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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

§B.\}È State Studies

We have shown that X-rays corresponding to double vacancies
in the innermost electron shell are produced in both partners of energetic
ion-atom collisions. The relative number, or ratio, o£ such X-rays from
the two partners varies widely, depending on the difference in their
atomic numbers. This ratio is a measure of the relative number of
double vacancies created in the two atoms, just as the ratio of ordinary
characteristic X-rays is a m£asure of the relative number of single
inner-shell vacancies. By comparing the ratios for single and for double
vacancies in a variety of collision partners we have concluded that the
creation of a second vacancy is not influenced by the presence or absence
of the first vacancy, that is to say, the events are not correlated.

Preliminary results indicate that for helium ions with energies
less than 1 M«V the stopping power of gases condensed to the solid state
is not the same as for the same gas in its gaseous condition. This fact
may offer at least a partial explanation for some of the recently discovered
deviations from the rather simple treatments that have been used to calcu-
late the stopping powers in compounds using experimental data for elements.

When silicon crystals doped with arsenic are irradiated with
helium ions, the arsenic atoms can be permanently displaced from their
lattice sites. We now have evidence that this irradiation induced displace-
ment is due to trapping of multiple silicon vacancies by the arsenic atoms.

When iron is present as an ion-implanted imparity in a thin
anodically formed aluminum oxide and the oxide is thickened by further
anodization, the iron atoms move through the growing oxide almost three
times as fast as do the aluminum atoms. This agrees with a general
trend that we reported earlier; that in the circumstances described above,
the atoms of almost all elements are more mobile than aluminum.

When using the helium ion channeling technique to characterize
defects in crystals it is important to know the flux distribution of the ions
in the channels between the crystal atoms. A method of calculating these
distributions using an analytical approach has been employed and the
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results obtained are in agreement with those obtained using Monte Carlo
simulation methods.

When mixtures of CH0Oi3 and CH_OD are irradiated with the
focussed beam of a HG laser , isotopically selective formation of H3 has
been observed at low pressure. At higher pressures a second, more
efficient and pressure dependent dissociation occurs and the isotope
selectivity is lost. At least eight laser photons are required to dissociate
one methanol molecule.

The ultraviolet photoelectron spectrum of condensed carbon
dioxide shows bands some 7 eV above the ground state. These are
attributed to an excited metastable electronic state previously unobserved
in the solid state.

Analytical Chemistry

Studies of the kinetics of the fluoride ion electrode indicate
that failure to take into account the kinetic response will lead to e r ro r s in
the determiiation of fluoride, particularly at low concentration levels.
Accurate measurements can be ms.de at low fluoride concentrations by
pre-equilibrating the electrode, minimizing the range of concentration
changes in sequence of measurements and using an empirically derived
equation to calculate the equilibrium concentration from kinetic data.

A procedure for separation of neodymium, uranium, plutonium
and amcricium on a single anion exchange column using sequential elution
has shown promise. Recoveries are greater than 90% and only 0. 002%
of the americium was found in the neodymium fraction.

Me.te r̂ a.1 s__ScJ.enc e

Crack growth in wedge-loaded double cantilever beam =paci-
metits cut from Zr-2%% Nb pressure tubes, shows long incubation periods.
These exceed 300 days for as-received material, and diminish
progressively as the hydrogen content is increased. Propagation is
discontinuous and plastic flow near the crack tip precedes crack growth.
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Information about the atomic scale processes involved in the
precipitation of y-zirconium hydride from the metal is resulting from
experiments done with the high voltage electron microscope at Harwell.
It is now evident that to accommodate the change in crystal lattice
configuration which accompanies precipitation a particular type of disloca-
tion must shear every second lattice plane. The most likely source of
the required dislocations has been identified.

In the continuing investigation into the detailed mechanisms of
creep in zirconium the effect of solute-vacancy trapping on the flux
enhancement of the dislocation climb velocity has been calculated. This
velocity is an important factor in creep and it has been found that, with
solute-vacancy trapping, the steady-state climb velocity is decreased
significantly. The change is attributable to increased vacancy-inter-
stitial recombination.

Fracture of ZraAl containing un-transformed Zr3Al is initiated
by cracking of the hard ZrsAl particles and is propagated by micro-void
coalescence, in the temperature range 295-875 K. Thus the less of the
un-transformed phase the better, from the point of view of mechanical
properties.

Segregation of iron into the residual Zr2Al particles during the
transformation to ZrgAl has been demonstrated. Segregation is not
observed in the original ingot. The iron stabilizes the ZrgAl phase,
which would otherwise react, and thus influences the fracture mechanism
at intermediate temperatures as mentioned above.
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1.2 ION PENETRATION

1.2.1 Sharing of KK Vacancies for [Is"2] Configurations

- W.N. Lennard, I.V. Mitchell and J.S. Forster (Nuclear
Physics)

An earlier report (see PR-CMa-39, which also gives
the notation used in the following text) < ̂scribed the
observation of Ne Kaa and Na Kaa X-rays under Ha

+ bombard-
ment of a Ne gas target, i.e. single collision conditions.
We have subsequently made measurements of the Kaa X-ray
yields for a variety of heavier (Zj, Z2 * 26-30) collision
systems to test our hypothesis for KK-vacancy sharing.

Copper beams from the MP Tandem accelerator were
accelerated to a selected energy in the range 20-95 MeV
and bombarded thin self-supporting, natural Fe and Ni
targets and thick Co, Ni and Zi* targets. Suitable X-ray
absorbers were used to attenuate the intense Ka and K3
X-rays from projectile and target atoms. In contrast to
the results of Knudson et al^1), we observed Kaa and Kag
from both collision partners for all collision systems.
Figure 1.2.1.1 shows a spectrum produced by 95 MeV
Cu -> Co. The absorbers (0.0561 g/cm2 AI and 0.04324 g/cm2

•Ti) attenuate the Co Ka and Cu Ka X-rays, by approximately
factors of 3.5 X 107 and 1.1 X 105, respectively. The
peaks at approximately 4.5 keV (Ti Ka, Kg) are produced by
X-ray fluorescence of the Ti absorber. Figure 1.2.1.2
shows the portion of the spectrum containing the Co and
Cu Kaot and Kag lines.

After obtaining the Kaa (and Kag) yields, we calcu-
lated the KK ionization cross-section ratio at-K(H) /

a^^(^>)
(where H and L denote heavy and light partners in a
collision, respectively) using the ratio of neutral atom
fluorescence yields. Figure 1.2.1.3 is a plot of our
results for all the systems studied. We have included the
results of Stoller et al(2) using their cross-section
values for 40 MeV Fe •+ Ni r^d Ni •* Fe systems. The dashed
line represents the results obtained by many investigators
for single K-vacancy sharing, RR = exp[--2XKl where

TT[IR(H) - IK(L)j
XK = ĝ m j — If we assume that there is no

interaction between the 2 K-vacancies, then we would
expect RRK = exp[-4Xj(] for double K-ionization, as shown
by the solid line. Our data are in clear accord with this
hypothesis.

We believe that the assumption that the ratio of KK-
vacancy fluorescence yields is the same as the K-vacancy
ratio for neutral atoms is a good one with the possible
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Figure 1 . 2 . 1 . 1
X-ray spectrum observed when bombarding a thick Co target with
95 MeV Cu ions. A Ti absorber is used to heavily attenuate the
intense Co and Cu Ka and Kg X-rays (in the region 8-10 keV). The
Co and Cu K a a and Kag X-rays can be seen in the energy region
14-18 keV, and are shown in a partial spectrum in Figure Ï.2.I.2.

