order to
give a very simple dislocation structure. After straining, the
growth specimen will be machined from the gauge region and the
end faces accurately ground at right angles to the length.

Two other growth specimens are also being prepared in
order to assess the effect of twinning on the growth behaviour
in the absence of grain boundaries. It is now well-established
that c-component dislocations are generated when twinning
occurs and these may result in substantial modification of the
growth behaviour. The specimens are close to a-axis and c-axis
orientations and have been swaged in order to obtain a uniform
distribution of twins along their lengths. They are being
machined to final dimensions using the spark lathe.

4.4.5 Positron Annihilation in Zr

- G.M. Hood

Wing parameter (W) measurements on 6-Zr, in the range 1136
to 1670 K, show a sensitivity to thermal treatment that is
suggestive of slow changes (tens of hours at T > 1140 K) in the
defect structure. Peak parameter (L) measurements are relative-
ly 'well-behaved1 and do not exhibit a parallel sensitivity to
thermal treatment, as noted for W.

4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Publications

Papers to be published in the Conference Proceedings of the 5th
International Conference on Positron Annihilation, Lake
Yamanaka, Japan (1978 April 8-11):
(1) A Positron Lifetime Study of Electron Irradiation Damage

and Recovery in a-Zr and in a-Ti
- G.M. Hood, M. Eldrup and N.J. Pedersen

(2) Positron Annihilation in Al at Low Temperatures
- G.M. Hood
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Papers to be published in the Conference Proceedings of the
Microscopical Society of Canada Annual Meeting, Vancouver (1979
June 15-17):
(1) Reducing the Microscope Gun Arcing Problem

- C.Vl. Hoelke
(2) Techniques in High Resolution Transmission Electron

Microscopy
- J.R. Parsons (and C.W. Hoelke)

(3) Near-Coincident Cells and Epitaxy
- R.A. Ploc

Calculations of Radiation Growth in Zirconium Alloys
- S.R. MacEwen and G.J.C. Carpenter
To be published in the proceedings of the Conference on
Fundamental Mechanisms of Radiation Induced Creep and Growth,
CRNL 1979 May 8-10.

4.5.2 Lectures

The following papers were presented at the IAEA 5th Interna-
tional Conference on Positron Annihilation, Lake Yamanaka,
Japan, 1979 April 8-11.
(1) Positron Annihilation in Al at Low Temperatures

- G.M. Hood and R.J. Schultz
(2) A Positron Annihilation Study of Electron Irradiation

Damage and Recovery in a-Zr and in ot-Ti
- G.M. Hood (M. Eldrup, R.J. Schultz, J. Bottiger and
O.E. Mogensen)

Some Outstanding Problems in the Understanding of the Defect
Solid State
- G.M. Hood
Tohoku University, Sendai, Japan, 1979 April 12.

Calculations of Radiation Growth in Zirconium Alloys
- S.R. MacEwen (and G.J.C. Carpenter)
Conference on Fundamental Mechanisms of Radiation Induced Creep
and Growth, CRNL 1979 May 8-10.

Papers presented at the 29th Canadian- Metal Physics Conference
Kingston, Ontario, 1979 June 6-8.
(1) <c>-Component Dislocations in Zirconium Alloys

- O.T. Woo (G.J.C. Carpenter and S.R. MacEwen)
(2) On the Structure Dependence of the Gibbs Free Energy for

Plastic Flow
- S.R. MacEwen

Analysis of Pressure Tube Elongation in CANDU Reactors
- A.R. Causey (and S.R. MacEwen)
Presented at the Canadian Nuclear Association Meeting, Toronto,
June 13, 1979.



The following papers were presented at the Microscopical
Society of Canada Annual Meeting, Vancouver, 1979, June 15-17.
(1) Reducing the Microscope Gun Arcing Problem

- C.W. Hoelke
(2) Techniques in High Resolution Transmission Electron

Microscopy
- J.R. Parsons (and C.W. Hoelke)

(3) Near-Coincident Cells and Epitaxy
- R.A. Ploc

Bending of Zirconium Thin Foils by Irradiation Induced
Epitaxial Oxide Stresses
- J.R. Parsons (R.W. Gilbert and C.W. Hoelke)
Canadian Association of Physicists, Vancouver, 1979 June 18-21.

