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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. f'astwood

•Solid State Studies

Measurements of the X-ray spectra produced by bombarding
nitrogen and ammonia gas with nitrogen ions in the energy range 0. 5 to Z, 0
Mc-V have confirmed thai I wo mechanism ? contribute to the production of
molecular orbital or non-characteristic X-rays. One mechanism involves
only a single collision, the other two collisions in sequence, with the former
being dominant at high energies and the latter at low energies.

An extensive study of the ranges of heavy ions in Be, C, Al and Si
has been completed, using ions from mass 35 to 209 and energy from 0. 12
to 2. 0 MeV. Reasonable agreement with theory is found. Reports of
anomalous ranges, particularly for praseodymium ions, appear to be in
error.

Further results from experiments on radiation damage with ordered
Zr^Al show that after this alloy has been rendered amorphous by heavy ion
bombardment its ability to recrystallize during subsequent annealing is
influenced by the presence or abse.ice of an underlying, undamaged layer.

A combination o( ion channeling and nuclear reaction techniques
has been used to study radiation damage effects in a copper-beryllium alloy.
Deuteron irradiation at 35 K produces a displacement of Be atoms from
crystal lattice sites which is ascribed to trapping of copper atoms ejected
into interstitial spaces by the deuterons. Subsequent annealing at 300 K
permits the Cu interstitials to annihilate with vacancies and the Be atom
displacement is eliminated.

Radiation Chemistry

A recent comparison of radiation chemical results and physical data
such as tonization and excitation cross sections has revealed a few incon-
sistencies for the simple inorganic gases. Nitrogen was one such case but
experiments done during the quarter with separated nitrogen isotopes suggest
that the difference can be resolved if allowance is made for N ion exchange
reactions with nitrogen molecules.
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The correlation between optical .ind electron spin resonance
spectra for metal-elect ron species in alkali metal solutions has been
extended lo include diglyme and tclrahydrofuran. These solvents are of
interest because they have the same dielectric constant but differ in their
ability lo solvate cations.

' I''«IVV Water Processes

a) CJS Process

A computer program has been prepared to search a library of mass
spectra 'or alcohols and sulphur corn pounds of interest in GS process
chemistry and thus assist in the analysis of data from our quadrupole mass
spectrometer. When the computer is coupled with she spectrometer it
should soeefl the processing of mass spectral data by a factor of 10.

b) Photolytic Processes

I'ormit acid i an be photolyzed by light from our deuterium fluoride
laser to form significant amounts of hydrogen, apparently through the
excitation of the C-U bond. For deuterium separation, (his observation is
more encouraging than the results obtained from experiment s at NRC with
an HF laser s\hich yielded wafer, probably through excitation of the O-H
bond.

Analytical Sciences

The chemical procedure to separate uranium from plutonium and
fission products for mass spectrometric analysis of the uranium has been
improved with the result that the decontamination factors for both plutonium
ind fission products have bei-n increased by an order of magnitude,

A sixteen-stagc electron multiplier detector has been installed in
our CKC 21-703 mass spectrometer. This will permit use of sub-m:crogram
amounts of plutonium for isotope analyses and thus reduce (Sy radiation and
a contamination hazards in performing the analyses.

The final version of the hydrogen removal system for the -Tie
Power Cycling Rig (Fuel Materials Branch) has been successfully tested.
The purification circuit devised consists of a copper oxide converter section
to oxidize the hydrogen (tritium) to water, and a molecular sieve dryer
section to remove the tritiated water.
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Materials Science

It has been shown that during steady state creep of Q-zirconium,
dislocation glide plays '.a important role. The stress and temperature
dependencies of steady state creep depend on both dislocation glide and climb
parameters.

After nearly one year exposure to 575 K water, single phase Zr3Al
continues to show about half the oxidation rate of Zircaloy-2, with no signs
of a transition to a higher rate.

Fine-grained Zr3Al becomes super-plastic at high temperatures
and low strain rates, exhibiting a total uniform elongation of 174"'. in one
test. When coupled with the observation of wedge-cracks, this finding
suggests that grain boundary sliding is a contributing mechanism.

The high work hardening rates shown by Zr.(Al at elevated
temperatures are probably the result of the extreme difficulty of cross slip
in this material.

Electron microprobe analyses have revealed high iron contents in
regions adjacent to microcracks in Zr3Al, thus raising the possibility that
impurity segregation may be affecting the fracture properties and the notch
sensitivity.

The defect structure of the zirconium crystal lattice has been
studied as a function of temperature using the positron annihilation technique
and a purer specimen than available previously. Little or no change is
observed in positron annihilation in the region of the a- to (5-zirconium
phase transition. This observation is to be contrasted with the results of
earlier experiments with less pure material which showed a discontinuity.
However, at lower temperatures, between 3C0 and 700 K, even the better
zirconium shows impurity effects.
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1•2 ION PENETRATION

1.2.1 K-Shell lonization in Heavy Ion-Atom Collisions: Single
and Multiple Collision Processes.

- I.V. Mitchell, W.N. Lennard, F.W. Saris and J.S. Forster
(Nuclear Physics Branch*

The K-shell ionization cross section in a heavy ion
atom collision is believed to arise from two distinguish-
able processes, viz. electron promotion and "direct" ion-
ization into the continuum. The latter mechanism is
expected to dominate at high velocities while the former
dominates at low velocities and may be greatly enhanced in
solid targets by collision®! preformation of 2p-shell
vacancies. We have described souse of the systematics of
vacancy transfer in the low velocity regime in a previous
report (PR-CMa-37).

There are no reliable estimates of the direct ion-
ization cross section for heavy collision pairs. We there-
fore undertook a measurement of the single collision cross
section for K-shell ionization of Br and Kr to complement
the data for Kr tar jets implanted into thick silicon
targets. We also re-measured these solid target cross
sections using Kr-implanted thin (approximately 40 ug/cm"')
self-supporting silicon targets. Particle counting methods
could then be used in lieu of current integration. The
earlier cross-section value was reproduced to better than
10% at the overlapping energy of 40 MeV.

Single collisions cross sections were measured in a
differentially pumped, thin window ges target cell contain-
ing Kr. The Br beam energy was varied over the range
8-100 MeV. Our absolute Br-Kr K ionization cross sections
could be compared with the absolute Kr-Kr K ionization
cross sections of Meyerhof et all1) and excellent agreement
was found at 100 MeV. The modified Binary Encounter
Approximation (BEA) estimate'2) predicts across section that
is typically a factor five too high and fails to reproduce
the observed energy dependence for these collision systems.
This collision cross section amounts to less than 3%, to
approximately 30%, and to approximately 40% of the "solid
target" Si(Kr) cross sections at 8, 40 and 100 MeV,
respectively.

By taking the difference between the two cross
sections we obtain the multiple-collision contribution to
the total K-ionization cross section, OR. We have preached
that this residue is attributable predominatly to 2pn-2po
rotational coupling in the Br-Kr quasimolecule. Simply by
dividing OR bY t n e appropriate o r o t values (see PR-CMa-37)



we obtain US,, (v), the velocity-dependent fraction of 2p-
vacaneios in the ®r projectile traversing Ehe solid.
Preliminary analysis yields a value of 4Q'i at 100 MeV in
silicon.

ID W.E. Meycrfaof, private communication 11976).

(2) C. Foster, T.P. Hoogkamer, P. Woerlee and F.W. Saris,
J. Phys. to 9, 1943 (1976)

1.2.2 MO-x-Bay Emission in Single and Double Collisions

- F.W. Saris, W.M. Lennard, I.V. Mitchell, F. Brown and
D. Phillips

It has been proposed that raoleeular-orbital (HO) K
X-rays are foxwed by ©no- and two-collision Kjenanisms':'.
In the former, a ISP vacancy is produced and radiatively
filled in one collision. In the latter, a projectile K
vacancy made in ©me collision is carried into a subsequent
collision where it is transferred to the Isr pto and radi-
atively decays. The best evidence for the two-collision
mechanism comes frora diatomic gas-target spectra. For
instance in 200 keV collisions of NT* with M; a broad band
X-ray is observed which is absent for 200 keV N + on NHj.

One nay expect that the one-collision mechanism will
lead to MO-X-ray emission in Ml and fJH-j collisions at higher
beam energies. To test this we have set up a gas target
at the High Voltage toss Separator and bombarded NH, and
U7 with N+ ions in the energy region 0.5-l.S KeV. Target
pressures of 3 Po could be used leadinj to a pressure of
typically 0.03 Pa in the beam line near the gas cell and
virtually no pressure increase near the analyzing magnet.

500 keV N* Ions on KJIIj and on M; essentially repro-
duced the earlier observations at 200 keV: a broad band
KQ-X-ray is observed in the latter s/steia and no signifi-
cant continuum in the forcer. At 1 MeV beam energy, how-
ever, a broad continuum also appeared in the B* -» NHj
collisions, its intensity being lower and the shape
slightly different than for n* - N,. At 1.5 MeV beam
energy and above, the X-ray spectra in both collision
systems are almost identical, thus indicating that the
single-collision MQ-X-ray mechanism is dominating. This
conclusion will be substantiated further by making more
quantitative measurements. The 0.5 and 1.5 I-IeV spectra
are shown in Figures 1.2.2.1 and 1.2.2.2.

(1) For a review on continuum X-ray emission see:
F.W. Saris, Th, P. Hoogkanier, FICAP proceedings,
Berkeley 1976 (Plenum Press, New York) ed. R. Marrus.



10,0001—

1OOO

. = 0.5 f-W K*

o = 0 . 5 McV H* HH,

- 100' V . '

r

101—
Q • O*

O • ••e o • « • • » •
o o o •• •

• © oe
o o o e «

e a e •« •

60 80 100

CHfltitlEL MUMPER

120 140 160

Figure 1.2.2.1

X-ray spectrum produced by 0.5 MeV N + bombardment of N2 and NH3.
The peak at approximately channel 70 is the NK a a {2 electron-
1 photon) transition. The spectrum is severely distorted for
X-ray energies E x < E(NKaot) by a 0.0008 cm Be end window on the
X-ray detector.
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Figure 1.2.2.2

X-ray spectrum produced by 1.5 MeV N+ bombardment of N2 and NH,.
The peak at approximately channel 70 is the NKoa (2 electron-
1 photon) transition. The spectrum is severely distorted for
X-ray energies E x < E(NKaa) by a 0.0008 cm Be end window on the
X-ray detector.
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1.2.3 Range Distribution of Heavy Ions

- D.C. Santry, R.D. Werner and F. Brown

The first part of a program to measure heavy ion range
and range straggling values in solids has been completed.
Range data in light target materials (Be, C, Al and Si)
will be tabulated and could be used to supplement existing
range tables in the energy region 0.12 to 2.00 MeV. For
the target-projectile combinations studied, measured ranges
are in reasonable agreement with theoretical range calcula-
t i o n s O . Examples are shown in Figure 1.2.3.1.

The program will now be extended to measure heavy ion
stopping powers in thin foils of the same target materials
and then to other materials of technological importance
such as Fe, Co, Ni, Cu, Zr and Nb. Such data are required,
for example, if accelerator beams are used to simulate
fast neutron damage process, such as void formation.

(1) J.F. Gibbons, W.S. Johnson and S.W. Mylroie, Projected
Range Statistics, 2nd Edition, 197S. nalsted Press.

1.2.4 Anomalous Ion Ranges

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

Neilson et aZ'*'*) reported observing ion ranges in
aluminum at 100 keV which were greater than predicted by
theory and stated that ranges were not a smooth function
of the projectile atomic number. These results were not
in agreement with our general observation that ion ranges
in aluminum measured at 120 keV were in agreement with
theory (see PR-CMa-34, Section 1.2.4).

We extended our range measurements to include ions in
the mass region in question. Our results are compared with
those of Neilson et al in Table 1.2.4.1. The data are
presented as the ratio of measured to calculated ranges Cor
each projectile. Since the expected error in our measure-
ment of the ratio is approximately 0.2, our data re-
confirms the agreement between measured ranges and theory
for the conditions described. The apparent anomaly was not
in the ranges of Pr and Nd ions, as reported by Neilson
et al, but in the range determinations of the other pro-
jectiles.

(1) G.W. Neilson, B.W. Farmery and M.W. Thompson, Phys.
Lett. 46A, 45 (1973).

(2) M.W. Thompson and G.W. Neilson, Phys. Lett. 49A, 151
(1974).



Figure 1.2.3.1

Range of 1-127 ions in carbon, aluminum and silicon. The lines are calculated
range values. The units of the ordinate are ug/cm2 and the abscissa keV.



Table l.P.4.1

RANGE OF 100 keV IONS IN ALUMINUM

(experiment/theory)

Projectiles

Xe Cs Ba La Ce Pr Nd Sm Eu Tb Au

Ref. 1

Ref. 2

1.81 1.91 2.02 1.36 1.15 1.89 2.19

1.40 1.33 1.43 0.86 0.87 1.34

This Work* 0.8 0.8 0.8 0.9 0.9

* energy of 120 keV.
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1.2.5 Retention of Ions Implanted at 4 0 l:eV

- D.C. Santry, R.D. Werner and O. Kcstcott

Previous measurements u.\d shown that more of an ion
implanted dopant was lost when using the sputter-etching
technique for depth profiling than CCUJICJ be accounted for
by direct sputtering alone (see PR-CMa-34, Section 1.2.5).
This was attributed to an apparent mobility of the dopant
caused by sputtering bourns.

We have now examined the fate of sputtering beams in
solids as a function of integrated dose. Targets were
mounted inside a Faraday cup of the mass separator and
bombarded with a swept team of 40 keV ions over an area of
1 cm by 1 cm. The weioht of tarqet removed by sputtering
was determined by weighing before and after bombardment.
The amount of the implanted beam retained by each target
was measured by 2 MeV He ion backscattering analysis. The
results are shown in Table 1.2.5.1.

Assuming that the loss of implant is caused solely by
sputtering then, at a dose of 1017 ion/cm', a 20% retention
value for the integrated range profile would have required
the removal from the surface, of > 16 (iq/cnr of aluminum
(Davies et «Z^"') and a similar amount would be expected
for Si and Ti. However, the observed weight loss for Al,
Si and Ti was <_ 2 lug/cm-'. Consequently the implanted
sputtering beam is being removed by a process other than
sputtering of the target surface. One possible suggestion
is the generation and diffusion of vacancies created during
ion bombardment which enhance the diffusion rate of
implanted ions to the surface. The observed retention
values for Kr (an inert gas) and Rb (a metal ion) suggest
enhanced diffusion rates which are similar in magnitude.

One result of the present investigation is that it
limits our range measurements of ions in solids, since
doses > 10 1 6 ions/cm1 will likely give distorted range
distributions. In measuring depth profiles by He ion
backscattering, adequate counting statistics require implant
doses of 10IS ions/cmJ for higher Z projectiles, Xe to Bi.
The 1/Z2 sensitivity dependence of the analysis would
require approximately 10"*" ions/cm2 for Ar and approximately
10 '• 7 ion/cm2 for Ne.

The measurements will be extended to study the effect
of increasing beam energies over the region 0.3 to 2.0 MeV.
Increased retention due to increased ion ranges and reduced
sputtering is expected to be offset by increased diffusion
rates caused by radiation damage and target heating by the
beam.