ENERGY (keV)

Figure 1 .2 .1 .2
Same spectrum as shown in Figure 1.2.1.1, showing more clearly the
Co and Cu K a a and Kag X-ray lines.
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Figure l'.2.1.3

Plot of KK-vacancy sharing values, RRK» obtained for a variety of
projectile-target combinations, the abscissa XR is given in the
text. The dashed line shows the results obtained for single
K-vacancy sharing, RK = exp(-2XK). The solid line is our predicted
KK-vacancy sharing ratio. R K K = exp(-4Xi<)' The data of Stoller
et al(2) are shown for comparison.
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Figure 1.2.1.4

Measured Ka$/Kaa yields for Fe, Co, Ni and Zn observed in the
2 electron-1 photon decay mode of double K-vacancies. The solid
line is the theoretical prediction of Moiseyev and
The dashed line shcv/i, the single K-vacancy Ke/Ka values.
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exception of the Na-Ne value. This conjecture is supported
by our measured Kag/Kaa values shown in Figure 1.2.1.4.
Within measurement uncertainties, we find Kog/Kaa = Ke/Ka
(where the symbols denote measured yields corrected for
absorption and detector efficiency).

(̂  A.R. Knudson, K.W. Hill, P.G. Burkhalter and
D.J. Nagel, Phys. Rev. Lett. 32, 679 (1976).

<2> C. Stoller, W. Wfllfli, G. Bonani, M. Stôcki and
M. Suter, Phys. Rev. A, to be published (March 1977)
and private communication.

<3> N. Moiseyev and J. Katriel, Phys. Lett. 58A, 303
(1976).

1.2.2 Range Distribution of Heavy Ions

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

The ion-backscattering methods used in our study of
heavy-ion ranges in solids are similar to those used
earlier by other investigators. The disagreement amongst
results published in the past implies that difficulties
exist that have not been recognized or that have not been
adequately treated. It was therefore considered necessary
in our work to control and cross-check all parameters.

As yet, one factor in our range measurements, the
stopping power of He ions, contains something of an
assumption. These values have been taken from the semi-
empirical tabulations of Zeigler and Chu*1'. Although the
actual stopping power values can only be determined by
direct measurements, it is possible, in the range measure-
ments, to check the energy dependence of the stopping
powers used. This was accomplished by analyzing implanted
targets with He ions of various energies. Since the
implant distribution for a given target is fixed, the
analyses should give a constant depth value. The results
are given in Table 1.2.2.1.

The data are self consistent, implying that in the
energy range used the energy dependence of the stopping
power, as used, is not a source of error.

As soon as we establish a reliable method for measur-
ing carbon film thicknesses, we shall perform direct
stopping power measurements for He ions.

f1) J.F. Ziegler and W.K. Chu, Atomic Data and Nuclear
Data Tables 13, 463 (1974).
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Tabla 1.2.2.1

Depth of Xe Ions Implanted at 0.3 MeV

Target Initial energy of He analyzing beam (MeV) Theoretical*

0.5 1.0 2.0

E out Depth E out Depth E out Depth

C 0.37 22.2 0.81 23.3 1.73 22.0

Al 0.38 27.2 0.83 27.3 1.74 26.1

Si 0.36 26.7 0.82 25.0 1.73 24.8

Range

(yg/cm2)

22.5

26.4

25.9

E out is the energy measured (MeV) of the He beam backscattered
at 150° from Xe at a depth (pg/cm2) within the target.

* J.F. Gibbons, W.S. Johnson and S.W. Mylroie, Projected Range
Statistics, 2nd Edition, 1975. Hâlsted Press.

1.2.3 Stopping Power Measurements in Solidified Gases

- J.A. Davies and N. Matsunami in collaboration with
W.K. Chu (IBM, East Fishkill, N.Y.) and D.A. Thompson
(McMaster University)

The technique described previously (PR-CMa-35,
section 1.2.4) for measuring the stopping power of
0.5-2.0 MeV helium ions in thin films of solidified
elemental gases (Ar, Kr and Xe) has been further tested
and improved. By using a beryllium substrate with a small
amount of a suitable heavy-mass marker atom (gold) on the
surface, it is now possible to extend the measurements to
lower mass and thus include most of the common molecular
gases such as oxygen, nitrogen, and CO2. This will enable
us to test one of the proposed mechanisms for the observed
deviations from additivity (Bragg*s Law) in oxides and
nitrides: namely, the possible existence of a systematic
solid/gas differential in stopping power.

In order to obtain the thickness of the solidified
gas layer from the helium backscattering spectrum, we need
to have an accurate calibration of the number of gold
atoms/cm2 on the surface of the beryllium substrate. This
calibration is being carried out by two independent
comparisons: (i) with a Bi-implanted standard (Si) disc
obtained from Harwell, and (ii) with the Rutherford
scattering law, using precise measurements of the detector
geometry and the integrated beam dose.
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Preliminary stopping power results with argon, oxygen
and C02 indicate that above 1 MeV there is no difference
in energy loss, between gaseous phase and solid phase.
However, in the energy region below 1 MeV, where the peak
in helium stopping cross section occurs, our observed '•He
stopping cross sections in the solid are 5-10% lower than
those reported for the corresponding gas.

1.2.4 Platinum (III) Single Crystal

- M. Hammerli (General Chemistry), W.J. Olmstead (General
Chemistry), P.R. Norton (Physical Chemistry) and
J.A. Davies

See PR-CMa-40, section 2.6.1.

1.2.5 2.5 MV Positive Ion Van de Graaff

- J. Lori

An Ultra High Vacuum LEED-Auger system will be added
to the 15° beam line to perform surface studies experi-
ments. To accommodate this new equipment a 6 to 8 week
work program was started in February to make the necessary
changes to Labs. 55 and 57. The Van de Graaff will remain
shut down throughout most or all of this period.

The Van de Graaff was operated for 1977 hours in the
year 1976 and the following is the operating schedule for
recent months.

Month Operating Time Routine Checks Other Lost Time
(hours) (days) (days)

December 158 0 0

January 178 1 0

February 87 0 10*

* Due to the shutdown mentioned above.

1.2.6 High Voltage Mass Separator

- G.A. Sims

During the month of December, a four day shutdown was
scheduled so that general repairs and maintenance could be
carried out. A remote controlled corona needle mechanism
was installed on the accelerator tank at this time. The
unit also incorporates greater corona needle travel than
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on the previous manual system. This will enable the
accelerator to be operated at a lower terminal voltage
with sufficient corona needle current to stabilize. After
a few minor repairs to the shorting rod, a low energy test
was attempted and results were very promising down to a
terminal voltage of approximately 170 kV.

In the following two months, the lens system was
removed for cleaning. The bias power supply, "Y" terminal
steerer power supply and source mode switching relay were
replaced due to failure.

A new terminal voltage stabilizer unit has been
designed and fabricated. It is being tested on the
accelerator as a pilot system before the final design
replaces the N.E.C. model.

The total "beam-on" time during the last three months
was 200 hours.

1.2.7 Electromagnetic Isotope Separator

- D.C. Santry and O.M. Westcott

For the past three years the 70 kV isotope separator
has been operating with a He cryogenic refrigerator cooling
a plate located near the target collection area. With the
cryo unit on, pressure in the target chamber was reduced
from 10~6 mm to 2 X 10~7 mm and might be expected to reduce
carbon buildup on targets during ion implantation

Previous attempts to measure carbon buildup, by
measuring carbon X-ray production, were not successful.
Recently we re-examined the problem using He ion back-
scattering analysis.