Computer Controlled Mechanical Testing at CRNL
- S.R. MacEwen
Instron Corporation, Canton, Mass. U.S.A. June 20, 1979.
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5. REPORT OP UNIVERSITY OP TORONTO

J.C. Polanyi

Experiments in this quarter were severely impeded by
a breakdown of our major analytical device; the tunable
vacuum ultraviolet (vuv) laser used to monitor atomic
reaction-products. The heart of this device is a
Molectron UV-1000 nitrogen laser. The vuv output depends
approximately linearly on the output power from the
Molectron UV-1000. The vuv output declined severely due
to deterioration (pitting) of the pair of 1.2 m long
electrodes in the UV-1000. We were obliged to dismantle
the UV-1000, construct new electrodes in our machine shop,
and replace the old electrodes with those of our own
construction.

The re-assembled laser is now operating once again
at the full manufacturer's specifications of approximately
6 mJ per pulse, and the vuv output is back at its best-
achievable value of ^ 1010 photons/pulse in the ^ 140 nm
spectral region.

In a previous report we gave the results of the first
crossed-molecular-beam study yielding cross-section
functions for reactions of H and D. The vast literature
on the effect of isotopic substitution on the rates of
chemical reactions deals exclusively with thermally-averaged
rates; i.e. translation, vibration and rotation in the
reactants are altered simultaneously, and are all
represented by broad thermal distributions. The experiments
performed under this Contract, which dealt with the
reactive cross-section as a function of collision-energy
for H(D) + Br2 •+ HBr(DBr) + Br, represented a significant
first step in placing our understanding of isocopic changes
in reaction rates onto a firmer- footing.

Our initial finding, briefly-stated, was that the
markedly increased reactive cross-section, Sr, for
D + Br2 as compared with H + Br2 could be understood
(without recourse to statistical theories that necessitate
assumptions concerning the geometry and force-constants
for a hypothetical HBrBr* activated complex) simply on
the basis of the slower approach of D, which allows more
time for the heavy Br atoms to separate.
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It will be recognized that this rationale links the
observed isotope effect to the kinematics of the reaction
in question; for H(D) + Br2 the kinematics were governed
by the mass-combination L + HH_ (Light + Heavy Heavy). It
was proposed that a contrasting series of experiments be
performed for the L + LH (Light + Light Heavy) mass
combinations: H + HBr -*• H 2 + Br, D + HBr •*• DH + Br,
H + DBr -> HD + Br, D + DBr •> D2 + Br. Trajectory data
are at present lacking for this system, so we can only
guess at the outcome. Since LL can readily separate from
H during the interaction time, a small isotope effect
might be anticipated, though our preliminary results do
not bear this out (see below). There could, additionally,
be a significant change in the isotope effect if the
molecule under attack were vibrationally-excited, since
the light central atom might then "chatter"; i.e. bounce
back to its original partner re-forming the reagent.
This effect, which would diminish the reactive cross-
section, would presumably be less marked for DBr than for
HBr. All of this is, it should be stressed, purely
hypothetical for the present.

In the present quarter, prior to re-furbishing the
UV-1000, we were able to make preliminary crossed-molecular-
beam measurements of the isotope effect, and its collision-
energy dependence, in the first two members of the series
of four isotopically-related reactions H(D) + HBr(DBr),
namely;

[1] H + HBr -»• H2 + Br

[2] D + HBr •+ HD + Br

The conditions for these preliminary experiments were
as follows. H or D atoms were obtained by thermal dissociation
of pure H2 or D2 or of mixtures with noble gases (see
Table 5.1). Dissociation took place in a tungsten oven at
2,800 K. The atomic plus molecular species were expanded
supersonically though a 0.3 mm diameter orifice and
thereafter passed through a "skimmer" orifice of 2 mm
diameter into the main beam chamber.

The density of the H or D beam at the crossing point
with the second reagent (HBr) was obtained by measuring
the flux of H or D at a quadrupole mass spectrometer
downstream. The mass spectrometer was calibrated for its
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relative collection efficiency with H and D in a separate
experiment. Since the H or D velocity was measured
(also in a separate experiment) under each experimental
condition, by timing its flight from a high-speed chopper
blade to the mass-spectrometer, the relative density of
H or D in the reaction zone could be calculated (flux/
velocity = density).

The second reagent (HBr) flowed directly into the
main beam chamber from a 1 cm diameter Pyrex multichannel
array (50% transmissive, 5 ym pores) which yielded a
broad beam (approximately 20° divergence). The tip of
this secondary inlet was located about 5 cm from the
beam crossing point.