(1) J.A. Davies, B. Domeij and J. Uhler, Arkiv for Fysik
24, 377 (1963).



T a b l e 1 . 2 . 5 . 1

PERCENT RETENTION OF 40 k«?V IMPLANTED IONS

Ion Beam

Target

Dose
(ions/cm 2)

101*

10»«

5 X 10J6

10'?

Range
(ug/cms)

Al

100

100

36

20

6

Kr

Si

100

90

55

20

6

Ti

95

100

31

19

8

Al

100

100

44

25

6

Rb

Si

95

90

44

23

6

Ti

92

83

26

12

8
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1.2.6 2.5 MV Positive Ion Van de Craaff

- J. Lori

The acceleiator operation was satisfactory except for
the following problems.

The second focus ring corroded, allowing cooling water
to leak into the vacuum system, and had to be repaired.

The Teflon portion of the external gas feed line was
punctured twice by sparks when attempts were made to
operate at high energy. With the latest section of tube
the uan de Graaff was operated repeatedly at 2.4 MV without
any problem.

A drive motor bearing had to be replaced.

The Van de Graaff operating schedule for the past
three months was as follows:

Month

June

July

August

Operating Time
(hours)

194

194

124

Failures
(days)

3

1*

2

* Due to failure of room air conditioning.

1.2.7 High Voltage Mass Separator

- G.A. Sims

The accelerator has been operating very satisfactorily
for the last three months. Only minor mechanical faults
have given rise to shut-downs.

The corona needles (160) were replaced with ones that
had been annealed. The previous set were found to be too
brittle and were breaking off and settling on the tank floor
where they proceeded to create havoc. The Teflon lines
used for Freon cooling of the source also had to be replaced
due to punctures caused by tank sparks.

The total "beam on" time during the last three months
was 272 hours.
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1.3 ELECTRON MICROSCOPY

1.3.1 N-Beam, Dynamical Calculations of Lattice Image Contrast

- J.R. Parsons and R.R. llosbons (Metallurgical Engineering
Branch)

In the application of crystal lattice imaging to the
study of crystalline defects it is essential that the
specimen thickness, orientation and the objective lens
defocus be adjusted by the microscopist so that the image
contrast is maximized and, more important, that it can be
interpreted in terms of crystal structure. During the
last quarter the n-beam dynamical calculations, referred
to in PR-CMa-37, have been done for [110] oriented Ge
crystals. The results are graphically summaried in
Figures 1.3.1.1 - 4.

1.3.2 Preparation of 14.0 nm (140 A) Thick Ge Crystal

- C.W. Hoelke

A uniform 14.0 ran (140 K) amorphous deposit of Ge was
obtained by evaporation onto rock salt at room temperature.
Deposit thickness was controlled using a quartz, crystal-
thickness monitor. Crystallization was effected by a 720 K
anneal. End-on dislocations, grain boundaries and stacking
faults were everywhere present in the crystallized grains.
Such specimens are ideally suited to the study of crystal-
line defects by lattice imaging.

1.3.3 Structural Lifetime of Carbon Stripper Foils

V. Koslowsky and J.R. Parsons

Experimental techniques were developed, on a trial and
error basis during the last quarter, which now permit
5 ug/cm2 carbon foils to be annealed in vacuum at 1170 K and
subsequently mounted, without collodion, on wire frames for
use as stripper foils in the MP Tandem accelerator.

The following experimental observations led us to
believe that stripper foils prepared in the above manner
would have a substantially longer lifetime, when exposed to
a destructive tandem beam, than do normal foils.
(1) The electron diffraction pattern from a stripper foil
annealed for 15 minutes in vacuum at 1170 K is identical to
that from the beam exposed area of a normal foi]. Further
this electron diffraction pattern is characteristic of a
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Figure 1.3.1.1

Calculated values of the phases 0O, 0.Tl, 0OO2 and amplitudes
Qo# QiTi' Q002 °f the beams diffracted by [110] oriented Ge as
a function of crystal thickness.
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Figure 1.3.1.2

Lattice image contrast is a maximum when Qo = "^fQiTi2 + 4Qoo22- Graphically thia condition
is seen to occur at 3.2 run (32 A ) , 14.0 nm (140 A) and 19.0 nm (190 A ) .
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Figure 1.3.1.3

Computer plot of the lattice image contrast expected for a
14.0 run (140 k) thick crystal when the (002) beams are included and
absent. Note that atomic positions reverse contrast with defocus
when the (002) beams are included but only shift when the (002)
beams are absent.
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Optimum defoous values for which the main transfer interval of the objective lens is
positioned to include the spacings of interest (i.e. 0.34 nm (3.4 A) to 0.28 nm (2.8 A)
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more ordered and hence more dense structure than exists in
the normal, amorphous foil. Compare Figure 1.3.3.1 (a)
and (b) vitfa Ce}.
(2) The 1170 K annealed foils are less fragile than the
normal foils. Further the annealed foils can be wire
frame mounted for use in the Tandem without the need of a
collodion film backing.

To date, two defect free (i.e. no pin holes or small
tears), heat treated foils have been tested in the MP
Tandem using a 20 iMeV iodine beam. Lifetimes wore 3X and
IX that of normal foils.

These observations and results support the following
hypothesis. A normal foil breaks when its wrinkled
periphery is unable to withstand the stress generated by
the more dense central region produced by the Tandem beam.
Foils annealed at 1170 K have a longer lifetime because the
entire foil has the more dense structure throughout and
hence is not stressed by the formation of a more dense
central region under the Tandem beam. More heat treated
foils are being prepared to test this hypothesis with
improved statistics.

1.3.4 An Investigation of Irradiation Damage in Ordered ZrjAl

- L.M. Howe and M. Rainville

Previous results (PR-CMa-37) have indicated that the
fluence required to render ZrjAl amorphous by ion bombard-
ment is dependent upon the amount of annealing occurring
within the defect cascade at the temperature of the
bombardment. A detailed investigation of this effect has
been performed by bombarding at various temperatures with
1 X 10 Ar + ions cm (dose rate kept constant). The
results may be summarized as follows.

1) 30-40 and 90 K bombardments—-completely amorphous
structure—only concentric diffuse rings in diffraction

pattern with principal ring having (111) spacing of Zr3Al.

2) 110 K bombardment—essentially complete amorphous
structure with a very few isolated crystalline regions—

diffuse concentric rings in diffraction pattern and faint
suggestion of some diffraction spots.

3) 130 K bombardment—amorphous structure with isolated
crystalline regions—some diffraction spots present along

with diffuse rings.



Figure 1.3.3.1

Electron diffraction patterns from areas of 5 iig/cm: carbon foils which were Tandem beam
exposed in (a), heated in vacuum at 1170 K in (b) and untreated in (c). Note that the two
faint Debye rings (arrowed) outside the intense two rings nearest the transmitted beam in
(a) and (b) are characteristic of a more ordered and hence more dense structure than exists
in electron diffraction pattern of amorphous material shown in (c).



4) 160-29S K bombardments •amorphous regions present within
a heavily damaged crystalline matrix—disordered Zr ,!\1

spot pattort- with diffuse rings of (111) spacing existing
around transmitted and diffracted spots.

Front the above results it is evident that there is a
rather sudden chanqe in the behaviour of samples irradiated
in the region 90-160 K an*) this is beiiuj attributed to
freely migrating Zr inlerstirials which annihilate some of
the vacancy-typ'? defect a.

Post-irradiation annealing experiments are continuing
on specii^ens rendered amorphous by Ar+ ion bombardment.
The indication from the present results is that the extent
to which the amorphous structure changes by reerystalliza-
tion during annealing is dependent upon the presence or
absence of underlying undamaged crystalline material. For
example, a 1-h anneal at 873 K of u Zr>Al specimen bombarded
in a final eleetrothinned condition resulted in no change
to the amorphous structure in the regions where this
structure extends throughout the foil and a 1-h anneal at
973 K produced small ZTihl crystallites within an amorphous
matrix. On the other hand, if the specimens are only
partially thinned before the bombardment, hence yielding
an amorphous damage layer on a crystalline backing when
bombarded, and finally backthinned after annealing; then l-
hour anneals at 873-973 K resulted in complete recrystal1iza-
tion of the amorphous structure.

Examination of the recrystallized structure reveals
that it consists of ordered ZrsAl grains containing planar
faults. Most of these planar faults have been identified
as twins. No antiphase domain boundaries have been
detected and thus it appears that the recrystallized grains
have a highly ordered Zr5AI structure.

1.3.5 The nature of Damage Regions in Irradiated Ordered Alloys

- L.M. Howe and M. Rainville

Imaging of individual damage regions in ion bombarded
ordered Zr^Al foils has recently been performed using dark-
field weak-beam imaging techniques. Comparing the weak-
beam images obtained using <111- or <220> fundamental
reflections with normal dark field ;220- images and with
^110> superlattice images showed that tne weak-beam images
only revealed those defects present under normal <220> dark
field imaging conditions (i.e. those exhibiting appreciable
strain contrast). This confirms that the additional defects
present using <110> superlattice imaging have an extremely
weak strair. field and are being revealed solely because they
represent disordered regions in an ordered structure.



The details of the annealinq out of the individual
disordered regions in Zr>Al bombarded at low fluences with
Ar* and n* ions (using 2.0, 1.5, 1.0 and 0.5 MeV ions
successivolyl is presently being followed in the region
/25~85»? K. It is found, for example that a 1-h ..inm-al
at 850 K completely remover, the individual disordered reqions.
This is consistent with the fact that the same anneal
resulted in the reordering of a specimen which had been
disordered by a bombardment of 1 X 10:" Ar+ ions/civ at 40 K.

In order to compare the size of the observed dis-
ordered regions with calculated sizes of collision cascades,
experiments have been initiated using low energy (10-60 keV)
heavy ions. The experimental results for 40 keV Te + ion
bombardments were reported previously (PR-CMa-37, Section
1.3.4). Specimens are presently being prepared for bombard-
ments with Te* ions of other energies as well as bombardments
with other atotcic and molecular ions.

1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Defect-Solute Atom Interactions in Magnesium

- L..M. Howe, M.L. Swi»nson and A.F. Ouenneville

The interactions between Ag solute atoms and irradia-
tion-produced defects in a Mg-0.16 at.% Ag crystal are beinq
studied, using the channeling technique. As mentioned
previously (PR-CMa-37, Section 1.4.1), during irradiation
at 30-4(? K with 1 MeV He* ions a significant fraction of the
Ag atoms can be displaced from substitutional sites
presumably due to the trapping of migrating Mg interstitial
ato..'S by Ag atoms. In fact, recent experiments have
revealed that approximately 75% of tr>9 Ag atoms can be
displaced from their substitutional sites before saturation
occurs. The following features of the Ag atom displacement,
in the as-irradiated condition, have- been observed.

1) The fraction of Ag atoms which are displaced into •1120^
channels and into '10l0> channels are very similar.

2) Angular scans through the *ll?0> and <1010- directions
showed that the width of the dip in yield from Ag atoms

was virtually identical to that from Mg atoms, thus
indicating that most of the displaced Ag atoms are situated
well into the <ll20> and <10l0> channels (.' 0.1 run from
atomic strings). A slight flux peaking in the Ag yield_was
observed in the • Il3o> angular scan but not for the «-10l0>
angular scan.
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3) The fraction of Ag atoms which are displaced into (0001)
planar channels it' comparable, in magnitude to that for

displacement into <ll20- and --10T0- channels. Hence the Ag
atom displacement is not contained within the basal plane
of the hexagonal lattice.

To help provide further insight into the nature of the
Ag atom displacements, single crystals of Mg-Ag are being
prepared which will enable channeling investigations to be
performed along the II00011 direction.

The recovery of the irradiation-induced Ag atom
displacement occurs in two stages, at 8O-I60 K and at 200-
28«* K, with the width of the first staqo tending to increase
with increasing He* ion fluence prior to the anneal. In
the 80-160 K stage, essentially all of the irradiation-
induced dochanneling increment anneals out. In addition,
•Il2o> angular scans performed at 180 E tailor annealing
through the 80-160 K stage}, show no flux peakinq in the Ag
atom yield ithus inaieating a possible change in the
configuration of the Mg interstitial-Ag atoro complex
occurring during the anneal. Complete recovery of the Ag
atom displacements occurs after annealing through the
200-280 K stage and quite possibly this may be due to the
migration of vacancies to the trapped Mg interstitials
thus leading to annihilation of the interstitials and the
return of the Ag atoms to substitutional sites.

1.4.2 Measurement of the Trapping of Cm Interstitial Atons by Be
Atoms in a Cu-0.25 att Be Crystal

- M.L. Swanson, L.iM. Howe and A.F. Ouenneville

The Be * (d,p)Be '" and Be '" (d, a) Li nuclear reactions
were used to identify Be atoms in a Cu-0.25 at% Be crystal.
By comparing the yields of the {d,uo> and (a,a,) reactions
with the backscattering yields of 0.6 MeV deuterons in
<110> and random directions for the same depth increment,
the displacement of Be atoms from lattice sites by 0.6 MeV
deuteron irradiation was measured. As was observed
previously (PR-CMa-37), the displaced fraction of Be atoms

<110> _ XBe ~ 'Cu
rdBe

1 " XCu

was approximately 30% after a random irradiation of
approximately 2.5X10l<> 0.6 MeV deuterium ions/cm* at
approximately 35 K. A considerable recovery of this dis-
placement occurred after a 600-s anneal at 150 K, and the
recovery was almost complete after annealing at 300 K. The
displacement of the Be atoms was due to their trapping Cu



self-interstitial atoms. The elimination of Be displace-
ments during annealing at 300 K was caused by annihilation
of the Cu interstitials with vacancies. The partial
recovery at 150 K could he due to a change in trappinq
configuration.

In order to simplify the trapping configuration, a
sample was irradiated to a smaller ion fluence (approximate-
ly 10'Vcnr) at 70 K, where Cu interstitialss are mobile. In
this case the recovery of Be atom displacements at 150 K was
much less. The recovery proceeded almost to completion in
stage III {200-270 KJ as before.

1.4.3 Investigation of Irradiation-induced As and Sb Atom
Displacements in Si by Backscattering

- M.L. Swanson, P. Saris and A.F. Quenneville

The displacement of As and Sb atoms from lattice sites
in Si crystals by He* ion irradiation has been investigated
further. It was observed previously that the apparent
displaced fraction f^A? °^ ** a t o m s saturated at
approximately 15% for irradiations at 30 K and at approximate-
ly 30% for irradiations at 293 K in a Si-0.4 at% As crystal
(PR-CMa~30). These studies have been extended by measuring
the displacement of As atoms as a function of irradiation
temperature from 293-723 K. It was found that both the
initial rate of displacement and the saturation value of
^dAs P a s s e d through a maximum at approximately 420 K. This
is*the temperature where As-vacancy pairs become mobile.

The displacement of Sb atoms in a Si-0.06 at* Sb crystal
was measured as a function of 2 MeV He* ion fluence at 30 K
and 293 K. The behaviour was qualitatively the same as for
As; the displacement saturated at higher level (frf^§°* = 8%)
at 293 K than at 30 K 14-1.), and the 293 K displacement was
reduced by subsequent 30 K irradiations. It is not known
why the magnitude of the displaced fraction of Sb atoms was
less than that of As atoms. The results indicate that the
As and Sb atoms were displaced from lattice sites by the
multiple trapping of vacancies.
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1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 Electrochemical, XPS, Channel ing and Nuclear Wicro-
Analytical Studies

- P.R. Norton (Physical Chemistry), B.L. Tapping (Physical
Chemistry), J.W. Goodale {Physical Chemistry), J.A. Davies
and M. tlammterli (General Chemistry)

See PR-CMa-38: 3.3.2 (a) (ii).