Swept beams of 70 keV Xe ions were implanted into
targets of super-pure Be at room temperature. The targets
were masked so as to implant only half of each foil. Doses
of 10 1 6 ions/cm2 were implanted with and without the cryo
unit on. Backscattering analysis of the implanted and non-
implanted regions of the Be targets gave a measure of
changes in the surface carbon and oxygen content. Another
series ol implants was performed in which the cryo unit
cooled the target to approximately 30 K and the surrounding
plate to approximately 45 K. In the latter measurements
the cooled units were allowed to reach room temperature
under vacuum before removing the target. Typical back-
scattering spectra are shown in Figure 1.2.7.1 and the
results are summarized in Table 1.2.7.1
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In every case the effect of the Xe implant was to
decrease the original carbon and increase the oxygen. It
was not possible to say whether surface carbon was present
as a hydrocarbon layer or a carbonyl. It is likely that the
sputtering effect of the Xe beam was to remove surface
carbon and oxygen from the Be; however, oxygen was subse-
quently able to react preferentially with cleaned surface
sites.

u

1
U

CHOININEL NUMBER CHflNTCL NUMBER

Figure 1.2.7.1

Backscattering analysis of Xe implanted into a Be target cryo-
genically cooled. Implanted area on the left, masked area on
the right.
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Changes in !

Target at

Cryo

Cryo

Table

Surface Carbon

Due to Ion

1.2.

and

,7.1

Oxygen Layers (ng/cm2)

Implantation

room temperature

off (blank)

(implant)

on (blank)

(implant)

Target cooled

Cryo on (blank)

(imDlant)

Carbon Oxygen

(1016 ion/cm2)

3.5

2.7

4.4

2.5

3.6

3.0

5.2

7.1

6.2

8.5

6.2

7.8

Apparently the improved vacuum conditions due to the
cryo unit in the target chamber did not improve implant
purity.

In using ion implanted Be targets as energy standards
for backscattering analysis on the 2.5 MV accelerator, it
was observed that the surface carbon and oxygen content
increased with integrated He beam current. After many
analyses, the carbon had increased from 0.2 to 2.0 run
(2 to 20A) and the oxygen from 0.6 to 6.0 nm (6 to 60A),
resulting in a 7 keV shift of the standardized energies.
Polishing the surface of Be targets with Brasso removed all
additional carbon and oxygen and restored the energy values
of the standards.

1.3 ELECTRON MICROSCOPY

1.3.1 Preparation of 14.0 nm Thick [110] Oriented Ge Specimens

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

Such specimens are required for the multi-beam lattice
image work described in PR-CMa-38. Epitaxial growth on
[110] oriented CaF2 substrates was attempted using proce-
dures similar to those developed to grow [111] oriented
crystals [cf. PR-CMa-39]. In the present case the sub-
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strate orientation was achieved by mechanical cutting and
polishing rather than cleavage. Also longer and higher
temperature in-situ anneals were required to obtain an
oriented overgrowth. Formation of GeO2, initially a
problem, was overcome by incorporating Zr in the annealing
furnace. To date approximately 10% of the overgrowth has
the desired [110] orientation following a one-hour 873 K
anneal. Further anneals at 973 K and 1073 K are in
progress.

1.3.2 Structural Lifetime of MP Tandem Carbon Stripper Foils

- J.R. parsons

Experimental procedures were developed to permit the
controlled annealing of 5 pg/cm2 carbon stripper foils.
After 5, 15 and 30 minute anneals at 1173 K the crystal-
linity of samples from each anneal was compared with that
produced by the MP Tandem beam (i.e. a visual comparison
of electron diffraction patterns was made). The 15 minute
anneal most closely reproduces the crystallinity required.
In April, 10 foils from each of these anneals are to be
tested for their resistance to breakage compared with that
of normal 5 iig/cm2 carbon stripper foils.

1.3.3 Ion-Simulation of Zr-2.5% Nb In-Reactor Creep

- J.R. parsons and R.W. Gilbert (Metallurgical
Engineering)

Following discussions with memebers of the "Discussion
Group on In-Reactor Creep Mechanisms" two experiments were
proposed. In both experiments pre-thinned Zr-2.5% Nb
pressure tube material will be irradiated with 100 keV
oxygen ions from oxide coated emission filaments. Suitable
thin areas will be photographed prior to irradiation and
after each incremental ion dose.

A Faraday cage for measuring the oxygen ion flux has
been constructed and several room temperature irradiations
have been performed, the results of which are given in
an internal report (PR-FM-40).

1.3.4 An Investigation of Irradiation Damage in Ordered ZrgAl

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

The initial study on the irradiation behaviour of
ordered ZraAl, when subjected to bombardment with heavy
ions producing a highly localized damage cascade containing



- 14 -

high defect densities, has now been completed. Ar + ion
bombardments were performed over the temperature region
30-693 K and post-irradiation annealing experiments up to
973 K, thus exploring regimes where both vacancies and
interstitial atoms were immobile, then where only inter-
stitial atoms had appreciable mobility and finally (during
the post-irradiation annealing), where appreciable vacancy
migration also occurred. The salient features of the
investigation were as follows :

a) During low fluence ion bombardments, disordered regions
and defect clusters having a spherically symmetrical
strain field were produced,

b) With increasing ion fluence the density of the above
defects increased, eventually resulting in a complex
damage configuration. This was also accompanied by a
gradual decrease in the degree of ordering, then
complete disordering and finally a transition to the
amorphous state.

c) The Ar + ion fluence required to completely disorder
the alloy or to render it amorphous was dependent upon
the amount of annealing occurring within the displace-
ment cascade.

d) The results support the concept that irradiation-
induced amorphicity in Zr3Al occurs at a critical
defect concentration and the amorphous state can be
considered as a possible state in a defect-dependent
phase diagram.

e) No vacancy dislocation loop formation was observed
either during Ar + ion irradiations at temperatures up
to 693 K or during post-irradiation annealing up to
848 K. This suggests that long-range ordering results
in a reduction in the diffusion rates of the irradia-
tion produced vacancies. In addition, the low tempera-
ture irradiation results indicate that interstitial/
vacancy recombination rates are probably fairly high
in Zr3Al.

f) Annealing out of the defect clusters, individual dis-
ordered regions and bulk disorder occurred in the
temperature range 723-848 K.

g) Recrystallization from the amorphous state occurred
during post-irradiation annealing at temperatures
y 723 K for amorphous material present on an underlying
crystalline matrix and at temperatures £ 973 K in the
absence of the crystalline material. The evidence
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indicates that as crystals of Zr3Al are formed during
the amorphous-to-crystalline transition, they initially
exist in a highly ordered state and subsequently grow
as one ordered domain.

1.4 RADIATION DAMAGE AND METAL PHYSICS

1.4.1 Measurements of the Trapping of Cu Interstitials by Be
Atoms in a Cu-0.25 at% Be Crystal

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

A Cu-0.25 at% Be crystal was irradiated at 40 K and
annealed at 70 K to trap Cu interstitials at Be atoms, thus
displacing the Be atoms from lattice sites. The apparent
displaced fractions fdBe of Be atoms into <110>, <100> and
<111> channels were measured at 40 K. The displacements
were found by comparing the Be9(d,a)Li7 nuclear reaction
yields with the backscatterihg yields of 0.6 MeV deuterons
from Cu atoms at the same depth (PR-CMa-37, -38, -39).
The apparent displaced fraction f<jBe * s gi v e n bY

x — x
^ ^ w h e r e X B e and Xcu

 a r e t n e normalized

yields from Be and Cu atoms. The true displaced fraction
of Be atoms is f<jBe/FBe» where F#e is the normalized ion
flux at the position of displaced Be atoms, averaged over
all displaced Be atom sites in the given channel.