The atomic product of reaction was monitored within
the crossing region of the two molecular beams by laser-
induced-fluorescence in the vacuum ultraviolet. The
source of tunable vuv pulses was the laser alluded to
above. The essential step in producing tunable vuv is
four-wave mixing of laser pulses coming from two separately
tunable dye lasers (both pumped by the Molectron UV-1000
in Mg vapour. The Mg vapour was located in a 760°C heat-pipe,
containing "v 4 kPa Mg + 26 kPa He. The dye lasers
were tuned to yield the 145 nm fluorescence line of
atomic Br.

A solar-blind photomultiplier tube suspended over
the beam crossing-point measured fluorescent photons which
were co-added in a boxcar integrator. The vuv laser
pulses comprised ^ 10 1 0 photons/pulse. The boxcar was
gated for a 50 nsec observation time. (Though there were
no scattered photons, there was a noise of ^ 2 photons
during the gated period). The vuv laser intensity, IVuv»
was monitored by a second photomultiplier. The observed
fluorescent intensity due to the atomic Br product, Ifi,
was normalized by division by [H]•[HBr]•Ivuv, so as to
become a relative measure of the reaction rate constant.
Division by the centre-of-mass collision velocity, Vrel/
then yielded the reactive cross-section, Sr, on a
relative scale (Table 5.1).

We defer comment until these results have been
checked and extended in studies with the re-built Molectron
UV-1000.

We are preparing high-purity DBr with a view to
examining the full series of four isotopic reactions.

Since particular interest attaches to the effect of
vibrational excitation in the molecule under attack, we
shall repeat our experiments on H(D) + Br2 and H(D) + HBr(DBr)
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using the 1,000 K inlet described in our last report.
In this way we can compare the effect on isotopic rate-
modification of a small amount of internal excitation in
the molecule under attack, with the effect of a comparable
amount of enhancement in collision energy.

Our ability to measure relative reactive cross-
sections for isotopic (and other) reactions has been
significantly improved since the data of Table 5.1
were obtained, since we have added a chamber (at 'v 10"8

kPa) to our apparatus, which now permanently houses our
quadrupole mass-spectrometer. With this differentially-
pumped chamber in place, we can leave the mass-spectrometer
running while the crossed-beam experiment is in progress
and can monitor the flux of primary reagent (e.g. H or
D from the supersonic oven) concurrently with our other
measurements.

The MPD (multiphoton dissociation) experiments
performed and reported on in the previous quarter indicated
that there was too low a density of vibrational energy-states
for CH3Br to permit significant MPD at the highest beam
temperature accessible to us (973 K). Dr. R.D. McAlpine
of the Physical Chemistry Branch, Chalk River Nuclear
Laboratories, AECL, kindly furnished us with computed
densities of vibrational levels per cm"1 interval of
energy.

The absorption of five quanta of CO2 TEA laser
radiation would raise the CH3Br molecule to a vibrational
energy of ^ 5,000 cm"1. The calculated density of states
at this energy is 0.3 per cm"1 as compared with
32 per cm"1 for CF3Br. Even with the > 100 x greater
density of states in CF3Br we only achieve a S/N of
i 102 for MPD of CF3Br + CF3 + Br at 300 K. The question
arises whether we can hope to see MPD of CD3Br -»• CD a + Br
under the conditions (973 K) that failed to give any
detectable MPD for the hydrogenated analogue, CH3Br. The
prospects for seeing this selective MPD in our apparatus
are not very good; the calculation furnished by AECL
shows an increase in density of states (for 5,000 cm"1

total energy) of only 6 x in going from CH3Br to CD3Br.
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Table 5.1

Experimental conditions and preliminary results for
reactive cross-sections as a function of collision-
energy, Sr(T), in reactions of H and D with HBr.

A. H + HBr

Supersonic
Souvce

8% H2/92% Ne
1

10% H2/90% He

100% H2

Velocity

(cm-s )

•2.8x105

5.8xlO5

8.0x105

Collision Energy
T

(kJ/mol)

3.5

15.9

29.1

Cross-Section
S r

(relative)

< 0.62

0.92

[1.00]

D + HBr

8% D2/92%

10%.D2/90%

100% D2

Ar

Ne

1.

2.

5.

9x105

8x105

8x105

3.

7.

32.

3

8

4

2.47

1.29

1.03

1

2

The heavy seeding gas decelerates the H or D in the course
of expansion.

Poor S/N due to malfunctioning of laser.
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