1.5.2 Use of Rutherford Backscattering to Study the Mobility of
Foreign Atoms During the Anodic Oxidation of Aluminum

- W.D. Mackintosh, F. Brown and H.H. Plattnor

In PR-CMa-37, we reported that we obtained low numbers
for metal transport when Xe was implanted as a marker into
thick oxides at energies of 300 to 500 keV (approximately
0.3 as compared to 0.4 for 40 keV implants). We have now
carried out an experiment in which 40 keV Kr was implanted
in a thin oxide which was then thickened to 50 ..q/cnr and
Xe implanted at 40 kcV. This was again thickened to
10^ tiq/cm' and the transport numbers obtained. Doth
implants gave the same numbers. Apparently, then, the
discrepancy observed earlier is related to the high energy
of implantation rather than the mode of oxide growth.
Alternatively, it may well be solely due to the imprecision
introduced by the wide spread in the implant distribution.

In Reference 1 we noted that some species implanted
into oxide disappeared from the specimen on further oxida-
tion. Since the high energy mass separator has been avail-
able we have been implanting these at energies of 300 keV
into thick oxides (̂  50 uq/cm'). When hiqh energies arc usec
to implant into thick oxides the path length for outward
movement is increased and the species is unlikely to reach
the surface by the end of the second oxidation. During the
period, Cu was implanted at 300 keV into 59 ;ig/cm2 of oxide
which was then thickened to 110 ..a/cm"'. The migration
number was found to be 1.12. Thus the Cu moves at nearly
three times the rate of Al atoms.

(1) W.D. Mackintosh, F. Brown and H.H. Plattner,
J. Electrochemical Society 121, 1281 (1974).
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1.5.3 The Movement of Foreign Atoms During The Anodic Oxidation
of Silicon ™~ " ~~~"

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

In PR-Ota-37 we reported that phosphate ions,
introduced into Si specimens by anodizing in an electrolyte
containing phosphate, moved inwards in relation to noble
gas markers implanted in Si. We have now demonstrated this
inward usovejuent independently of any other marker.

This was accomplished in the following manner. Speci-
mens of Si were anodized to 150 V in an organic electrolyte
containing no phosphate then for a further 20 V in an
electrolyte containing phosphate (P.O. dissolved in a mini-
mum of water and diluted with tetrahydrofurfuryl alcohol).
These were then subjected to backscattering analysis using
a He* beam at an energy of 2.4 MeV to obtain maximum
resolution of P and Si. The width of the resulting P peak
in the spectrum was considerably greater than the thickness
of the second oxide layer indicating the P had moved inwards
into the first layer. We then oxidized such specimens in
phsophate-free electrolyte to 300 V. The P was not resolved
from Si in the spectra of these specimens so we determined
the etch rates of SiO? in 0.2 HF, then etched the specimens
so that the P was again near the surface. We now found
that the centre of the P distribution was well within the
original layer. When we again oxidized and etched the
centre was still further in. A report of this work has been
prepared for publication.

1.5.4 Structures of Anodic Oxides

- J.P.S. Pringle

X-ray and electron diffraction studies of anodic
niobium and tantalum oxides give diffuse haloes, from which
it has been concluded that the structures are amorphous-
Such information is not exactly illuminating when it comes
to investigating atomic transport processes in these solids,
and so the factors governing the structures of the crystal-
line oxides and related phases have been investigated
(PR-CMa-36, Section 1.5.5 and PR-CMa-37, Section 1.5.3) with
a view to possible application in the anodic oxides.

The structures of crystalline niobium and tantalum
compounds containing much oxygen fall into two classes,
depending on the principal coordination number about each
metal atom. The type structure in the first class is cubic
ReO>, in which each metal atom is coordinated to six
oxygen atoms in a regular octahedron; the accommodation



necessary to allow stoichiontetrios less than MX, leads to
minor distortion of the octahodra. In the second class,
the metal atoms are coordinated to seven oxygen atoms in
the form of a pentaqonal bipyramid. Again the accommoda-
tions needed to take account of particular stoichiometries
lead to minor distortions, in this case a reduction from
seven to six in the coordination around some of the metal
a toms.

To which class, then, do the anodic oxides belonq?
From the fact that diffuse haloes rather than spots are
obtained in diffraction experiments, it is evident that the
anodic oxide structures isust contain much disorder, and
disorder necessarily decreases the density of the materials.
Crystalline niobium oxides with ReO> type structures have
measured densities ranging from about 4.4 to 4.6, while
L-Nb;Oi, with a structure based on pentagonal bipyramids,
has a measured density of 5.17; the iseasured density of
anodic Nb.-CK is 4.74. It is certain, therefore, that
anodic Nb;O: is a disordered version of the pentaqonal bi-
pyramid structure, and similar considerations apply to
anodic tantalum oxides as well.

If the anodic oxides are disordered, what form does
the disorder take? Two hypotheses have been put forward in
similar cases—the random network hypothesis and the
microcrystallite hypothesis. The former proposes that the
structure is built up from the sar.e metal coordination
polyhedra found in the crystalline phases, but joined
together in random rather than regular array; the latter
proposes that the structure consists of very small perfect
crystals joined together, in random orientation, by a small
amount of disordered material. Experimentally, these
hypotheses are exceedingly difficult to distinguish, but
the following arguments can be put forward for anodic
tantalum oxide.

Crystalline Ta.O- is insoluble in HF reagents, whereas
the anodic oxides dissolves. If therefore the anodic oxide
is an assemblage of micro-crystals, it would be reasonable
to infer that the disordered material holding the micro-
crystals together dissolves much faster than the micro-
crystals themselves. The observed 'dissolution' of the
anodic oxide would then be due to the loosening of succes-
sive layers of micro-crystals through the dissolution of
the disordered material holding them togther.

Now consider what would happen if the range profiles
for an implanted radioactive species were measured as a
function of implantation energy by dissolving successive
layers. If the implantation energies were high, so that
the range profiles extended over many layers of micro-
crystals, the observed profiles would vary with energy.
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If, however, the implantation energies were very low, so
that the range profiles did not extend beyond the confines
of a single microcrystal, the observed profiles would depend
solely on the rate at which the surface layer of micro-
crystals was removed from the specimen; accordingly they
would not vary with implantation energy at all. If the
micro-crystallite hypothesis is true, therefore, the range
profiles will vary with energy down to a certain minimum
energy, after which they will n<">t vary at all.

Experimentally, however, it is found that the range
profiles vary with energy down to 0.5 keV, where the mean
range is approximately 0.S nm. This is less than the
dimensions of a single unit cell, and so the micro-
crystallite hypothesis roust be discarded. Accordingly the
structure of these anodic oxides probably consists of a
random network of six and seven coordinate metal oxygen
polyhedra with the latter predominating.

1.6 PUBLICATIONS, LECTURES AND REPORTS

1.6.1 Publications

High Resolution Bright-Field Phase Contrast Microscopy
- J.R. Parsons, Proceedings of the 3rd annual meeting of

the Microscopical Society of Canada, 3_» 2~ 5 (1976);
AECL-5416.

Lattice Imaging
- J.R. Parsons, Proceedings of the 3rd annual meeting of •

the Microscopical Society of Canada, _3, 22-23 (1976);
AECL-5419.

Optical Reconstruction of Electron Micrographs
- C.W. Hoelke, Proceedings of the 3rd annual meeting of

the Microscopical Society of Canada, 3_» 80-81 (1976);
AECL-5415.

Analysis of Microgram Quantities of Aluminum in Germanium
- I.V. Mitchell and W.N. Lennard, 'Ion Beam Surface Layer
Analysis' 2^ 925-931 (1976); AECL-5406.

Computer Modelling of Planar Dechannelling I: Monatomic
Lattices
- D.P. Jackson and D.V. Morgan (The University of Leeds)

Radiation Effects 28, 5-13 (1976); AECL-5353.



Computer Modelling of Planar Deehannelling II: Diatomic
Lattices
- D.V. Morgan (The University of Leeds) and D.P. Jackson

Radiation Effects 29, 99-106 (1976); AECL-5375 .

Computer Modelling of Planar Dechannelling III: Trajectory-
Dependent Electron Multiple Scattering
- D.V. Morgan (T!;o University of Leeds) and D.P. Jackson

Radiation Effects 29_, 107-111 (1976); AECL-5401.

Preparation of Isotopic Oxygen Targets Via The Anodic
Oxidation of Tantalum
- D. Phillips and J.P.S. Pringle

Nucl. Instr. 6 Meth. 135, 389-390 (1976); AECL-5445.

1.6.2 Lectures

Channeling: General Description
- J.A. Davies, Corsica Swimmer School Proceedings
August 29 - September 12, 1976.

Application of McV Ion Channeling to Surface Studies
- J.A. Davies, Corsica Summer School Proceedings
August 29 - September 12, 1976.
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2 . 2

2.2.1 Cwisstort

- G. Jarbo, P.

(1) Analytical Methods

carrier disti l lation technique for the analysis
of refractory materials has been nodified as follows:

a) The arc chamber has been replaced by a CR'JI* modifi-
cation of the O'Connel }et. In our device the lower
electrode is surrounded by a stream of inert oas flowing
between it and the wall of the sheath. The latter,
which terminates just below the tip of the anode is easily
removed thus qreatly facilitation sample ehanqinq.

b) The inert oas is araon. This reduces arc wander
and keeps the walls oe the anor'e relatively cool. The
background, due to trlowino particles of carbon normally
resulting from iqnition in the presence of oxynen, is
considerably reduced.

el A new set of zirconium standards containino levels
of tin was prepared as this element had to be determined
in Zr/Nb alloys.

(2) Direct Reader

Work on the glove box is held up pendin" the avail-
ability of the appropriate electrical switchctear.
Additional electrical outlets may also be requited as
the probability is seen of some chemical processing of
samples in the qlove box.

2.2.2 X-Ray Fluorescence (XRF) Spectrometry

- G. Jarbo, P. Faught

No development work to report this quarter.

2.2.3 Analytical Support for Heavy Water Process Programs

- R.M. Cassidy, J. Gulens, J.P. Mislan, S. Elchuk,
R. Harpur, H. Herrinaton, T. Lonahurst, M. Niro

This work is described in internal CRML reports.



2.2.4 Eleetroanalysis

- .). ttulens, H. tlerrinqton

%Jothin«) now to report.

2.2.5 Atomic Absorption Spectrometry

- M. Hurteau, D. Bellavance

(1) Methods

a) Determination of Lanthanum

Tho determination of lanthanum at low concentrations
was ronuircd for some loop studies. Lanthanum in tho
samples was concentrated by the procedure described by
Menis et al. (Anal. Chem. 31, 187 (1959)) and determined
by flame emission. This method involves extraction of
the lanthanum with TTA in methyl isobutyl ketone and
aspiration o^ the organic solution into the flame. 'Jo
problems were encountered in applyinn this method.

(2) Techniques

a) Automated Sample Injection for Flame lass Atomic
Absorption

The development of an auto-injector for the carbon
rod furnace is being investigated. The proposal includes
interfacing with a programmable calculator. There is
nothing significant to report at the moment.

2.2.6 Gas Analysis

- ,T. Munch, M. Corriveau, L. Junop

Equipment was being moved from Buildinn 300 to
Buildina 330 and set up.

2.2.7 Mass Spectrometry

- T. Lonohurst

(1) Laser Induced Reactions

i) Hydrogen Exchange Between HBr and I?

As a continuation of the analyses reported in



- 37 -

PR-CHa-37. See. 2.2.6(3)t the mass spectrum of a sample
of HBr was investigated for possible quantitative analysis
of HI and IBr. A significant peak was observed at M/e 128
(HI) which increased relative to the HBr by an order of
magnitude over 24 hours. The sample appeared to contain
a significant anount of water. Removal o f this water
with PzOK was inconclusive due to instrumental problems.

ii) Decomposition of Formic 'Void

Analytical assistance is beinq provided to R.D. McAlpine
and r>.K. Evans o f the Physical Chemistry Branch in their
studies on the laser stimulated decomposition of formic
acid. Two channels for decomposition are considered im-
portant:

(1) HCOOH - CO +

(2) HCOOH - CO + lit.

Channel (1) predominates in pyrolysis and under HF laser
stimulation. Usina a DF laser, decomposition by channel
(2) can occur. Analysis for CO?, CO, H2O and Hj in the
presence of formic acid was therefore required for evalua-
tion of the decomposition modes, and hydrogen isotope
analysis for exchange measurements.

Chromatoaraphic separation of HCOOH and water was
achieved on a 15 en x ".1 m column of "orapak 0 programmed
from 105°C to 140°C at 4* per minute. The flame ioniza-
tion detector was found to be only 10 times as sensitive as
the thermal conductivity detector for HCOOH. Considerinq
the limitation on sample size (0.2-0.5 m£> and the expected
concentrations (100 to 1000 ppm) the usefulness of the
chromatoqraphic approach is marqinal.

Mass spectra have been obtained with the guadrupole
mass spectrometer of the followina samples, (1) HCOOH,
(2) DCOOH, (3) DCOOH irradiated with the DF laser. Using
(1) and (2) as standards, sample (3) appears to contain
more CO2 than the starting material (2), indicating de-
composition is takinq place. There is also evidence that
D and H have interchanged positions in DCOOH but the extent
could not be estimated without a standard spectrum from
HCOOD. McAlpine and Evans attempted to produce this com-
pound by exposing HCOOH to a large excess of D2O. The
spectrum of a sample. Sample 4, from this reaction indicated
the presence of a considerable amount of DCOOH as well as
the expected HCOOD based on the relative abundances of
M/e 30 (D-C=0) and M/e 29 (H-C=0). The possibility of D



and H scrambling in the mass spectrometor ionizer was
eliminated by examination of the abundance of the M/e 29
peak from DCOOH. Spectra run on the vapour phase of
DCOOI1 in contact with HiO at temperatures up to 150°C
also showed no exchange. Sample (4) was also examined
by NMR. The results indicated about 35% deuteration in
the OH position but were inconclusive, regarding deuteration
on the carbon atom.

No definite conclusions can be drawn regardinq migra-
tion of the deuterium atom.

(2\ Spectral Library Search

A program for the PDP-8 computer, written by
W.J. Edwards (cf. Sec. 2.4.4) for the purpose of searching
spectral l ibraries has worked well with small test
libraries of 20 alcohol spectra and 135 sulphur compound
spectra. The sulphur compound library is in the process
of being expanded to about 300 spectra for further test
and program refinement purposes.