The measured values of f^Be a r e compared in
Table 1.4.1.1 with corresponding values found for irradiat-
ed Al alloys. The small value observed for f<3Be
indicates that the displacement of Be atoms is in <100>
directions, since only 2/3 of such displacements project
into a <100> channel, and since the flux is low for these
displacements. Thus, in agreement with earlier results
(PR-CMa-39), it can be concluded that the trapping con-
figuration was the Cu-Be <100> mixed dumbbell.

1.4.2 Temperature Dependence of Trapping Radii of Ag Atoms For
Al Self-Interstitials

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

The measurement by backscattering of the rate of dis-
placement of solute atoms from lattice sites during irra-
diation can be used to determine the trapping radii of the
solute atoms for self-interstitial atoms in the mixed dumb-
bell configuration. This is a unique method for determin-
ing the trapping characteristics of a particular configura-



Table 1.4.1.1

Apparent displaced fractions of solute atoms
in irradiated Cu and Al alloys

Cu-0.25% Be Al-0.09% Mn Al-0.13% Cu Al-0.08% Ag

Samples
1 2

°*37 °'02 °'8 °'59 °'44 °'30

0.06 + 0.01 0.09 0.13

°*04 °'36 °'35
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tion in contrast to electrical resistivity results, which
cannot distinguish between different trapping configura-
tions.

For an Al-0.1% Ag crystal, the displacement rate and
saturation value of the displacement of Ag atoms were only
approximately 20% greater at an irradiation temperature of
150 K than at 70 K. Thus most of the Al self-interstitials
were trapped in the mixed dumbbell configuration already at
70 K, rather than being trapped in a series of shallow
trapping configurations as was inferred from electrical
resistivity results < l).

(*) H. Wollenberger, Intl. Conf. on the Properties of
Atomic Defects in Metals, Argonne (1976).

1.4.3 Backscattering Measurements of the Irradiation-Induced
Displacement of As Atoms in a Si-0.1% As Crystal

- M.L. Swanson, J.A. Davies and A.F. Quenneville

It has been concluded from earlier measurements that
the irradiation-induced displacement of As solute atoms
from lattice sites in Si crystals at approximately 300 K
was due to multiple vacancy trapping at the As atoms
(PR-CMa-38). If only one or two vacancies were trapped at
each As atom, the displacements would be small, and some
narrowing of the As channeling dip might be observed. We
have measured the <100> channeling dips of Si-0.1% As at
40 K and 100 K after irradiations of approximately 8 X 10 1 5

1 MeV He+ ions per cm2 at these temperatures. While the
40 K As dip showed no narrowing, the 100 K dip for As was
8% narrower than that for Si. These results support the
vacancy trapping model, since negatively charged vacancies
become mobile at approximately 80 K in Si.

1.5 NUCLEAR METHODS OF ANALYSIS

1.5.1 The Movement of Foreign Atoms During The Anodic Oxidation
Of Aluminum

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

In reference 1 we described experiments in which a
number of foreign atoms were implanted at depths of
approximately 5 ug/cm2 into specimens of Al covered with a
preformed oxide 11 vig/cm2 thick. When these oxides were
anodically thickened some implanted species were found at
the oxide-electrolyte surface. Because of the short path
length available for migration we were not sure whether
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such species moved at the same speed as Al or whether they
move faster than Al but encountered a surface barrier effect
preventing their egress into the electrolyte. Since
publication, the advent of the High Voltage Mass Separator-
has made it possible to implant species much deeper into
thicker preformed oxides thus lengthening the available
path length. Using this technique we have now found that
Fe has a migration number of 1.1. This is much faster than
the movement of Al (0.4). Consequently, its appearance at
the surface in the earlier experiments was due to a surface

•c barrier effect.

We have also implanted Pb (not hithertofore investi-
; gated) at similar depths. It too, moves faster than Al.

The average migration number was 0.7.

f1) W.D. Mackintosh, F. Brown and H.H. Plattner,
J. Electrochem. Soc. 121, 1281 (1974).

1.5.2 The Movement Of Foreign Atoms During The Anodic Oxidation
Of Silicon

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

In PR-CMa-36, section 1.5.4, we reported that Au or
Pd atoms implanted in Si retreat before the advancing oxide
front when the Si is anodized and remain in the surface
layers of the substrate when the oxide is etched away.
Using He ion channeling techniques we have further
characterized this surface layer.

Specimens were implanted with 1 X 10 1 5 atoms/cm2 of
Au or Pd at 40 keV. These were then anodized and the oxide
removed in a standardized fashion (4 min. in 0.5 mol/n. HF at
room temperature). Backscattering spectra were obtained
in both random and aligned directions. From the spectra
we calculated that one Au-implanted specimen contained
1.6 X 10 1 6 displaced Si atoms/cm2, another 1 X 1016 at the
surface. The same surfaces contained 4 X 10 1 5 and
5 X 10I5 atoms/cm2 of O respectively. Palladium-implanted
specimens had 8.8 X 10 1 5, 5.4 X 10 1 5, 4.5 X 10 1 5 and
5.3 X 10 1 5 displaced Si atoms/cm2 while the amount of O
was in the range of 3 to 4 X 10 1 5 atoms/cm2.

; A well-prepared surface of a Si crystal normally has
approximately 4.5 X 10 1 5 atoms of displaced Si/cm2 and an
undetectable quantity of O (< 3 X lO1^ atoms/cm2). Thus
the surfaces left on anodizing and stripping contain not
only the implanted species but an appreciably greater
number of displaced Si atoms and 0.
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Up to this time, all Au-containing specimens were
implanted with 10l5 ions/cm2 because this is a convenient
amount for analysis by Rutherford backscattering. We have
now shown that when 10 1 2 ions/cm2 are implanted, > 80% of
the Au retreats before the advancing oxide front. This
was accomplished by implanting radioactive Au and using 8-
counting techniques to assay the amount of Au in the specimen
at each stage of the experiment. This behaviour is not
significantly different from that typically observed for
10*5 ions/cm* implants, i-iplying that, at these levels the
concentration of Au in the Si is not an important factor
for its behaviour on anodizing.

1.5.3 Structures of Anodic Oxides

- J.P.S. Pringle

Oxide films on metal surfaces thicken by the migration
of metal and/or oxygen atoms, and the migration mechanisms
can only be elucidated if a rather detailed knowledge of the
film structure is available. X-ray and electron diffrac-
tion experiments on anodic tantalum oxide give diffuse
haloes, from which it is concluded that the oxide is
amorphous. To proceed further, therefore, indirect
approaches must be used, and some of these have been de-
scribed in previous reports in this series. The present
report initiates a new approach: a comparison with glassy
oxides such as SiO2 and B2O3, which also give diffuse haloes
in diffraction experiments.

In 1932, W.H. Zachariasen proposée? that these oxide
glasses had a structure built up from the same oxygen co-
ordination polyhedra as the corresponding crystalline forms,
and that these polyhedra were joined together in a random
array. In developing this random network hypothesis,
Zachariasen put forward four rules, of which only two need
be noted here; that the coordination polyhedra join by
sharing corners only, not edges or faces, and that they
must share at least three corners each if a three-dimen-
sional structure is to result. Triangular 3-coordinate
polyhedra occur in B2O3 and As2O3 glasses, and tetrahedral
4-coordinate polyhedra in SiO2 and GeO2 glasses; though
glasses based on octahedral 6-coordinate polyhedra are
permitted under the Zachariasen rules, no such glass has
ever been reported. Since tantalum may be expected to have
a coordination number of at least six (PR-CMa-38, section
1.5.4), the apparent absence of an octahedral glass is of
some interest.