2.2.8 Analysis Requests

Received
from

Type of Sample Mo. of
Samples

Type of Analysis Done

Heavy Water Miscellaneous
Programs

Chemical Lubricants
Engineering

System
Materials

Fuel
Engineering

Water and crud from NRU air conditioning

Silver membranes
Mapico Black

Water from experimental loop
Crud from bimetallic coupons
NaCl solutions
Cruds
U-2 loop gas
Annulus gas (Pickering)
Water samples
Crud (Pickering Unit 4)
Fuel decrudding solutions
NPD cruds
NPD crud solutions

Fission gases

473 Gas chromatooraphy,
liquid chromatography,
mass spectrometry,
emission spectroqraphy,
U.V. absorption, total
organic carbon (TOC),
total carbon, Al, Au, Cr,
Fe, Pt, PCK, Si, Zn

Cl

4
"

12
1

1
2
10
7
20
7
14
1
46
18
22

Emission spectroqraphy,
Fe, Cu, Ni, Zn
Al, Cr, Cu, Fe, Ni
Total Fc, notallie Fe ,
Fe^/re*4"4" ratio
La
Fe, Ni, Cr
Ma
Loss on ignition
Mass spectrometry
Mass spectrometry
Na, Cl*
Fe, Ni, Cu, Cr, Co
Fe, Ni, Cu, Cr, Co
Fe, Ni, Cu, Cr, Co, Mn
Fe, Ni, Cu, Cr, Co, Mn

Mass soectrometrv



Received
from

Fuel
Materials

Metallurgical
Engineering

General
Chemistry

Materials
Science

Physical
Chemistry

Solid State
Science

Accelerator
Physics

Neutron and
Solid State
Physics

Nuclear
Physics

Engineering
Research

Type of Sample No. of
Samoles

Solutions e t c . from impregnation tes t s 90
U0 2 3

Zr-Nb pressure tube (Pickering) 107

Zr-Mo alloys 3

Pressure tube offcuts (Pickering) 25
Zr-Nb pressure tube sent to CGE for ro l l ing 1

Zr-2 reference samples from WNRE 2
Ag standard 1

Zr-Sn alloy 1

KC1 solutions 19

Copper 1

Thoriated tungsten wire 1

ThO 2 1

UO2 1

Lithium solutions 3

Tubing 5

Typo of Analysis Done

U, Tree acid
Enission spectrography,
O/U ratio

Hi, O J # N 2, Sn,
amiss ion spectrography
Nj, O2, emission
spoctroqraohy
Nb, Sn
Nb, Sn

O?
Aq

Sn

Be, emission
spectroqraphy

Th

Emission spectrography
Emission spectrography

Li

Identification of
alloy (XRF)

4.
o



Received
from

Chemical
Operations

Mechanical
Equipment
Development

Mechanical
Services

Workshops,
Estimating
& Planning

Radiation
& Industrial
Safety

Nuclear
Materials
Control

NPD

Comme rci al
Products

Type of Sample

Liquids and solids from alkaline loop

N2 and O2 gases
Unknown powder
Scrapings from leaking valve
Lubricants
Metal spring
Water from tes t for decontamination

damage to packings
Water samples

Steel
Metal pin

Al pipes

NRU end plug
Powder frop NRU cladding

Air f i l ter

Zr-U alloy

H2 gas

No. of
Samples

1
1

5
1
1

19
1

11
3

4
1

Type of Analysis Done

Fe, U.v. absorption
emission spectrography

Mass spectrometry
Emission spectroqiraphy
Emission spectrography
Cl
Cr, Ni

Zn, Mg
Cl

Identification (XRF)
Emission spectrography

Identi fication
(emission spectrocjraphy)
Emission spectrography
Emission spectrography

Be

Cl. F

Mass spectrometry

Total number of samples = 983

Total number of analyses = 3,350



2 . 3 HYDROGEN-WATER EXCHANGE

- W.H. S t e v e n s , A.S. Denovan

No expe r imen ta l work was done t h i s past, q u a r t e r .

2.4 RADIOACTIVITY MEASUREMENTS

2.4.1 Kinetics of the Fluoride Specific Ion Electrode

- R.C. Hawkinqs, L.P.V. Corriveau

Application of the fluoride specific ion electrode
(FSIE) to the measurement of fluoride concentrations
less than 10~8 g F~ per qran of solution has revealed
some apparent anomalies in electrode response. One of
these is an apparent shift in the low level calibration
of the electrode with exposure to the hiaher fluoride
concentrations used for calibration purposes (cf.
PR-CMa-37, Sec. 2.4.3). _A fresh blank solution, con-
taining approximately 10~* g F~/g, will show an apparent
increase in concentration when run after a sample con-
taininq a higher fluoride concentration. This apparent
increase becomes greater as the difference betv/een sample
and blank increases, and gradually diminishes with each
successive blank. A typical series of blank readings
following a run on a spiked solution is shown in
Fig. 2.4.1.1. Note that all solutions are of high ionic
strength, buffered with acetate and contain the cation
complexing agent 1,2-diaminocyclohexane-NNN'N1-tetra-
acetic acid.

To determine whether this chanqe in the blank reading
was real or apparent, a dual electrode run was conducted
in which one electrode was exposed to a hiah fluoride
concentration while the second electrode was at
equilibrium in a blank solution. Both electrodes were
removed from their respective solutions, shaken to
remove adhering liquid, and both placed in a fresh blank
solution. Results of this experiment are summarized in
Fig. 2.4.1.2. Note that the data have not been normalized
for the different calibration factors for the electrodes.

The data from this dual electrode run show conclusively



- 4 5 -

that F~ is being released from the electrode exposed to
the higher concentration. The effect is apparently in-
dependent of time in cich blank. Data for Fiq. 2.4.1.1
were obtained over an eight day period while the data for
Fiq. 2.4.1.2 were obtained within an eiqht-hour period.
The mechanism for this release of F~ has not been
established.

2.4.2 Counting Room

A considerable amount of time was required durinq
this quarter to overcome electrical problems resultinq
from the transfer of equipment from Buildinq 300 to
Buildinq 330. \ total of 62 samples was received during
the period.

Nal(Tl) qamma spectra

GetLi) gamma spectra

16

80i

96

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-4

2

NRU

28

Special
Analysis

62

WNRE

4
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2 . 4 . 3 • * "Pa in MPD Heavy Water

- W.J. Edwards

A thoria fuel experiment is scheduled for the NPD
reactor in the immediate future and a method is required
to monitor the coolant for " !)Pa, resultinq from neutron
capture by 2'JTh. A Y-spectrometrie method presently
employed to monitor " *JPa in the MRU reactor is being
adapted to NPD water chemistry. When the procedure has
been developed, it will be turned over toqether with
standard ? *'Pa sources to the MPD Control Lab.

2.4.4 »1ass Spectrometer Automation

- W.J. Edwards, in collaboration with .7.P. Mislan and
A.E, Smith (E.i. & P. Branch)

A quadrupole mass spectrometer is operated by the
Analytical Croup as a special detector for a cias chromato-
qraph. The uti l i ty of this instrument is severely limited
at present by the larae amount of time required for manual
processing of the output data, which appears as an oscillo-
graphic trace. Manual operations are necessary to measure
and locate all mass peaks, subtract a background spectrum
and replot. Further time is then renuired to match this
corrected spectrum aqainst extensive literature compila-
tions of spectra of known compounds.

Commercial mini-computer based systems are available
which will collect the spectrum from the mass spectrometer,
perform the necessary processino and then search libraries
of literature spectra for identification. These have been
considered, but are prohibitively expensive for present
requirements.

As an alternative an exis' .nq mini-computer, which is
already proqrammed for spectrometry (PDP-8 v-spectrometry)
is to be employed both to collect the spectrum, and perform
the processina and search operations. A simple hardware
interface is in the design staqe and the search and match
proqram has been written and tested. Neqliqible software
chanqes are required in the existina spectrometry proqram.

While the final system will not have the capacity of
a commercial system i t is estimated to be quite adequate
for the current work load and to provide most of the
efficiency of such a system at 5-10% of the cost, and
reduce the mass spectrometer data processino time by a
factor of about 10.



2.5 DEUTERIUM ANALYSIS

2.5 .1 Deuterium Analyses

- W.H. Thurston, R.W. Jones, M.w.n. James

The followinq i s a summary of deuterium analyses
for the period June 14 to September 3, 1976 inc lus ive .

No, of Samples Branch Program

30
1
2

,760
,500
,000

54
64
48

Physical
General
Gene ra l
General
Chemical
General

Chemistry
Chemistry
Chemistry
Chemistry
Enoineerino

Chemistry

Ilj-IbO Exchanne
M.S. Testina
H?S Research
Miscellaneous
Packina Tests
Interlaboratory

34,434

2.5.2 Heavy Water Analysis - Cooperation with Production
Plants

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

This work i s described in internal CRNL reports.

2.6 ELECTROCHEMISTRY

2.6 .1 Pt Single Crystal Electrodes

- M. Hanunerli, W.J. 01mstead (with P . R . Norton,
J .A. Davies and R.L. Tapping)

The first experiment to ascertain the effect of the
oxygen evolution reaction on the crystal perfection of a
well characterized Pt (111) single crystal surface has
been completed in cooperation with J.A. Davies,
P.R. Norton, R.L. Tapping and their colleagues.

For the ini t ia l experiment the sinale crystal Pt
electrode, qeometric surface area 0.22 cm2, was subjected
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to 10 mA of constant current for four minutes in 1
purified as described in PR-Ola-37. Durinq the electrolysis
the anodic overpotential increased from +2.14 V to +2.19 V.
The total charge passed was 2.4 C.

Assuming a surface roughness factor of 2, a 1:1
correspondence of oxygen to platinum atoms, and 1.5 x
10"& Pt atoms cm"2, the 2.4 coulombs of charge would be
equivalent to 1.0 x 191* monolayers of oxyaen atoms. Assuming
only 0.1* of the oxygen atoms produced react with the sur-
face and surface layers, the amount of oxyqen contained
therein would s t i l l be equivalent to 10 monolayers. This
amount could easily be detected by XPS (x-ray photoelectron
spectroscopy) on the surface H-<* nro) and bv nuclear rncro-
analysis if the average depth is .£4 nro. The crystal per-
fection may be measured by Rutherford backscatterinq and
channeling. For details of these analyses see See. 3.3.2(c)
(P.R. Norton, J.A. Davies and R.I.. Tapping) of this report.

The main conclusions, which have yet to be verified,
are:

(a) vigorous oxygen e^rolutian for relatively short periods
does not destroy the Pt (111) surface,

(b) significant amounts of oxyqen enter the lat t ice
under our oxidation conditions,

(c) no impurities attributable to the electrolyte were
detected by XPS on the crystal surface.

2.6.2 Purification Circuit Tests for the 1He Power Cycling Rig

- M. Hammsrli, W.J. Olmstead

The new CuO converter and the molecular sieve dryer
were retested (for more details see PR-CMa-37).

Conversion efficiencies for the CuO converter were
determined mass spectrometrically. Excellent conversion
efficiencies were obtained with the new CuO converter even
at the highest anticipated flow rate of 12 f/min at S.T.P.
(see Fia. 2.6.2.1).

Catalyst regeneration tests were conducted both in the
actual converter as well as in a Pyrex test reactor fitted
with three thermocouples at three different bed depths.
The measured temperature profiles durino catalyst reaenera-
tion formed the basis of the recommended regeneration pro-
cedures and should greatly minimize the possibility of
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sintering the porous catalyst pellets.

The efficiency of the molecular sieve (Type 13X)
dryer was measured during drying procedure tests and the
CuO converter test by the dew point method. These data
confirmed the effectiveness of the dryer and form the
basis of the recommended drying procedures.

2,7 MASS SPRCTSOMETRy AND FUEL ANALYSIS

2 .7 .1 Spark Source Mass Spectroiaetry

- I.II. Crocker, C.H. Knight, S.V. Jcbin

(1) Spark Source ^ass Spectrowetr ic Analysis of
Pelletron Slit Deposits

A glass-like deposit was found to be collecting
around a 0.6 POT source s l i t o^ the Buildin" 330
pelletron accelerator. A small amount of this deposit
was scraped from the s l i t , crushed and thoroughly nixed
with ultra purity graphite.

SSMS analysis showed that the main elements in the
deposits were Si, Ca and Ma. This indicated that the
deposits were probably the result of cleanina the source
parts with a "Beady-biastar", which scours the surface
with a jet of fine glass beads.

(2) Operation of the AEI MS-702 Mass Spectrometer

The spark source mass spectrometer hiis now operated
continuously for 7.5 years without requiring extraordinary
maintenance efforts. In this quarter, in the course of
qualifyino Miss S.V. Jobin to operate the instrument, a
series of periodic resolution and electronic stability
checks were performed which demonstrated that the instrument
has not deteriorated appreciably. Results of the tests on
the power units are recorded in Table 2.7.1.1. The numbers
in parentheses are the maximum permissible limits.



Table 2 .7 .1 .1

S tab i l i ty of AEI MS-702 Mass Spectrometer
Power Units

Unit Long Term in ppm Short Term in ppm

250 V
Magnet
2 kV

85 (200)
50 (100)

100 (100)

43 (200)
25 (25)
50 (50)

In addition, the source controls were reset for maximum
resolution. The best attained was 2,900 at mass number
208, which is satisfactory.

2.7.2 Uranium Fuel Bumup Measurements

- I .H . Crocker , J .A . Schruder , S.R. Bokwa, S .v . J o b i n ,
C.H. Knight

Isotopic analyses of 33 samples of startinq material
and irradiated pellets were completed for Fuel Engineering,
Fuel Materials, and Nuclear Materials Control Branches.
Fourteen irradiated pellets were dissolved and the
uranium content purified for mass spectrometric analysis.

2.7.3 An Improved Method of Separating Uranium from Irradiated
Fuel for Mass Spectrometric Analysis

- S.R. Bokwa

The procedure used to separate uranium from irradiated
fuel solutions for mass spectrometric analysis has been
modified. This was done to improve U-Pu separations with
highly irradiated natural uranium fuels and to increase
fission product decontamination when processing fuels
that have had short cooling periods. A combination of
anion exchange and extraction chromatography is used to
achieve the desired separation.

The separation scheme consists of the following
steps:

(1) Separation o€ U and Pu on an anion exchanoe column
using 1:1 nitric acid. Plutonium is retained by the
column while uranium is eluted with nitric acid.
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(2) Separation of uranium from gross fission products on
a column of Kel F impregnated with tri-n-butyl phosphate.
Oxalate is added to the uranium fraction to complex
fission product zirconium (1) prior to i t s adsorption on
the column. Uranium is retained while fission products
are washed from the column with 5 >"ol/t n i t r i c acid.

(3) Separation o^ uranium from residual fission products
on a second TBP/Kel F column.

Previously uranium had been separated from both
plutoniunt and fission products usinq extraction chromato
graphy on two TBP/Kel F columns. Hydroxylamine nitrate
was used to reduce plutonium to the non-extractable t r i -
valent s ta te . Oxalate complexino was not used. A com-
parison of the two methods is tabulated below:

(1) Plutonium Decontamination

Sample: Pickerinq 14386C-43
Estimated Ini t ia l Pu Concentration: 'v4 mo Pu/g U
Aliquot Taken: 20 mq U

Separation Procedure Plutonium Found in Final
Uranium Fraction

Original Procedure 1-2 uq
Modified Procedure Not Detectable

(2) Fission Product Decontamination

Sample: DME-162 6204
Coolina Period: <1 year
Aliquot Taken: 20 mq U

Activity on Uranium Fraction

After 1st TBP/ On Final U
Separation Procedure Kel F Column Fraction

Procedure y 50 mR/h 6Y=900-1000 cpm
Modified Procedure y 5 mR/h 8Y=<100 cpm

The superiority of the modified separation scheme can
easily be seen and this procedure is now beinq used on a l l
fue1 solut i ons.

(1) Solvent Extraction Chemistry of the Fission Products,
F.R. Bruce, Proc. Intern. Conf. Peaceful Uses of
Atonic Energy. Genera 1955, Vol. 7, p. 100
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2.7.4 Thermionic Source Mass Spectrometry

- I.H. Crocker, J.A. Schruder, S.1?. Bokwa, S.V. .lobin,
C.H. Kniqht

(1) Nuclide 15-90-SU 2.2.Operation

Recurrinq high voltage breakdowns in the source of
the Nuclide mass spectrometer caused the instrument to
b« inoperative for approximately 1.5 months. The services
ot Mr. Wayne Frye, Nuclide Field Engineer, were obtained,
and the faults were corrected. One of the two high
voltage source vacuum lock carriages had to be returned
to the factory for repairs. Subsequent to correction
of the high voltaoe faults, the General Automation mini-
computer which controls operation of the instrument mal-
functioned several times, causinq some delay in operations.
At the present time both the mass spectrometer and computer
are functioninq well. The breakdowns durinq this period
caused the first significant interruption in operation
since the instrument was commissioned in January 19 75.
Its record of reliability has been excellent.

(2) CEC 21-703 Operation

A sixteen stage, focussed, discontinuous-type electron
multiplier with Cu-Be dynodes has been installed on the
CEC 21-703 mass spectrometer. Mr. David B. Huahes, DuPont
Instruments Products Division Customer Service representa-
tive, presently attached to the NASA Instrument Research
Division, Langley Research Center, Hampton, VA worked on
the installation.

The electron multiplier has been equipped with a
separate head amplifier and vibratinq reed electrometer
salvaged from the obsolete 21-702 mass spectrometer, thus
enabling a quick chanqe from Faraday Cup ion measurement
to electron multiplier ion measurement whenever required.
Another convenient feature of the installation is a dual
input resistance unit with values of 0.93 x 10 9 ohms and
1.09 x 10s ohms coupled to capacitances of 47 picofarads
and 470 picofarads, respectively, that can be selected by
switch to provide an instantaneous change of 8.7 in sensi-
t iv i ty while maintaining a time constant of 0.05 seconds.
Minimum gain at 147 volts per multiplier staae i s 1.04 x 10s:
maximum gain at 274 volts per stage is 6.9 x 106. Since
the input resistor used with the Faraday Cup has a value
of 1 0 n ohms, the practical increase in sensit ivity due to
electron multiplication ranges from 1.1 x 102 to 6.4 x 101*.
Preliminary measurements give a mass discrimination for
23SU/238U of 1.0125, which i s satisfactory. Resolution
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of the mass spectrometer at mass number 238 is about
400 with a 0.5 mm (0.020 inch) wide collector s l i t .

The installation of the electron multiplier will
permit the use of sub-microgram plutonium samples in
work involving Pu-containing fuels, thus reducinq the
6,Y radiation exposure of personnel involved in chemically
isolating the Pu from irradiated sarples, and minimizing
a contamination hazards from the analysis of Pu. Pre-
viously tens of micrograms of Pu had been taken for each
mass analysis.

(3) Isotopic Analysis of Zirconium-Uranium Alloy for
the IAEA

Two samples of Zr-1.6% U alloy were analyzed for U
isotopic content after separation of the U by TBP solvent
extraction. The results are in Table 2 .7 .4 .1 .

Table 2.7.4.1

Isotopic Analysis of Zr-1.6% U Alloy

Mass Ho.

234
235
236
238

Alloy 01049

Wt.% 2 a

0.593+0.005
92.85 tO.02
0.334+0.007
6.23 +0.02

Al loy 01051

Wt.% 2 o

0.597+0.003
93.00 +0.02
0.319+0.006
6.08 +0.02

2.7.5 Analytical Support - Plutonium Fuel Fabrication Line

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

This work is described in an internal CRNL report.
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2 . 8 PUBLICATIONS, REPORTS, PATENT APPLICATIONS, LECTURES

2 . 8 . 1 P u b l i c a t i o n s

(1) Preconcentration of Organosilicons on Porous Polymers
and Separation by Molecular-Sieve and Heversed-Phase
Chromatography with an Atomic Absorption Detection
System
R.M. Cassidy, M.T. Hurteau, J .P . Mislan and ^.W. Ashley
J . Chromatoq. Sci . 14(9), 444-447 (1976)

2.8.2 Reports

(1) Adsorption of Tellurium Ions by Nickel Oxide
W.J. Edwards and J.M. Bateman
AECL-5514 (May 1976)

(2) Continuous Monitorinq of H2S-in-Water Using a
Sulfide Ion-Selective Electrode
J. Gulens and B. Labbate
AECL-5542 (July 1976)
(This report supersedes AECL-4605)

2.8.3 Patent Applications

(1) A Process for the Exchanqe of Hydrogen Isotopes
Between Streams of Gaseous H? and Liquid Water
J.H. Rolston, W.H. Stevens, .T. den Hartoq and
J.P. Butler

2.8.4 Lectures

(1) Nuclear Energy (A Contribution to a Panel Discussion
on Energy Sources - Present and Future)
J. Gulens
Presented at the Fourth Latvian Conference of
Science and Technology, McGill University, Montreal,
P.Q., July 30 - August 1, 1976

(2) CANDtl - The Canadian Nuclear Reactor
J. Gulens
Presented at the Fourth Latvian Conference of
Science and Technology, McGill University, Montreal,
P.Q., July 30 - August 1, 1976
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry
- A.W. Boyd and O.A. Miller

(a) N? Yields from Nitric Oxide

Further irradiations of nitric oxide (see PR-CMa-36,
AECL-5511 and PR-CMa-37, AECL. 5551) have been done using
both the Febetron 706 and the Gammacell. The results,
listed in Table 3.2.1.1, disprove the suqgestion in PR-
CMa-37, that the increase in the Nj yield on going from
10 2 7 to 10 ? s eV-g"'^"1 is due to a change in neutrali-
zation processes, but support che proposal that neutrali-
zation of NO+ by NO" produces N atoms.

As can be seen the yield of "j with the Febetron 706
does not change appreciably on the addition of SF6 thus
showing the same behaviour that was observed in irradi-
ations with the Febetron 705 at a dose rate 10 times
lower. The present yields are somewhat higher than those
found previously with the 706 presumably because a dif-
ferent cell was used.

In irradiations of Xe-NO mixtures with the Febetron
705 the results indicated the yields of NO ions and
excited states from the energy absorbed by the Xe to be
G(NO +) X e = 4.4 and G(NO* •* N + 0)xe = 1«4. The NO+ was
neutralized by an electron but with the Gammacell the
neutralization is al.nost certainly by NO", NOI, or NO7.
The reduced contribution of NO+ to the nitrogen yield
(1.3 instead of 4.4) can be explained by the assumption
that only neutralization by NOT gives N atoms. It is not
clear why the value of G(NO* - N + O)\e i-s apparently
higher at 10 1 6 eV-g-'.s"1 (2 - 2.4) than at 10 2 7 eV.g"'.
s~r (1.4).

At 195 K the concentration of HO2 in the gas phase
should be so low that the only negative ion will be NO".
The lack of effect of SF6 on the yield thus provides
further support for dissociative neutralization of NO+

by

(b) Exchange Yields in the Radiolysis of 2 aN 2-
3 0N 2

Mixtures (with C. Willis, National Research Council,
Ottawa)

We have recently reviewedd) the radiation behaviour
of nitrogen and have pointed out that the radiation
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TABLE 3.2.1.1

H2 Yields from the Radiolysis of NO
with the Febetron 706 and the Gammacell

Sample Dose Rate Dose

Pressure - kPa eV.q~'. s~' eV«g~' G(N2)

100 NO x 2 x 10 2 8 7.2 x 1 0 " 5.8

100 NO, I SF, % 2 X 10 2 9 7.2 x 1 0 " 6.3

90 Xe, 10 t)O 2.3 x 10** 4.1 x 1 0 " 3.7*

90 Xe, 10 NO 2.3 x 1 0 " 8.2 x 1 0 " 3.4*

90 Xe, 10 NO, 1 SFt 2.3 x 101* 4.1 x 1 0 " 2.4*

90 Xe, 10 HO, 1 SP* 2.3 x 10 1 6 8.2 x 1 0 " 2.0

100 NO 2.3 x 1 0 " 8.2 x 1 0 " 3.3**

100 NO, 1 SFS 2.3 x 101* 8.2 x 1 0 " 3.3**

*Yield due only to energy absorbed by Xe.

**Irradiations carried out. at 195 K.
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chemical results (obtained at Gamntacell dose rates) are
apparently not consistent with the yields of ions and
excited states derived from ionization and excitation
cross sections. We have tried to resolve the incon-
sistencies by irradiations at I'obctron dose rates. This
has not been successful. However, a possible explana-
tion has been obtained from the results of further Gamma-
cell irradiations.

As the irradiation of N? produces no net chemical
change the method used to obtain the yields of primary
species is isotopic exchange. If an equimolal mixture
of 2*NS and

 39N2 is irradiated, then the yield of
 2*N2

from N atom recombination will be 1/4 of the total yield
of N atoms. The exchange yield is defined as twice G(2*N2)
and is thus equal to the number of N2 molecules that
dissociate.

The cross-section measurements give G(Mf) = 2.2,
G(N+) =0.7 and G(N* -• 2N) = 2.9. The values of the ex-
change yield are G(exch) = 7.3 to 9.5(2»3,4) and have
been assumed to result from both iciiic and neutral pro-
cesses. If each ionization or neutral dissociation re-
sults in two N atoms, then the exchange yield from the
cross-section values is G(exch) = 5.8.

The yields from the Febetron irradiations are in
Table 3.2.1.2. Not only are they much higher than the
Gammacell values and thus more inconsistent with the
cross-section values but also the effect of SF6 is re-
versed at the higher dose rate. The most likely explana-
tion of these results is the effect of the high electrical
fields in the Febetron beam's) On the ion exchange re-
action [2] discussed in the next paragraph.

Since the work(2-4) at low dose rates was done, two
reactions of N+ have been studied.

[1] N+ + 2N2 * NT + N2

k, = 5 x 10~29 cm6-molecule-2-s"1(6)

[2] **N+ + 30N2 * 1SN+ + ZSN2

k2 = 1.8 x 10-
9 cm3-molecule-1-s~l(7>

Reaction [2] provides a chain mechanism with a yield for
29N2 that is dependent only on the ratio k2/ki, and G(N

+).



TABLE 3.2.1.2

Exchange yields from the Fobetron
Irradiations of • *lN;-JM1Ha Mixtures"

Sample
Initial Composition

(i 8N z, 51.0%\

"Ni, 46.5 1
2*Nj, 2.5/

As above
+ 4.2% SFC
+ 4.2% SF6

(2 8N 2 > 48.5%\
J°N 2 f 50.4 I
?'N2. 1.1 /

Dose Rate

•v 2 x 1 0 "

-v 2 x 1027

"v 2 x 10 2 7

*>- 2 x 10 2 7

"v 2 x 1027

* 2 x 1029

* 2 x 10*9

1.33 x

0.89 x

0.45 x 1 0 "

0.95 x 1 0 "

0.83 x 1 0 "

0.18 x 1 0 "

0.36 x 1 0 "

6.2

3.6

2.1

1:1)
0.5

1.1

G texch)

20 * 1

10 4 1

11 1 0.6

As above
+ IS

5%

10%

SF6
SF6
SF6

%,

a.

2

2

2

X

X

X

1028

1028

10 2 8

0.

0.

0.

72

72

72

X

X

X

1 0 "

1 0 "

1 0 "

2.

2.

2.

6

9

9

15

16.

16.

6

6



It seemed possible that reactions (1) and (2) could
account for part of the exchange yield and thus account
for the above inconsistencies. To test this, the yields
of **Nl2 were measured using the Gamma coll as a function
of pressure and as a function of SF6 and 0 2 concentra-
tion. The yield should increase at sufficiently low
pressures since [1] is second order in N?. It should
decrease on the addition of SF«, or 0? as both react
rapidly with M+. The results are listed in Table 3.2.1.3.

The value at 25 kPa with no additives is in good
agreement with that of references 3 and 4. The observed
increase in the exchange yield at 2.5 kPa and the reduc-
tions on the addition of SF*. or 0? are both consistent
with a large contribution from reaction [2]. The some-
what lower yields at 1.2 and 0.5 kPa are probably due to
the importance of cell impurities at these low pressures.

(1) C. Willis and A.W. Boyd, Int. J. Radiat. Phys.
Chem. £, 71 (1976).

(2) M. Anbar and P. Perlstein, J. Phys. Chem. 68,
1234 (1964J.

(3) D.I!. Dawes and R.A. Back, J. Phys. Chem. 6J),
2355 (1966).

(4) C.J. Wood and R.A. Mascall, J.C.R. Farad. Trans. I
71_, 1678 (1975).

(5) A.W. Boyd, D.A. Armstrong, C. Willis and O.A. Miller
Radiation Research ££, 255 (1969).

(6) A. Good, D.A. Durden and P. Kebarle, J. Chem.
Phys. 5_2, 212 (1970).

(7) F.C. Feh->enfeld, D.L. Albritton, Y.A. Bush,
P.G. Fournier, T.R. Govers and J. Fournier, J.
Chem. Phys. 61_. 2150 (1974).

3.2.2 Pulse Radiolysis of Liquid Systems
- W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn

(a) Correlation of Optical and Electron Spin Resonance
Spectra for Metal-Electron Species in Alkali Metal
Solutions

Pulse radiolysis of alkali metal cations (M ) in
amines and tetrahydrofuran has demonstrated the forma-



TABLE 3.2.1.3

Exchange Yields from the Garomacell Radiolvsis of
""w* - "M? Mixtures

Dose Rate - 2 x 1 0 " eV-g~'-s~'

Initial Composition of H2 Mixture - 2 0 N 2 , 48.5*j
*'«**, 1.1%; J 0N*, 50.4%.

Sample
Composition

25 kPa Nj

+ 0.35% SFS
1.5% SFt$

3.5% SF*

15% SFS

2.5 kPa ®2

+ 10% SF*

+ 5% Oj

1.2 kPa N?

0.6 kPa Nz
+ 10% SF6

Dose
eV«g~

5.5

5.5

5.5

5.5

5.5

7.2

7.2

7,2

7.2

7.2

7.2

X

X

X

X

X

X

X

X

X

X

X

1

10*

102

10s

10*

102

10*

102

10*

10'

102

102

»

1

»

1

>

1

1

»

>

&% 2N?

O.O/J

0.66

0.58

0.50

0.56

1.95

0.25

0.1

1.63

1.31

0.4

G(exch)

7.2

5.1

4.5

3.9

4.3

11.4

1.5

0.6

9.5

7.9

2.2



tion of transient optical absorption bands attributed to
a species of stoichiometry M. Such bands exhibit a
distinct blue shift from that of Cg observed in the same
solvent. Comparisons with electron spin resonance (esr)
spectra obtained in alkali metal solutions demonstrate
that the blue shift can be correlated with the percent
atomic character deduced for the species of the same
stoichiometry. This correlation indicates that both the
optical and esr spectra arise from the same species
which, with decreasing solvent polarity, exhibits a con-
tinuous transition from an ion-pair to a solvated atom.