Numerous structures based on corner shared tetrahedra
are known, and they can be converted to one another only
by breaking and reforming corner linkages. By contrast,
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very few crystal structures based on corner shared octa-
hedra are known, and these can be converted into one
another merely by rotation, without breaking any corner
linkage. The rotation recmired, in fact, is just rotation
about the <111> axis in the cubic ReO3 structure; rotation
by 60° gives the hexagonal close-packed PdF3 structure,
while partial rotation corresponds to the structure of
various transition metal trifluorides, such as TiF3 and
VF3. Crystallization of a glass based on corner shared
tetrahedra requires breaking the chemical bonds involved
in the corner linkages, which is relatively difficult ;
'crystallization' of glass based on corner shared octa-
hedra would presumably require only bond bending, which is
much easier. An octahedral glass would then be much less
stable vis-a-vis the corresponding crystalline form, and so
its absence is explained.

1.5.4 Pneumatic Carrier Irradiation Capsules

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

Super-pure iron capsules have recently been observed
to exhibit high gamma radiation fields (approximately
15 R/h) after returning from a few hours of neutron irra-
diation in the NRU reactor. The study of short-lived
nuclides from reactor irradiations is being hindered, since
it is now necessary to let the capsules decay to a safe
radiation level before being opened.

Activation analysis of capsule materials indicated that
the problem was due to increased Mn impurity in the capsules
which led to the formation of 2.56 hour 56Mn activity.

The measured relative Mn content of various samples is
as follows:

New capsule (washed) 3.9
New capsule (etched) 3.2
Old capsule 1.0
Iron rod (stock material) 1.0

It would appear that the new batch of capsules was
fabricated from material other than the normal super-pure
rod stock. The addition of Mn during the machining process
was unlikely since a surface etch with acid did little to
reduce the Mn content.

A new batch of capsules will be fabricated under more
carefully controlled conditions.
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1.6 NUCLEAR CHEMISTRY

1.6.1 Thermal Neutron Cross Sections

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

a) 1 2 5I and 1 3 1I

Further measurements were made on determining the
neutron capture cross-section sections for radioactive
isotopes of iodine.

Samples 1 2 5I and 1 3 iI were irradiated for longer times
in the NRU reactor than used previously. For samples of
1 2 5I an integrated neutron flux of 7.3 X 10 2 0 per cm2 gave
a depletion ratio of 2.2 which should have enabled the
cross section to be measured to approximately 5%. An
observed scatter in results of 15 to 25% was traced to
instabilities which have developed in the data acquisition
system. The measurements are to be repeated using a more
sophisticated pulse height analyzer which has become avail-
able during alterations to the experimental area of the
2.5 MV Van de Graaff accelerator.

Our most recent measurements gave cross section values
of 1030 + 300 barns* for 1 2 5I and 85 + 50 barns for 1 3 1 I .

b) 132Xe and 13l(Xe

Reported discrepancies in the measured partial (n,y)
cross sections for 132Xe and 131fXe gave ratios of metastable
(am) t o ground states (og) which differed by factors
> 100(a-2). Because of this, we have been asked by
W.H. Walker of the Applied Mathematics Branch, to measure
the absolute cross sections to the ground states and
isomeric states.

Although these cross sections are small, and so do not
make very significant contributions to fission product ab-
sorption, the validity of predictions *3) that cr(m) equals
approximately 10 a(gj is important for spin assignments
and nuclear models.

(*) E. Kondaiah, N. Ranakumar, and R.W. Fink, Nucl. Phys.
A120, 329 (1968).

(2) R.S. Tilbury and H.H. Kramer, Nucl. Sci. Eng. 31, 545
(1968).

*3) J.R. Huizenga and R. Vandenbosch, Phys. Rev. 120, 1305
(1960).

* 1 barn = 100 fm2
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1.7 COMPUTATIONS

1.7,1 The Effect of Temperature on Surface Relaxations

- D.P. Jackson

Work on this project (introduced in PR-CMa-39) has
concentrated in this quarter on developing methods of
calculating effective interatomic potential parameters as a
function of lattice temperature. These parameters for
the Morse potentials employed in the present calculations
depend on experimental data (lattice constant, bulk
compressibility and sublimation energy) whose values for a
given solid at various temperatures can be found in the
literature. However the techniques used to relate these
data to the potential parameters involve the iterative
evaluation of rather complex potential functions summed
over a large number of lattice atoms. For a static lattice
this can be done with not too much difficulty; however,
lattice at temperature, the functions of interest must be
calculated taking into account the complete spectrum of the
vibrational amplitudes of the lattice atoms. Initially a
Monte urlo method was tried but it was found that the
number of trials necessary to achieve stability in the
iterative process was prohibitively large and therefore the
computer time required made this method impractical. In
essense the reason for this problem was the fact that the
vibrations of the atoms nearest to the lattice origin (an
arbitrarily chosen atom) had the most significant effect
but these atoms represented a relatively small portion of
the total atoms over which the summations had to be
f .luated. The solution to this impasse was the development
oi a thermal mean interatomic potential; in principle the
time-averaged potential due to a vibrating atom on an atom
at the origin can be represented by a mean value. This is
calculated by taking the expectation of the potential and
its derivatives with respect to a 3-dimensional non-central
chi-square .listribution (since the potential function is
non-linear these mean values are not the static values at
the mean interatomic spacing). Although rather extensive
manipulations were required to derive these expressions,
comparison with the Monte Carlo method indicates that they
make the projected calculations feasible. Hence the way is
now open to a class of calculations, including those
pertaining to surface relaxations, which have not hitherto
been accessible.
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1.7.2 Computer Calculations of Flux Contours and Solute Atom
Displacements in F.C.C. Metals

- N. Matsunami

The flux distribution of 1 MeV He+ in <100> and <110>
channels of Al was calculated at 30 K and 150 K, for
incidence along the <100> and <110> directions. The
calculation was based on the continuum model, and the
Molière potential was used for the interaction potential
between He + ions and Al atoms. The contribution from the
strings of atoms of the next cell surrounding the channel
were taken into consideration.

Figure 1.7.2.1 and Figure 1.7.2.2 show the equi-flux
contours at 30 K for 1 MeV He + in <100> and <110> channels,
respectively. The flux was normalized to the value for
random incidence, and only a quarter of the channel is shown
because of symmetry. In Figure 1.7.2.2, the equi-flux
contours of the present analytical calculation are compared
with those cf the Monte Carlo simulation calculation
obtained by Barrettf1). It can be seen that both results
agree well. As expected from the theory, the flux distribu-
tion was found to be almost independent of the temperature,
except very close to the string. It also turns out that the
angular spread (Ai|i 3i 0.048°) of the incident beam affects
the flux distribution very little, reducing the maximum
flux by a few per cent. By comparing the calculated and
experimental ratios of the yield from solute atoms, we
determined the displacements of Ag and Cu in irradiated
Al-0.1% Ag and Al-0.1% Cu crystals, respectively.