This correlation also holds for the mixed solvents
ethylamine-tetrahydrofuran and ethylamine-ammonia.

(b) Diglyme and Diglyme/Tetrahydrofuran Mixtures (with
Dr. R. Catterall, visiting scientist, University of
Salford, Salford, England.

The correlation noted above has been extended to in-
clude other mixed solvent systems for which a consider-
able amount of esr data is already available. The system
THF/diglyme is of particular interest since the solvents
have the same dielectric constant although esr studies
have shown that there is a marked difference in hyperfine
coupling constants. Diglyme is known to be an efficient
cation solvator whereas THF is notoriously poor in this
respect, and it appeared likely that the chelation effect
by diglyme might be responsible for the difference in
magnetic properties. The optical spectra of THF/diglyme
mixtures containing NaB<!% recorded at the end of the
electron pulse showed two distinct bands which can both
be attributed to species of stoichiometry Na. The one
at 900 run is very similar to that observed in THF and
the other at 1800 nm is similar to that observed in
diglyme. with changing solvent composition, no change
in position of either band was observed despite the
marked change in the hyperfine coupling constant.
Instead, the relative proportions of the two bands
changed with solvent composition and could be correlated
with the hyperfine splitting.

(c) Flash Photolysis

A conventional microsecond flash photolysis facility
has been built and successfully tested. This equipment
will be used to supplement the Van de Graaff pulse radi-
olysis equipment. Preliminary experiments on the flash
photolysis of CH3CH2NK solutions were consistent with
our knowledge deduced by pulse radiolysis.
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3.2.3 Photochemical Isotope Separation
- R.D. HcAlpmc, O.K. Evans, F.K. McClusky and P.J. Mason

(a) Laser Induced Decomposition of Formic Acid

Studies have been carried out, at NRC* on the
decomposition of formic acid induced by a pulsed and
focussed HF laser*1). The initial absorption of the
laser light is into the 0-H stretch (v») mode of the
molecule. Subsequently with the absorption of more
photons, the formic acid decomposes according to:

(la) HCOOH « nhv - ihO + CO

In their studies, Willis, Back and Corkum'D concluded
that nhj is 3 - 4 HF photons. Another possible decay
channel is:

(lb) HCOOH + nhv -' H? + CO?

No H? was observed by the NRC group, and they conclude
that the ratio of lib] to Ila) can be, at most, only
0.03. From the point of view of D/H separation,
channel lla] is of little interest since it produces
a product (HjO) which will readily ey.change with
formic acid, thus defeating any initial separation.
This drawback however, is not likely to hold for
lib).

We have perfornised preliminary irradiations of formic
acid with the focussed beam of a pulsed DF laser and have
found that ^ 10S of the decomposition occurs via [lb] and
results in H2 formation. In this case, the initial ex-
citation is in a region of the spectrum close to the C-H
stretch (v2) mode (see Figure 3.2.3.1). Under the con-
ditions of our experiments, the quantum yield of H2 is
•v 10~5 and of CO is ^ 10~<t. These compare with values
reported by Willis et al.(D of < 10~s and 10"' re-
spectively using an HF laser. The difference in these
results may arise from the very different power densities
attained in the two labs. We estimate that the power
densities used at CRNL are % 10% those used at NRC.
This could be a critical factor since yields are expected
to be proportional to power density to the third or
fourth power.

Laser and conventional IR spectra have been obtained
for HCOOH and DCOOH (Figure 3.2.3.2) and irradiations of

•National Research Council
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Figure 3.2. 3. 1 - Formic Acid Spectrum. Solid line I taken with a Pcrkin-
Elmer 21 Spectrometer. Vertical lines are absorption under
the same conditions by DF laser lines. Solid line II is I00"'o
transmission line.

Figure 3.2. 3. 2 - Deuterated Formic Acid Spectrum (DCOOH). Solid line I
taken with a Perkin-Elmer 21 spectrometer. Vertical lines
are absorption under the same conditions by DF laser lines.
Solid line II is lOCVo transmission line.



mixtures of these two isotopic species are now being
done to measure any inherent isotopic selectivity in
channel (lbj. From the laser line intensities and the
absorption spectra using the laser as a source, we have
calculated the relative energy absorbed by HCOOtl and
DCOOH for the laser lines. Using as a model a uni-
molecular decomposition which is proportional to the
low power density absorption we can predict expected
D/H ratios of the decomposition products. These are
shown in Table 3.2.3.1 for several strong lines and
for lasing on all lines.

Laser Line

Px(5)

P l ( 6 )

Px(7)

All lines

TABLE 3.2.3.1

Relative Absorbed Enerqy by DCOOH and HCOOH
from DF Laser Irradiation

Energy Abs. by HCOOH
Energy Abs. by DCOOH

1.996

1.289

0.640

1.152

Predicted* D/H
of Product

0.20

0.28

0.44

0.30

Assumes dissociation proportional only to energy absorbed and
and that the original mixture is equimolal in HCOOH and DCOOH.

One very interesting feature of formic acid is
the fact that as few as 3 or 4 HF photons^) can de-
compose this molecule. In addition formic acid is
observed to slowly decompose in the dark. These
observations imply that there may be a ground state
decomposition channel in this molecule as low as
^ 175 kJ/mole above the zero point energy. Such a
unimolecular decomposition channel might show up as



perturbations in the vibrational overtones and combina-
tions in the spectral regions > > 680 nm. In an effort
to identify any such manifestations of unimolecular de-
composition, we have run spectra of liouid formic acid
in path lengths up to 10 cm. Measurements in the gas
phase would be preferable but we do not have an instru-
ment of sufficient sensitivity. A number of overtone
and combination bands were observed. Ono set of lines
clearly formed an anharmonic proqression accordina to:

(2) v = 3088 n - 64.21 (n + l/2): - 1/4)

where n = 1 to 5. This would correspond to a dissociation
energy of D°, "v- 400 kJ/mole. "''he progression in [2] must
be due to C-H (uj) or possibly O-II (vj) stretch. This
question can be answered by observinq the spectra of
HCOOD. A definite assignment of the other bands ob-
served also cannot be made without this isotopic inform-
ation.

(1) C. Willis, R.A. Back and R. Corkum, private communi-
cation.

3.3 HYDROGn^-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and V'ater
- J.P. Butler, J. den Hartog and F.V>. Molscn
- J.H. Rolston, D.E. Clegg and L.W. Thomson

The results of this research are given in an internal
CRNL report.

3.3.2 Surface Studies of X-ray and uv Photoelectron Spectroscopy
(XPS and UPS)

- P.R. Norton, R.L. Tapping and J.W. Goodale

(a) Single Crystal Studies

(i) Platinum-Oxygen Hydrogen Systems
The reduction of oxygen on a Pt(lOO) surface

has been studied by XPS and UPS. The reaction of
adsorbed oxygen with gaseous H2 was found by XPS
measurements to be very rapid at 295 K and to fol-
low the same kinetic equation as was observed on
polycrystalline platinumd). The conversion of
adsorbed oxygen to adsorbed product was followed
by XPS and concurrent UPS measurements indicate
that the absorbed product is H?0 not -OK.
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The interconversion of the Pt(lOO) (1 x 1)
surface to a (5 x 20) reconstructed surface was
monitored by UPS and the differing activities of
these two surfaces toward o2 or CO were measured
by both XPS and UPS. The (1 x 1) surface adsorbs
O2 100 - 1000 times faster up to coverages of ^ 0.25
monolayers. Above this coverage the rates of adsorp-
tion become approximately equal.

Work on this system is continuing, but pre-
liminary results will be reported in the Proceedings
of the 23rd American Vacuum Society Meeting, to be
published in J. Vac. Sci. Technol. (1977).

(ii) riectrochemical, XPS, Channeling and Nuclear
Micro-Analytical Studies (with J.A. Davies
and M. Hammerli)

A Pt(lll) crystal was anodized in acidic sol-
ution and subjected to XPS analysis which indicated
the presence of platinum oxides below the surface.
The surface retained its metallic character.

Subsequent channeling and nuclear micro-
analysis experiments revealed; a) no damage to the
surface region of the crystal; b) more than 10 1 6 O
atoms/cm2 over a depth of - 200 nm. The latter re-
sults have important implications regarding the
activations of platinum electrodes and experiments
on a different sample after various anodization
treatments are planned.

(b) Supported Catalytic Studies (with J.P. Butler and
J. den Hartog)

These studies are continuing and a series of
closely related Pt/C catalysts prepared by ion-exchange
techniques have been investigated by XPS. XPS results
indicate that the platinum complexes in these catalysts
are difficult to reduce and standard reduction conditions
(•v 575 K, 13 - 130 kPa H2 , 1 - 1 0 hours) may be inadequate
to produce a fully reduced catalyst.

Preliminary studies on Pt/Au catalysts have revealed
that the outer surface of the catalyst particles contain
an excess of platinum, possibly because of preferential
absorption of the platinum complexes. Pome of this work
will be reported in the Proceedings of the 23rd American
Vacuum Society Meeting (see Section (a) above).

(1) P.R. Norton, J. Catalysis, 36, 211 (1975).
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3.4 ISOTOPF CHHMISTRY

3.4.1 Conductivity and Ultraviolet-Visible Spectrophotometry
of Hethylamide/Methylaroine Solutions
- E.A. Symons and J.D. Bonnott

3.4.2 Thermal Decomposition of Methylamino
- E.A. Synsons anc' J.D. Bonnett

3.4.3 Thermal Decomposition of Methylamide/Methylamine Solutions
- J.D. Halliday and P.E. Bindner

The results of the research under these headings
are given in internal CRWL reports.

3.4.4 Hydrolysis of N,N'-Diroethylformamidine (PMFA)
- J.D. Halliday and r.A. Symons

In preparation for a final series of hydrolysis runs,
a fresh quantity (16 g) of DMFA has been synthesized by
thermally decomposing potassium methylamide (PMA) in
methylamine, isolating the potassium salt of DMFA, and
recovering the free base by distillation from lauryl
alcohol. Nuclear magnetic resonance spectroscopy shows
that it contains an unidentified minor impurity (1%) not
seen in previous preparations. Attempts to remove it
by vacuum distillation have not been successful and its
effect on the hydrolysis rate of buffered solutions of
DMFA is under investigation.

3.5 REPORTS, PUBLICATIONS, LECTURES AND PATENT APPLICATIONS

3.5.1 Publications

Ozone Yields from the Febetron Radiolysis of Oxygen-
Rare Gas Mixtures
- A.W. Boyd, O.A. Miller and E.B. Selkirk, Can. J. Chem.

(in press).

Isotopic Exchange Reactions of Amines. Part I. An 2H
NMR Study of the Amino to Methyl Group Deuteron Exchange
in Methylamine
- J.D. Halliday and P.E. Bindner, Can. J. Chem. (in press).

Separation of Rate Processes for Isotopic Exchange be-
tween Hydrogen and Liquid Water in Packed Columns
- J.H. Rolston, J.P. Butler, J. den Hartog and J.W. Goodale,

Proceedings of 6th International Congress on Catalysis,
London, England, 12 - 16 July, 1976 (to be published by
the Chemical Society).
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Pulse Radiolytic Formation of Na~ from Alkali Metal-
Sodium Ion Solutions in Ethylamine
- W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn, Can.

J. Chero. (in press).

Correlation of Optical and Electron Spin Resonance
Spectra for Alkali Metal Solutions in Ethylamine and
Tetrahydrofuran
- R. Catterall, J. Slater, W.A. Seddon and J.W. Fletcher,

Can. J. Chcm. (in press).

3.5.2 Lectures

Heavy Water Processes Under Development in Canada
- J.D. Halliday, presented at the Gordon Research

Conference on the Physics and Chemistry of Isotopes,
Plymouth, N.H., 7 July, 1976.

Separation of Rate Processes for Isotopic Exchange
between Hydrogen and Liquid Water in Packed Columns
- J.H. Rolston, J.P. Butler, J. den Hartog and J.W. Goodale,

6th International Congress on Catalysis, London,
England, 12 - 16 July, 1976.

Optical and Electron Spin Resonance Studies of Soivated
Atoms in Mixed Solvent Systems
- R. Catterall, W.A. Seddon and J.W. Fletcher, Inter-

national Conference on Electrons in Fluids, Banff,
Alberta, 5 - 1 1 September, 1976.

Correlation of Optical and Electron Spin Resonance
Spectra for Metal-Electron Species in Alkali Metal
Solutions
- W.A. Seddon, J.W. Fletcher and R. Catterall, Inter-

national Conference on Electrons in Fluids, Banff,
Alberta, 5 - 1 1 September, 1976.

Photoemission Studies of the Adsorption and Reaction
of Hydrogen and Oxygen on Platinum
- P.R. Norton, R.L. Tapping and J.W. Goodale, 23rd

flational Vacuum Symposium of the American Vacuum
Society, Chicago, 21 - 24 September, 1976.

Catalytic Hydrogen-Water Isotopic Exchange — A New
Approach to Heavy Water Production
- J.P. Butler, seminar at the Department of Chemical

Engineering, University of Waterloo, 20 May, 1976.
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A Photoemission Study of the Interaction of Nickel
Surfaces with Oxygen
- R.L. Tapping, seminar presented at Department of
Chemistry, University of British Columbia, Vancouver,
BC, 23 August, 1976.

The Chemistry of Alkali Metal Solutions
- W.A. Seddon, seminar at the Department of Chemistry,

University of Alberta, Calgary, 3 September, 1976.

3.5.3 Patent Applications

A Process for the Exchange of Hydrogen Isotopes between
Streams of Gaseous Hydrogen and Liquid Water
- J.H. Rolston, W.H. Stevens, J. den Hartog and
J.P. Butler.

A Process for the Exchange of Hydrogen Isotopes Using
a Packed Bed Assembly
- J.P. Butler, J. den Hartog and F.w. Molson.
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«J.2 SURFACE CHEMISTRY

4.2.1 Current-Voltage (I-V) Characteristics of Zirconium Oxide Films

- B. Cox and V.C. Ling

Further studies have been conducted on the effect of
pre-treatiment on the I-V curves of Zircaloy-2 in a 573 K fused
nitrate/nitrite bath (sec PR-CMa-35, 4.2.1). In general,
reproducibility has been only fair. Although the general
features of the I-V curves are reproducible, the absolute values
of the polarization currents at any specific voltage have shown
appreciable scatter. It is thought that these differences are
associated with effects at the specimen edges which are poorly
controlled. Similar conclusions were reached earlier (W. Htibner
and B. Cox, Atomic rnergy of Canada Limited, report ACCL-4431)
about the differences in polarization current por unit- . U M
observed for a specimen half the normal size. It is intended to
explore these effects usinq spherical sc>eriim»nB.