Experimentally, the apparent displaced fraction of
impurities f,j is given by f^ = (Ximp - xmin)/(l - xmin) ,
where Ximp and X mi n are the normalized scattering yields
from impurities and host atoms, respectively. Let c be the
true displaced fraction of impurities; f<j may be related to
the calculated yields Y(s) for a displacement from the
string along <100> directions*.

f<100> = | c ( y ( s ) _ Y o ) < 1 0 0 > a:id f^
110> = c (Y(s)-Yo)<ii0>

for <100> and <110> channels, respectively. Here Yo is a
small constant depending on how the channeled beam inter-
acts with substitutional atoms. For the present case, Yç
may be neglected. The yield Y(s) was obtained by averaging
the flux around s due to the thermal displacements of
impurities, an2 for <110> channels, Y(s) is the average
value for 1/3 of the displacements along the long diagonal
and 2/3 along the short diagonal. Taking the ratio between

110>

* The displacement was determined to be <100> from previous
measurements (PR-CMa-36).
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EQUI-FLUX CONTOURS
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Figure 1.7.2.1

Egui-flux contours for 1 MeV He + incident along <100> of Al at
30 K. The flux is normalized to random incidence. From symmetry,
only a quarter of the channel is shown.
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Figure 1.7.2.2

Equi-flux contours for 1 MeV He + incident along <110> of Al at
30 K. The flux is normalized to random incidence. From symmetry,
only a quarter of the channel is shown. The eoui-flux contours of
the Monte Carlo simulation calculations obtained by Barrett are
also shown by -x~.



- 25 -

V »

>-

/V

V V>

I -

0.8 0.9 1.0 I.I 1.2 1.3 1. «f

S DISPLACEMENT ALONG <100>

1.5 1.6

Figure 1.7.2.3

The ratio of the calculated yields from solute atoms for 1 MeV He +

incidence along <110> and <100>, as a function of displacement s
from the string along <100> directions.

Figure 1.7.2.3 shows the ratio Y(s) <no>A<s) <ioo> a s a function of
the displacement s from the string along <100> directions. Employing
the measured values of fd for Ag and Cu in Al (PR-CMa-39), we get
s = 0.125 nm (1.25A) and 0.148 nm (1.48Â) for Ag and Cu in Alf
respectively.

f1) J.H. Barrett, private communication.



- 26 -

1-7.3 Computer Calculations of Potential Contours in H.C.P. Metals

- N. Matsunami

The interaction potential between channeled ions and
strings of atoms, i.e., the continuum potential, was
calculated for He+ ions in <10Î0>, <0001> and <ll50>
channels of Zr, Mg and Zn. The Molière approximation to
the Thomas-Fermi potential was used for the ion-atom
potential. The equi-potential contours for He+ ions in
<10Ï0>, <0001> and <112*0> channels of Zr are shown in
Figures 1.7.3.1, 1.7.3.2, and 1.7.3.3. The potentials are
expressed in eV after conventionally subtracting their
minimum values. _Because of symmetry a quarter of the channel
is shown for <10Ï0> and <0001> channels and a half for
<1120> channels. In these calculations, the strings of the
next cell as well as the first cell forming the channel are
taken into account. It was found that the calculations
based only on the first cell gave maximum errors of
approximately 60%, 2% and 6% for <10l0>, <0001>, and <1120>
channels of Zr, respectively. Although the position where
the continuum potential takes its_minimum coincides with
the center of the channel for <10Ï0> and <0001> channels,
it does not for the <1120> channel. The positions of the
potential minimum (Xmin, Ymin) are given in Table 1.7.3.1
for Zr, Mg and Zr. The geometry and coordinates ar& shown
below the Table. The lattice parameters and the position
(Xc, Yc) of the center of the channel are also given. The
flux distribution of channeled ions in Zr, Mg and Zn
will be calculated. The flux is expected to have its
maximum at the position of the potential minimum.



- 27 -

EQUI-POTENTIAL CONTOURS
He* IN 2r <IOÎO>

(SIXTEEN-STRING)
STRING

2.0

.1 .2 1.0
CENTER

OF
CHANNEL

Figure 1.7.3.1
Equi-potential contours for He+ in <1010> channel of Zr. The
potentials are expressed in eV. From symmetry, only a quarter of
the channel is shown.
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Figure 1.7.3.2

Equi-potential contours for He+ in <0001> channel of Zr. The
potentials are expressed in eV. From symmetry, only a quarter of
the channel is shown.
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Figure 1.7.3.3

Equi-potential contours for He+ in <ll5o> channel of Zr. The
potentials are expressed in eV. Prom symmetry, a half of the channeJ
is shown.



Table 1.7.3.1

The position of the potential mimimum for <ll20> channels

Crystal

Zr

Mg

Zn

Lattice Parameter
nm

Position of potential
minimum nm

X .
nun

0.323 0.515 0.1262

0.3209 0.521 0.1194

0-266 0.495 0.0848

min

0.1046

Center of channel
nm

Xc

0.0932

0.1111 0.0926

0.1192 0.0768

c

0.1288

0.1303

0.1238
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1.8 PUBLICATIONS, LECTURES AND REPORTS

1.8.1 Publications

Range of Heavy Ions Implanted Into Solids As Measured By
He Ion Backscattering
- D.C. Santry and R.D. Werner

Nucl. Instr. Meth. 132» 1 3 5 (1976); AECL-5594.

Backscattering Measurements of the Trapping of Zr Self-
Interstitial Atoms by Au Atoms in Irradiated Zr-Au
Crystals
- M.L. Swanson, L.M. Howe, A.F. Quenneville and J.r. Watters

(Materials Science Branch)
J. Nucl. Materials (in press)

3dir-2pir Radial Coupling in Symmetric and Near-Symmetric
Heavy Ion-Atom Collisions
- W.N. Lennard, I.V. Mitchell, J.S. Forster and D. Phillips
J. Phys. B; Atom. Molec. Phys. (in press)

Concerning the Role of Inelastic Scattering in Heavy Ion
Ranges in Aluminum and Silicon
- I.V. Mitchell, W.N. Lennard and O.M. Westcott

Phys. Lett, (in press)

The Identification of the Mobile Ion During the Anodic
Oxidation of Silicon
- W.D. Mackintosh, H.H. Plattner
J. Electrochem. Soc., 124, 396 (1977); AECL-5462.

1.8.2 Lectures

Use of the Blocking Effect to Measure Lifetimes of
Competitive Heavy Ion-Induced Fission Decav Modes
- I.V. Mitchell

Eastern Regional Meeting of the Canadian Association
of Physics, Montreal, March 25, 1977.
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GENERAL CHEMISTRY BRANCH

2.1 STAFF

Branch Head

Secretary

W.H. Stevens

Mrs. L. Wachsmann

Professional Staff Technical Staff

ANALYTICAL CHEMISTRY

R.W. Ashley

R. C a s s i d y
J . Gulens
J . Mis lan

W.H. S t e v e n s

Mrs. E .D. B e l l a v a n c e
M.R. Corr iveau
S. Elchuk
P. Faught
P . S . Hardy
R. Harpur
H. Herr ington
M. Hurteau
G.J . Jarbo
L. Junop
T.H. Longhurst
J . H . Munch

HYDROGEN-WATER EXCHANGE

RADIOACTIVITY MEASUREMENTS

W.J. Edwards V. Corriveau
Mrs . P. Robinson

DEUTERIUM ANALYSIS

W.H. Stevens W.M. Thurston
1 M. James
2 R.W. Jones
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ELECTROCHEMISTRY

Technical Staff

A.S. Denovan
W.J. 01mstead

MASS SPECTROMETRY AND FUEL ANALYSIS

I.H. Crocker Mrs. S. Armstrong
S.R. Bokwa

3 B.W. Hildebrandt
C.H. Knight
F.C. Miller
J.A. Schruder

* L.G. Shurrock

LABORATORY SERVICES

D. Poirier

1 M. James - transferred to General Chemistry Branch
effective February 21, 1977

2 R.W. Jones - resigned effective January 12, 1977

3 B.W. Hildebrandt - on loan from Chemical Operations Branch

* L.G. Shurrock - on loan from Chemical Operations Branch
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

A problem of excessively high backgrounds in the
wavelength region above 290 nm has been encountered
with the Direct Reading Spectrometer. No stray light
leaks were obvious in the instrument. A strip of
Tri-X film exposed along the focal curve for a 30 second
excitation of graphite electrodes in an oxygen
atmosphere showed»however'Considerable unwanted light
in a definite pattern. To check whether this was due
to direct reflection of light from the entrance slit,
the grating angle was changed but no improvement re-
sulted. Several films have been exposed at various
grating settings and all show the same spectral pattern
of unwanted light. These films have been sent to the
manufacturer for comments and advice on how to eliminate
the problem.