The largest variability has been in the size and frequen-
cy of the negative resistance peak observed commonly in the
cathodic portion of the I-V curve. These were first reported
by Cox (J. Nucl. Mat., 1969, 31, 48) at 573 K and below; were
absent from the curves obtained" at 623 K by Shirvington (J.
Nucl. Mat., 1970, J7, 177) on specimens pre-oxidized in 623 K
air; were absent from the curves obtained at 57 3 K and above
by Hiibner and Cox (op. cit.) for specimens pre-oxidized in
fused salt; but were regularly observed by Ramasubramanian
(J. Nucl. Mat., 1975, £5_, 134) at 573 K for specimens also pre-
oxidized in fused salt. They were not observed by W.G. Nilson
(private communication) at 573 K for specimens pre-oxidized
in air or water at 613-643 K.

The negative resistance peaks can be eliminated by short-
circuiting the specimen (B. Cox, op. cit.) or by annealing
the pre-foraed oxide at 673 K prior to polarizing at 573 K (N.
Ramasubramanian, op. cit.). We have found that for specimens
with originally pickled surfaces they are usually absent for
the first 24 h at 573 K. After that time a small negative
resistance peak may appear, but, after growing to a maximum,
it usually disappears after about 200 h immersion. We have
found one exception to this, where a peak was visible after
only 5 h exposure, reached a maximum after % 70 h and was only
just starting to diminish after 168 h. Thus the absence of
negative resistance peaJcs from the 573 K curves of Hiibner and
Cox and their presence in those of Ramasubramanian may result
from the longer pre-oxidations in the former ("v 15 mg/dm2 in
> 1000 h) than in the latter work (̂  9 mg/dm2 in < 600 h)•



The possibility that repeated polarization of the same
specimen may cause the elimination of the negative resistance
peak, by analogy with the previously observed effect of short-
circuiting specimens, is thought to be unlikely. The fraction
of the oxidation time during which the specimen is polarized is
small {< 5%), and other major differences in the characteristics
of films with different pro-oxidation treatments are not elimi-
nated by repeated polarization.

The effectiveness of various anodic pre-treatments in
increasing the resistivity of the oxide film is shown in
Table 4.2.1.1. Because of the non-ohmic nature of the curves
the voltage necessary to pass 10 uA/cm* in either direction is
tabulated. The critical feature from the oxidation resistance
standpoint is the value in the cathodic direction. To show the
effect of prolonged oxidation in the fused salt medium figures
are quoted for two times (\ 2 and 7 days). It can be seen that
in no instance does the pre-anodized film revert to the properties
expected for an originally pickled specimen. In some instances
tests have been continued for 600 h without eliminating the
characteristic properties endowed by the pro-treatment. Only
the complex phosphate solution gave any trace of negative
resistance behaviour (only inflections in the curve rather than
peaks)• However, specimens anodized to 80 V in KOH, near the
limit at which sparking is observed in this electrolyte during
anodization, gave much • •<? variable behaviour. One instance
of a very large negativt < sist^nce peak, and several instances of

double peaks were beinq obser w. It is not thought that these
effects are typical, and they are thought to be caused by incipient
oxide breakdown which may have occurred near to the sparking
potential. The precise cause of negative resistance peaks,
however, remains an enigma.

4.2.2 Oxidation of Zr-2.5 wt% Mb Alloy at 573 K in Oxygen-Free Steam
and a Fused Nitrate-Nitrite Eutectic

- N. Ramasubramanian

Samples of Zr-2.5 wt% Nb alloy, from the batch Aw,
were oxidized at 573 K in oxygen-free steam at atmospheric
pressure and a fused nitrate-nitrite salt mixture. The samples
were heat-treated; quenched from 1233 K and annealed for 1 h
at 773 K. In the steam loop, a cover gas of argon was kept
bubbling through the water from the condenser before it was
returned to the boiler. Samples were withdrawn at various
intervals for weight gain data and polarization measurements
in the fused salt at 573 K.

In the initial stages of interference colored film for-
mation, corresponding to a weight gain of 2 mg/dir.z in "v 25 h,
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Table 4.2.1.1

Effect of prc-treatment on the resistance of oxide films
formed on Zircaloy-2 in fused salt

Number

Bh 652
Bh 654
Bh C75

Bh 304
Bh 305
Bh 313

Bh 256

Bh 322
Bh 323

Bh 675
Bh 681

Bh 319
Bh 354
Bh 670

Prt—anodiz*

Electrolyte

none
none
none

KKO?
NlUOi!

complex phosphate

ammonium footate

KOH
KTJOj

KOH
KOH

complex phosphate
complex phosphate

Acetic acid

ition

Voltage

--

18
IS
18

40

72
72

80*
80

100
100
100

Appl ied Vol tacjo needt
(mV)

Cathodic Direction

at "V 2 d

375
570
5 30

6B5
550
830

605

>1400
930

670
1030

860
735
935

at "V 7 d

425
645
580

770
665
600

645

755
780

605
900

750
695
1085

d to pass 10 DA/cm2

(mV)
Anodic Direction

at ^ 2 d

410
265
300

520
550

>1000

520

535
480

390
475

505
575
575

at i 7 d

415
490
3X5

670
695

>1000

550

495
505

335
430

500
540
620

•showing unusually large negative resistance peak
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the rates of oxidation in the two media were comparable. With
further oxide growth, however, the sensitivity of the oxidation
rate to the presence of oxygen became evident; in the fused
salt the sample gained 30 mg/dm: in 80 h whereas in the steam
loop the weight gain after 400 h was 14 mg/dm2.

The rest potentials of the samples oxidized in the two
media, subsequent to immersion in the fused salt at 573 K, were
not very different; they were "v -0.6 V vs. platinum. However,
the polarization data showed different characteristics.

(1) the oxidation current at the rest potential obtained
from the polarization data is too low (about half)
compared to the current required to give the oxidation
rate calculated from the weight gain data.

(2) films thicker than 0.5 urn showed negative resistance
behaviour in the anodic sweep during polarization

(3) with increase in oxide thickness the resistance for
cathodic and anodic current flow decreased; the
resistance for anodic current flow showed a slight
increase in the initial stages.

(1) oxidation currents at the rest potential from the
polarization data agreed well with the equivalent
oxidation currents calculated from the weight gain
data.

(2) no negative resistance behaviour was observed during
polarization.

(3) with increase in oxide thickness the resxstance for
anodic and cathodic current flow increased.

When the polarization data for oxide films of the same
thickness grown in the two media are compared, the interference
colored films grown in the fused salt were more resistive than
those grown in the steam; whereas the thicker films grown in the
salt were more conducting than the latter.

4.2.3 Electrochemical Polarization in the Fused Nitrate-Nitrite Eutectic

- N. Ramasubramanian

(a) Platinum: Potentials of different types of platinum
electrodes such as, a large area foil, a wire and a microelectrode
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were measured against a standard Ag/Ag+, C.07mol/f reference in
the nitrate-nitrite eutectic at 573 K over a period of six
weeks. The potential of the platinum electrodes remained
steady; however, different potentials, varying by i 0.1 V,
were obtained for the different electrodes. Platinum is a
reliable reference electrode, but the same platinum electrode
immersed in the salt to a fixed level should be used in experi-
ments where the polarization data are to be compared.

When a platinum microelectrode was polarized in the
eutectic at 573 K, the current-voltage characteristics were
similar to those reported by Swofford and Laitinen (U.S. Swof-
ford and H.A. Laitinen, J. Electrochem. Soc. 110, 814, 1963).
However, a steady increase in current was observed indicating
electrocatalysis of the salt decomposition by platinum. In
order to check the relative rate of the electrocatalyzed decom-
position, a large area platinum foil electrode was polarized
at sweep rates varying from 90 to 0.9 V/h. Hysteresis effects
gradually decreased with decrease in sweep rate and were absent
at <_ 3 V/h, the rates usually employed in polarizing oxidized
zirconium and Zircaloy samples. The decomposition reaction
thus appears to be not very fast and diffusion type processes,
either on the platinum surface or at the platinum-salt interface,
seem to control the rate. Therefore, other experiments were
designed to verify that the currents measured when polarizing
oxidized zirconium and its alloys are related to the oxidation
process and not the salt decomposition.

(b) Zirconium: Pairs of crystal bar samples were oxidized
in the fused salt at 573 K. In each experiment one was a
control specimen and the other was under galvanostatic polari-
zation at an anodic current of 6.5 uA/cm2 with respect to the
counterlectrode. Potential vs. time, weight gain and polari-
zation at 573 K were measured. In the first 20 h the weight
gained by the two samples were nearly the same, ^ 2 ing/dm ,
although the potential of the polarized sample stayed positive
to the control sample by 0.6 V. In the next 60 h, compared
to the control, the polarized sample gained 6.4 mg/dm2 more
and was positive by 1.7 V.

When the polarization data were analyzed, it was found
that

(1) in the case of the control samples, the oxidation current
from the polarization data agreed with the equivalent
current calculated from the instantaneous rate of oxidation
obtained from the weight gain measurements

(2) the oxide films on the anodically polarized samples were
very resistive compared to films of the same thickness grown
on the control samples and
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(3) the experimentally observed weight gain in excess of
that due to thermal oxidation (gain due to thermal
oxidation was calculated from the oxidation currents
obtained from the polarization data) agreed with the
excess charge passed in the case of the polarized
samples. Thus on zirconium the imposed anodic current
changes the resistivity of the oxide film and an oxide
film t 2 pm has to be grown for the imposed current
to affect the oxidation rate.

(b) Zircaloy-2: Experiments similar to those on zirconium
were carried out on pairs of Zircaloy-2 samples. The oxidation
current from the polarization data is low compared to the
equivalent current calculated from the instantaneous rate of
oxidation. Up to an oxide thickness of 0.6 urn the imposed
anodic current did not affect the rate of oxidation. The
resistivity of the oxide films on the control and polarized
samples were nearly the same. The intermetallics, offering
low resistance paths, are influencing the potential drops
across the growing oxide and the oxide-salt interface, and
lead to data not related directly to charge transport in the
oxide.

4.2.4 Corrosion of Zr3Al-Base Alloys

- E.M. Schulson and T.P. Trottier

(a) 2£idation_in_Pressurized_Water

A Zr-8.95% Al alloy, transformed to Zr3Al, continues to
oxidize at a rate which decreases with increasing time. After
340 days the rate remains very low {< 0.02 mg/dm -d) and the
weight gain is between 17 and 18 mg/dm2 compared with 35 mg/dm2

for Zircaloy-2. Pinkish-green interference colours can still be
seen, implying an oxide film thickness of = 600 nm. It thus
appears that after almost one year of exposure, a breakaway has •
not occurred in the oxidation rate of single phase Zr3Al.

The rolling of alloys of Zr3Al composition in air at
1275-1375 K increases the impurity (i.e. nitrogen plus oxygen)
content To determine whether this change affects the oxidation
resistance of subsequently formed Zr3Al, a Zr-8.95% Al alloy was
rolled to strip at 1325 K, transformed to Zr3Al (24 h/1160 K) and
then exposed to atmospheric pressure steam (0.1 MPa; 675 K). After
30 days exposure, the oxidation rate and weight gain are essentially
tha saiae as these for the identical alloy which was transformed
to Zr3Al without intermediate working. Impurity analysis is in
progress, and the exposures are continuing.
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'1.2.5 SCH Examination of Zr-2.5% fib Pressure Tube Joints

- R.A. Ploc and M.A. Miller

Further to PR-CMa-37, section 4.2.3 (a), replicas were
made of the oxide-free inside surface of the tube after

(1) etching the rolled tube

(2) a heat treatment designed to reorient the hydride
flakes

(3) a light etch following step (2)

(4) sand-blasting and re-etching.

Only in step (4) were the surface irregularities noted,
none being detected at step (3) due to the poor surface condi-
tion. The presence of a surface oxide had no obvious influence
on the number of surface irregularities. The features
investigated were hydride flakes intersecting the free surface.

Further to PR-CMa-37, section 4.2.3(b), two hydride
flakes 60 tim in length and located at the inside surface of
the pressure tube were cross-sectioned and examined in the
SEM. In one instance, the hydride could not be etched into
relief, and, in the other, a depth of 30 urn was noted. Assuming
that the sample preparation (sand-blasting and acid etch) can
section the hydride flake at various levels, a depth of 30 urn
indicates that the larger hydrides (which appear to be a
conglomeration of several smaller flakes) are disc shaped.

4.3 ME' AL PHYSICS

4.3.1 Steady State Creep in q-Zr

- S.R. MacEwen and F. Santone

The theory outlined in PR-CMa-37 4.3.2, has been
extended to include the possibility that the structure equations
are dependent on the applied stress, as well as on strain rate
and temperature. The data, obtained in collaboration with
R.G. Fleck (Ontario Hydro) have been analyzed, with the following
results:

(1) The apparent activation area for high temperature flow
in a-Zr is 260 Mb 2, where M is the Taylor factor. This
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value has been obtained by analysis of strain rate
transients following a sudden change in stress,
and using Jonas' model ("Bate Processes in Plastic
Deformation of Metals' Number 4 in the ASM Technology
series, Proceedings of the J.E. Dorn Symposium, p.629)
and symbolism for the pre-exponential in the flow
stress equation, -YO = 0{a/v)

n*, with n* taken to be 2.

(2) The simple Bailey-Orowan model for the structure equa-
tion has been employed to give the following results:

(a) the strain rate dependence of the "internal" stress,
oi, is given by aoi/afcn'y = 0.1 M MPa.

(b) The internal stress resulting from the dislocation
density within the sub-grains is calculated to be
about 1.5 MPa, for applied stresses in the range
10-15 MPa. This low value corresponds to a dislo-
cation density of the order of 10 cm"2. Electron
microscopy has confirmed that most of the disloca-
tions in a-Zr deformed at high temperature, have
formed well-defined sub-grain walls, and that the
dislocation density within the sub-grains is low.

(c) Experimental measurements of the stress dependence
of the steady state creep rate, the apparent activa-
tion area, and the apparent activation energy, Q,
have been used to predict the stress dependence of Q
for stresses in the range 10-15 MPa. It is found
that the calculated values are roughly a factor of
three lower than those found from the slope of the
experimental Q(o) vs o plot. Considering tne
scatter in the experimental data and the uncertain-
ties in the specific models employed, the agreement
is considered satisfactory.

It is concluded that the glide process plays an important
role in the steady state deformation of a-Zr. Stress and
temperature dependencies of the steady state rate depend on both
glide parameters such as the activation area, and climb parameters
such as the self-diffusion coefficient.

4.3.2 Differentiation of Experimental Data

- S.R. MacEwen and F. Santone

Standard differentiation routines are commonly based on
the hypothesis that the errors on given data points are random
and normally distributed. Thus, it is assumed that there is
no correlation of the errors between successive points. In many
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experiments, this is not true. Consequently, the application
of routines which assume normally distributed errors leads to
first derivative values which reflect the correlated errors as
well as the underlying function. Correlated errors can arise
from at least two sources. The first is the periodic control
of an experimental variable, for example temperature, or
pressure. Such control can lead to regular, periodic errors
on experimental data. Secondly, digitization of analog test
data can give highly correlated errors if the digitizing band
width is large compared to the range of the data. In some cases
the experimenter would like to obtain a derivative which reflects
any periodic errors in the test data; in other cases, only the
derivative of the underlying function is required.

Ideally, a differentiation routine should allow the
user to define the error bar associated with each point, and
then should fit the smoothest curve possible that will still
pass through all of the error bars. It has been our intention
to derive such a routine. The first attempt (see PR-CMa-36,
Section 4.3.2) obtained the derivative at a given point by
considering its neighbouring 4, 6 or 8 points. The routine
proved satisfactory except when the error bar was large compared
to the difference, Ay, between successive points. Thus irregular
results were obtained for conditions of a high data acquisition
rate (small Ax), a low slope on the underlying test data, or
a ?.arge error bar.