Switchgear to service the additional arc stand
in the glove box was installed. Even though identical
heavy duty sheathed cables were used to carry the
current from the switchbox to each arc stand, only the
stand in the glove box operated. New shielded cables
were installed but the problem persisted. The arc
stand was completely dismantled, checked for any break-
down in insulators and thoroughly cleaned of accumula-
tions of graphite dust which could cause short circuits.
Tests indicated that, in spite of the shielding on
the cable being 'grounded1, there was still sufficient
RP interference with the logic circuitry of the readout
to cause malfunction. In the case of the stand in the
glove box, the box itself seemed to provide sufficient
containment of the RF signal.

The problem was finally cured by installing
additional unbroken shielding on the cables from the
wall of the switchbox to the casing of the arc stand.

2.2.2 Analytical Support for Heavy Water Process Programs

- R.M. Cassidy, J. Gulens, J.P. Mislan, S. Elchuk,
R. Harpur, H. Herrington, T. Longhurst

This work is described in internal CRNL reports.
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2.2.3 Atomic Absorption Spectrometry

- M. Hurteau, E.D. Bellavance

(1) Determination of Refractory Metals by Flameless
Atomic Absorption

The major problem being encountered in our investi-
gation into the determination of zirconium is a persistent
background absorption exhibited by the furnace. It is
difficult to distinguish how much of this signal is true
background and how much is due to memory effect from
prior samples. Spectral interference from imparities
in the furnaces has been eliminated as the cause. A
possible explanation is that at the high temperatures
used in the atomizing cycle (2900 K) some particulate
carbon is produced which scatters the incident light
beam giving an apparent absorption peak. A suitable
background corrector is not available at the moment to
check this.

Examination of carbon furnaces, treated with tantalum
by the Metallurgical Engineering Branch as described in
PR-CMa-39, Sec. 2.2.5, has shown that some tantalum
carbide was formed on the inside of the furnaces but
that the coatings were not continuous. Different treat-
ments will be investigated to provide more complete
coating of the furnaces.

Tests have been started to determine whether the
atomizing of zirconium extracted as the tri-n-octylamine
complex will result in increased sensitivity. This
complex contains no oxygen and may provide a more easily
atomized species than those present in other organic
complexes or in aqueous solution since zirconium oxides
should not form.

(2) Threaded Carbon Furnaces

Varian offers for use with the CR-63 carbon rod
atomizer a carbon tube threaded on the inside which is
claimed to extend the lower limits for analysis because
it is able to accept larger samples than the normal
carbon furnace tube. A comparison of results from both
types showed that their claim is substantiated. The
absorbances measured for 50-200 ng/m£ solutions of
aluminum, using 10 \iZ aliquots in the threaded tube and
5 ]ii in the regular tube, were observed to be more than
a factor of two greater for the threaded tubes.



2.2.4 Analysis Requests

Received
from

Heavy Water
Programs

Type of Sample

System
Materials

Fuel
Engineering

Fuel
Me terials

Miscellaneous

Zr-Nb alloy
Helium

Descaling solution
Solutions and slurries

Laundry waste

Deposit on NRX fuel rod

Zr-4 alloy
Fission gases

U02

Cruds from fuel rods

U-Al alloys
Residue from NaOH solution of U-Al alloys

Metallurgical Valve bellows
Engineering Zr-Nb alloy

316 SS

No. of Type of Analysis Done
Samples

260

15
2

1
9

1

1

3
26

3
7

2
2

2
326

1

Gas chromatography,
liquid chromatography,
mass spectrometry,
emission spectrography,
UV absorption, total
organic carbon, Fe, Al,
Pt, Rh

H2

Impurities (mass
spectrometry)
Fe, Co, Mn
Na, K, Ca, Mg, Cu,

P0u NO3~, SOi

Qualitative emission
spectrography
02
Composition (mass
spectrometry)

C, 0/U, F", Fe, Ni
Qualitative emission
spectrography
U
U, Al, Na, Si

Mn, Cu, Si, Fe, Cr, Ni
0 2, H 2, Nb
H2

•



Received
from

Type of Sairple No. of Type of Analysis Done
samples

General
Chemistry

Materials
Science

Solid State
Science

Nuclear
Physics

Quality
Control

Chemical
Operations

Mechanical
Equipment
Development

Pines from water circulation system

Solution
Graphite rods
Solution after U extraction

Nitrogen

Zr-Ti-V alloys

Miscellaneous alloys

Deuterium

KBr powder
KI solution

Particles from Teflex drive

Off gases from dissolution of Al

Water after contact with Molycote 321
SiC seal ring
Halon .1301

Douglas Point overpressure relief valve

1 Qualitative emission
spectrography

1 V
2 Cu
6 Quantitative emission

spectrography
2 Impurities by mass

spectrometry

14 H2 , O2

6 Be, Mg, Ag, Fe, Cu,
Ga, Au

1 Composition (mass
spectrometry)

1 K, Fe
1 K

1 Loss on ignition,
semi-quantitative
emission spectrography,
qualitative X-Ray
fluorescence

12 Composition (mass
spectrometry)

2 Cl"
1 Co
17 Composition (mass

spectrometry)
3 Ni, Co, Fe

I

00



Received
from

Workshops,
Estimating
& Planning

Mechanical
Services

Radiation
& Industrial
Survey

NRX

Nuclear
Materials
Control

Applied
Mathematics

NPD

Commercial
Products

Simon Fraser
University
(G. Kidson)

Type of Sample

Nickel bellows

Steel

D20

Deposit on horoscope lens

Paint scrapings

U-Al slag

ZED-2 loop water

D20

Deuterium

Zr crystals

No. of Type of Analysis Done
Samples

Identification of alloy

1 Quantitative emission
spectrography

1 Qualitative emission
spectrography

1 Qualitative emission
spectrography, Fe, Zn,
Cu, Pb, Sn

U

13 B

2 Cl , F , quantitative
emission spectrography

2 Impurities (mass
spectrometry

11 0 2

Total number of samples = 768

Total number of analyses = 2,441



- 40 -

2 . 3 HYDROGEN-WATER EXCHANGE

- W.H. S t e v e n s

Nothing to report.

2.4 RADIOACTIVITY MEASUREMENTS

2.4.1 Kinetics of the Fluoride Ion Selective Electrode

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

Some interest has recently been expressed by the
Environmental Research Branch in measurement of low
levels of fluoride in environmental samples. This
interest, together with questions raised in the course
of preparation of a report on the kinetics of the LaF3

electrode, warranted a brief extension of the investiga-
tions into the kinetics of the fluoride ion selective
electrode.