To handle such possibilities, an entirely new routine
has been written. The curve is broken down into a series of
segments, determined by an examination of the first differences.
An attempt is then made to fit a first order, second order, or
third order equation through the data of a given segment. Each
time the higher order equation is tried only if the previous
attempt yields a fitted curve that misses one or more of the
error bars. If none of the polynomial fits are acceptable,
one of two possible cubic spline fits are employed. If the data
set is small (fewer than 11 points) a routine is used which
fits a cubic spline through each data point. For large data
sets, a spline routine which performs a smoothing operation is
used; thus the resulting fitted curve need not pass through
all of the data points. As an example of the use of the
routine, figs. 4.3.2.1 and 4.3.2.2 show the derivatives obtained
from a strain rate change test on aluminum (see section 4.3.3).
In each figure the points in the lower curve are the raw data;
the solid line is the fitted curve. The upper curve is the
first derivative. For fig. 4.3.2.1 an error bar of 0.01 MPa
was used; for fig. 4.3.?..2 the error bar was taken to be 0.1 MPa.
In the first case it is obvious that the fitted curve follows
all of the minor undulations in the data, and the derivative
values obtained reflect this situation. In the second case the
entire data set, with the exception of two data points near the
discontinuity, has been fitted to two straight lines.
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Figure 4.3.2.1 Stress-time data obtained from a strain-rate
change test in Al, differentiated with an error
bar of 0.01 MPa. Lower curve, stress vs. time;
upper curve, stress rate vs. time.
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Figure 4.3.2.2 The same data as shown in fig. 4.3.2.1,
differentiated using an error bar of 0.1 MPa.
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4.3.3 Mechanical Testing

- S.R. MacEwen and F. Santone

The strain rate sensitivity of a material, defined by

m = 3j~» can provide direct information concerning the size and

spacing of the obstacles which control the flow stress. Of
particular interest are the effects of dislocation density and
solute content, as both can alter the strain rate sensitivity.
To study these effects, a joint program has been initiated with
L. Morris and H. Sang of Alean Canada. Experiments have been
done to measure the strain rate sensitivity in Al as a function
of strain and solute content. Values have been obtained from
both strain rate change and stress relaxation experiments. A
comparison of the data from the two types of experiments should
allow critical assessment of Kocks' hypothesis (private communi-
cation) that the two types of test should yield different values.

Strain output for the computerized Instron is obtained
from an Instron clip gauge extensoroeter. At room temperature,
with the gauge clipped directly to the specimen, it has been
found that the width of the hysteresis loop is approximately
2 x 10~5. So small an error has little effect on either control
or data analysis, although its presence is definitely observable.
For high temperature testing the clip gauge is attached indirectly
to the specimen by a set of concentric rods and tubes. The
width of the hysteresis loop under these conditions h^s been found
to be approximately 2 x !.O , with the apparatus operating at
room temperature. Such a large error is expected to have adverse
effects on the control of any test requiring a strain reversal.
Further tests are being conducted to determine the influence of
the remote extensometer on the computer control of mechanical
tests, particularly creep and stress relaxation tests.

4.3.4 The Strength and Dactility of Zr3Al

- E.M. Schulson and J.A. Roy

Further to PR-CMa-37, Section 4.3.4, tensile experiments
have been performed at 1025 and 1175 K using coarse (29 pm) and
fine (3.5 pm) grained material (Zr 8.9% Al). The results have
established that:

(i) at both temperatures, the yield strength increases with
increasing grain size (d), the effect being larger at the



higher temperature. This behaviour is in direct
contrast to the low temperature behaviour where the
yield strength decreases with increasing grain size.
These new results show that a different mechanism
governs yield at high temperatures. When combined
with an observation of wedge-shaped cracks at grain
boundaries. Fig. 4.3.4*1, these results strongly
suggest the importance of grain boundary sliding.

(ii) Fine-grained ZrjAl becomes superplastie at high tempera-
tures and low strain rates. The fine-grained material
in these tests was strained at a rate of \ 3 x 1Q~* s.
At 1175 K» it exhibited a total uniform elongation of
1741, before failing, fig. 4.3.4.2. Possibly greater
extension would have occurred had environmentally induced
surface decomposition (?»r*Al •* Zr + Ztthl) not occurred.
This behaviour confirms an earlier report by D.J. Cameron
(WORE, personal communication) of suporplastlc flow in
ZrjAl. When coupled with the observation of wedge-cracks,
this finding suggests that grain boundary sliding is a
contributing mechanism.

4.3.5 Dislocation Structures in Deformed Ztyhl

- E.M. Schulson and J.A. Roy

To understand more fully the deformation of ZrjAl poly-
crystals, thin foils of deformed samples have been prepared for
observation by transmission electron microscopy. To date foils
have been prepared from the following specimens:

a =
a -d =*
d *
d =
d =

5
5
5
5
3.
29

pm; e *
pm; e *
pm; e *
pm; e -
5 pm; e
mm; e s

0.07; T = 295
0.07; T = 725
0.07; T = 875

K
K
K

0.07; T = 1175 K
= 0.09; T = 295 K
0.09; T = 295 K

The results have revealed that the dislocation structure is
remarkably planar. Even at 1175 K where one might expect
tangles and cell formation, the structure has a predominant
planar appearance.

These observations are consistent with the fine, straight
slip lines at 875 K and below which have been simultaneously
observed using replica techniques. (It was not
possible to detect slip traces at 1175 K because the surface
region decomposed.)

A conclusion, at this point, is that cross slip is an
extremely difficult process in Zr3Al, thus accounting for the
high work hardening rates at elevated temperatures.
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Figure 4.3.4.1 Illustrating wedge-shaped, intergranular cracks in
ZrjAl deformed at 875 K (i -v 3 x lO"81 s"1;
d * 5 um) in a tensile specimen strained to failure
(ef * 0.35). U3000)

Figure 4.3.4.2 Illustrating superplastic deformation in ZrjAl
(1175 K; t = 3 x 10-* s"1: d = 3.5 um). The
bottom specimen shows the starting length. (x2)
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4.3.6 Grain Growth Kinetics of ZrjAl

- E.M. Schulson and J.A. Koy

In view of the pronounced effect of grain size on the
yield strength of ZrjAl, studies have been made on grain growth
kinetics using a Zr-8.9% Al alloy isothermally annealed. At
each temperature studied (1075, 1115, 1160 and 1200 K) the mean
grain diameter satisfies the law:

d » Ktn

where K and n are constants and t is time. Within the accuracy
of the measurements, n - 0.50 t 0.05, independent of temperature.
K, on the other hand, increases with increasing temperature as
expected for diffusion controlled grain growth.

4.3.7 Fracture of Zr>Al

- E.M. Schulson and R.O. Davidson (Systems Materials Branch)

Further to PR-CMa-37 (4.3.6), electron roicroprobe
analyses have revealed a high iron content in regions adjacent
to microcracks. Iron is a known impurity in the alloy under
study (= 650 ppm by weight). It is thus possible that Fe
segregation during heat-treatment is a contributing factor to
microcrack formation during tensile testing and, indeed, to
notch sensitivity. Iron-free and iron-dcped alloys are
currently being prepared for testing.

4.3.8 Transmission Electron Microscopy of Neutron Irradiated Zr?Al

- E.M. Schulson, J.F. Watters and J.A. Roy

Further to PR-CMa-37 (4.3.7) additional observations
have been made on ZraAl irradiated at 320 K to 0.5 x 102<< n/m2

and at 575 K to 2.4 x 102"* n/m2. At both temperatures, reduc-
tions were observed in the intensity of ZrjAl superlattice
spots. Greater reductions occurred at the lower temperature
(in spite of the lower dose), in parallel with the greater
dimensional changes observed (Causey, Fidleris, Rosinger,
Schulson and Orbanic; presented at Int. Conf. on Zirconium
in the Nuclear Industry, Quebec City, Aug. 10-12, 1976; to
be published).

4.3.9 Positron Annihilation Measurements (PAH) - Based on the L Parameter

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

(a) PAM on Zr in the range 390-1300 K have been made and the



results considered in detail. Very briefly, effects in the
range 300-700 K are associated with complexes involving 3d
transition impurities. At T < 400 K, hydride precipitation
may be involved, while for 700 < T < 1300 K a linear tempera-
ture dependence of L (see PR-CMa-35, section 4.3.9) is associated
with annihilation in the lattice.

(b) PAN on Al are being analysed In some detail. Thus far,
the best value for the vacancy formation energy, E$, is
E$ = 0.73 • 0.03 eV.

(c) PAM on deformed Zircaloy-4 (in conjunction with
R.G. Fleck Ontario Hydro) have shown recovery effects compatible
with the results of transmission electron microscope studies.
This work has beer, written up for publication.

4.3.10 The Diffusion of *9Co in Single Crystals of ci2r

- G.V. Kidson

A program has been initiated to measure the diffusion of
*'Co in oriented single crystals of a7.r over the temperature
range of 923 to 1123 K. The S9Co tracer was implanted, using
the mass separator, into specimens whose diffusion axes are
either parallel or perpendicular to the C-axis of the H.C.P.
structure. Equipment, including a high vacuum annealing furnace
that penr.its rapid heating and cooling of the specimens in
vacua of the order of 1.3 x 10~s Pa, has been constructed and
assembled. Initial experimental runs are now underway.

4.3.11 The Theory of Correlation Effects in Solid State Diffusion

- G.V. Kidson and M. Koiwa

A new formulation of the correlation factor associ ated with
diffusion in the solid state has been completed. It has been
shown that while the conventional treatment leads to numerical
values of the correlation factor for self-diffusion via the
vacancy mechanism, that are substantially correct, it is based
on unnecessary and misleading assumptions. An exact phenomenolo-
gical expression, valid for all mechanisms, has been obtained
and applied to cases of diffusion by the interstitial, intersti-
tialcy and the vacancy mechanisms respectively. In the last
case, the physical significance of a simplifying assumption
has been clearly delineated and its validity quantitatively
examined. This work is being prepared for publication.
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

5.1 Isotope Separation by Vibrations! Enhancement of Reaction
Rates

The method that is being used in this laboratory to
determine the effect of reagent vibration on reaction
rates is the method of "luminescence depletion"*1»2).

Vibrationally excited hydrogen or deuterium halides,
HXt or DXt, are formed in a prior reaction inside a fast
flow reactor, in a range of vibrational levels, v'. The
population distribution over these levels, N(v'), is
determined by recording the infrared chemiluminescent
intensity as a function of wavelength, on a grating spec-
trometer. The total emission intensity is chopped at
frequency wi "v 100 Hz, and is amplified by a lock-in
amplifier and recorded on one pen of a two-pen chart
recorder.

In a lower pressure region beyond the pre-reactor the
vibrationally excited molecules encounter a pulsed spray
of atomic reagent (atomic halogen or, in recent experiments,
alkali metal atoms). The atomic spray can be pulsed by
forming it in an intermittent microwave discharge, or by
mechanical chopping. The pulsing frequency is vj '••< 10 Kz.
The depletion in intensity due to the pulses of atomic
reagent is recorded concurrently on the same grating
spectrometer by filtering the signal through a second
lock-in amplifier locked to the frequency v2. The deple-
tions AN(v') are recorded on the second pen of the two-pen
chart recorder.

The existence of concurrent measurements of M(v') and
AN(v') facilitates precise measurement of the fractional
depletion, AN(v*)/N<v").

The measured depletion is due to two principal causes:
chemical reaction and vibrational deactivation. The
extent of vibrational deactivation can be assessed with
adequate accuracy by monitoring all neighbouring energy
states to which energy-transfer could occur. The residual
depletion (which tends to be the dominant term) can be at-
tributed with reasonable assurance to chemical reaction.
This presumption is greatly strengthened by the observa-
tion of a step-like threshold to reaction in several dif-



ferent (putative) reactions, at an energy corresponding
to the barrier which must be surmounted.

The virtue of the method of fluorescence depletion, as
compared to what is becoming the "conventional" method of
laser excitation of reagents, is that a very much wider
range of vibrational levels can be explored (laser excita-
tion is restricted for the most part to the two lowest
vibrational levels). The weakness of the method until now
lias been the fact that the presence of chemical reaction
has been adduced from the observation of reagent depletion,
unsubstantiated by the measurement of product formation.

In the present quarter we have taken the first step
in the direction of rectifying this weakness by introduc-
ing mass-spectronetric detection of prodjcts, N(v"), con-
currently with the measurement of reaction populations
N(v') and depletions AN(v') by infrared ehemiluminescence.

We were able to obtain the loan of an early model of
the Extranuciear Industries quadrupole mass spectrometer,
with a mass range of C - 100 amu. Ionizer (efficiency
"** 10"*), quadrupole and ion-multiplier were mounted in a
differentially pumped chamber (1.3 x 10"' Pa) com-
municating with our reaction vessel. The output from the
ion-multiplier was filtered through a (third) lock-in
amplifier tuned to frequency v? — the atomic pulsing
frequency. A record was made on a chart recorder of the
ion-current at the mass-peak corresponding to HC1, the
product of the substantially endothermic reaction Cl +
HF - HC1 + F (endothermicity -Q- = 34 kcal-mole"').

This experiment was performed with three different
pre-reactions: (i) F + O K - HF(v* = 1 - 3) + CH, ,
(ii) F + HBr - HF(vs = 1 - 4) + Br and (iii) F + HI •
HF(v* = 1 - 6) + I. Qualitatively the results were (a)
that pre-reaction (i) gave a negligible yield of HC1
product due to Cl + HF (v" = 1 - 3 ) ( f r o m the thermodynamics
we know that the reaction threshold is at v1 = 3), (b) pre-
reaction (ii) gave a significant yield of HC1 due to
Cl + HF (v' = 4 ) , and (c) pre-reaction (iii) gave a large
yield of HC1 due to Cl + HF {v" = 5,6).

The detailed analysis of these results is presently
underway. Ths indications are that they will substantiate,
in a quantitative fashion, our earlier findings based on
infrared-chemiluminescence-depletion unsupported by
product analysis.



It seems that the combination of pre-reaction, infrared
spectroscopy, and mass spectrometry will provide a powerful
tool for the investigation of the effect of reagent vibra-
tional excitation (and rotational excitation) on reactior.
rate and reaction path.

A severe limitation of our present apparatus is the
restricted mass range of the mass spectrometer — which
we have on short-term loan. We are negotiating for the
purchase of a mass spectrometer with wider mass range
(0 - 300 amu). We hope to install this in the coming
quarter. This will occasion some delay in our experiments
since it requires a redesign of the reaction vessel and
the differential-pumping, but there can be little doubt —
having regard to the exploratory experiments described
here — that this investment of time and money is justified.

The experiments described here were performed princip-
ally by Dr. Donald Douglas (who has now left this labora-
tory for the University of California).

(1) D.J. Douglas, J.C. Polanyi and J.J. Sloan, J. Chem.
Phys. 59_, 6679 J1973).

(2) D.J. Douglas, J.C. Polanyi and J.J. Sloan, Chem.
Phys. 13, 15 (1976).
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