(a) Dissolution Component

At, or below, fluoride concentrations of 1 ng F /g
solution a linear increase with time is observed in the
fluoride content of the solution. The rate of increase
for a fully aged LaF3 electrode is about 4 pg F~/min.
This is the resultant of many factors, one of which is
the rate at which the LaF3 crystal dissolves. Some of
the other factors which contribute are: the influx of
saturated KC1 from the salt bridge to the reference
electrode, release through desorption and abrasion of
the polypropylene stirrer, adsorption to or desorption
from the containment vessel, diffusion of atmospheric HF
through the polyethylene cover, and evaporation of the
cell solution.

Measurements of the fluoride content of the KC1
solution used to fill the salt bridge of Orion 96-09
electrodes show a fluoride content of 4 ng F~/g saturated
KC1 solution. The KC1 leak rate is typically 3 mg/h.
The rate of influx of F" from reference electrode KC1

*
retired employee
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is therefore 0.2 pg/min.

An estimate has been made of the net contribution
of diffusion of atmospheric HF through the polyethylene
cover, evaporation of the cell solution and adsorption
by or desorption from the walls of the containment
vessel. This was done by setting aside, at intervals of
time, a number of blank solutions,, prepared exactly as
for measurement of fluoride. The fluoride content or all
such solutions was then determined on the same day.
Two such series were run. In the second series, a layer
of Saran* was used in addition to the polyethylene film
cover. The results of measurements show a net input
rate of 0.28 pg F~/min under polyethylene alone and
0.24 pg F~/min under combined polyethylene and Saran
film covers. The difference is not significant.

The net overall F~-release rate i s , therefore,
3.5 pg F~/min attributable to the combined effects of
dissolution of the LaF? crystal and release through
abrasion of the polypropylene stirrer. This, in effect,
sets an upper limit on the rate at which the LaF3
crystal dissolves.

The total release rate of 4 pg F~/min taken over a
time of one hour usually used to obtain kinetic data
at low fluoride ion concentrations and into say 60 g
solution would result in a concentration increase of
4 pg F /g solution. On this basis alone, since this
contribution can be measured and suitable correction
made, measurements should be_feasible on solutions con-
taining as l i t t l e as 10 pg F~/g solution.

(b) Drift Terms in Kinetic Equation

As a LaF3 electrode ages, in terms of total time
exposed to TISAB (total ionic strength adjusted buffer)
with l,2-Diaminocyclohexane-NNN'N'-tetraacetic acid
(DCTA), i ts kinetic response deviates from the kinetic
equation established for a reasonably fresh electrode.
Such a deviation implies that additional terms are
required to describe the overall kinetics.

The nature of this altered response to change in
fluoride concentration is demonstrated by a series of
measurements in which the electrode was cycled back and
forth between solutions of two different fluoride con-
centrations. Four such sequences were investigated. The
cycle between solutions containing 0.688 ng F~/g and

Trademark Dow Chemical Co. for polyvinyl chloride film
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68.9 ng F~/g is shown in Fig. 2.4.1.1. The smooth curve
joining each set of data points is arbitrarily pro-
jected to the starting point of the next cycle to
indicate the continuity of the process. Between 5
and 10 seconds was required to effect transfer from
one solution to the next. Note that, in each case,
the system is far from equilibrium when transferred
to the next solution. The apparent; equilibrium con-
centration term, e œ, derived from kinetic data of
each cycle beyond the influence of diffusion by means
of the empirical equation

efc = eœ + (e. - ej { i ^ } (1)

is given in Table 2.4.1.1. The effects of non-equilibrium
drift within each cycle are readily apparent when
equation (1), derived on .the assumption of electrical
equilibrium across the solid state membrane, is used
to describe the overall response of an aged electrode.

A complete equation has not yet been derived.
Examination of experimental data suggests that two more
exponential terms will be required. The influence of
the missing terms is apparent, but negligible, very
early in the history of the electrode but becomes in-
creasingly important with age.

Results of a brief investigation of the time-E.M.F.
response of a fresh electrode immersed in 0.1 mole/£
KNO3 reveal a behaviour, in response to a change in pH,
which qualitatively has all the characteristics of a
LaF3 electrode aged in TISAB + DCTA.

In conclusion, failure to take into account the
kinetic response of the LaF3 electrode will lead to errors
in the determination of fluoride. The magnitude of
the errors will increase with increasing exposure of
the electrode to TISAB + DCTA and with decreasing
fluoride concentration. Accurate measurements can be
made at low fluoride concentrations by pre-equilibratiny
the electrode, minimizing the range of concentration
change in any subsequent sequence of measurements and
applying equation (1) to the kinetic data to calculate
the equilibrium concentration. Calibration of the
electrode should be done as close to the working level
as possible.
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Fig. 2.4.1.1. Cell E.M.F. vs. time as Orion Model 96-09 LaF3

electrode (Serial No. FT-1) is cycled between
solutions containing 0.688 ng F~/g and
68.9 ng F~/g respectively. At the start of
this cycle the electrode had been continuously
exposed to TISAB + DCTA for 363 days.



Table 2.4.1.1

Best Estimate of Apparent Equilibrium from Kinetic Data to 40 Minutes
(Calculated from Equation 1 ) *

Electrode Status at Start
of Cycle

(1) Equilibrated fully in
0.688 ng F~/g

(2) Partially equilibrated
in 0.688 ng F~/g

(3) Partially equilibrated
in 0.688 ng F~/g

(4) Partially equilibrated
in 7.07 ng F~/g

(0.688 ng F~/g)

1.62 E-5

2.40 E-5

3.04 E-5

3.50 E-5

1.95 E-5

2.47 E-5

2.86 E-5
•

3.12 E-5

(7.07 ng F~/q)

1.62 E-4

1.57 E-4

1.54 E-4
•

1.62 E-4

1.64 E-4

1.76 E-4

1.91 E-4

(68.9

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

2 .

2 .

S oo

77

72

82

82

82

82

91

94

00

04

r F~/g)

E-3

E-3

E-3

E-3

E-3

E-3

E-3

E-3

E-3

E-3

(679

2

2

2

.03

.02

.05

F~/cr)

t

E-2

E-2

E-2

eo> = expf-YE^/KT) where E is the calculated equilibrium cell E.M.F. in mV. The term
is proportional to fluoride concentration. Conversion to fluoride concentration
requires a calibration factor.
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2.4.2 Radioactivity Measurement Laboratory

A total of 232 samples was received during the
period December 2, 1976 - March 1, 1977. These were
analyzed as follows:

Nal(Tl) gamma spectra 8
Ge(Li) gamma spectra 183

Decay curves beta
Gross beta

191

7

fi
73

DISTRIBUTION OF BETA ANALYSIS

; Loop

Decay

Gross

X-1

2

14

X-3 ; X-4 ! X-5.

l ': -

14 ; 14

1

1

2

X-6

1

8

U-1

1

6

U-5

i-i

8

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-1

4

X-3

3

X-4

2

X-5

1

X-6

1

U-1

2

U-5

2

NRU

17

Special
Analysis

159
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2.4.3 Fission Product Deposition - Laboratory Studies

- W.J. Edwards

A program has been started to study the chemical
mechanisms of fission product deposition on the oxide
surfaces found in nuclear power reactor systems. This
work is complementary to, and will provide basic chemical
data for, various high temperature and high pressure
studies of deposition in other branches. The present
stage of the work consists of preparing and testing
various oxides for stable and reproducible surface
properties.

2.4.4 Mass Spectrometer Automation

- W.J. Edwards

The automation system for the Quadrupole mass
spectrometer consists of a PDP-8 computer, analogue
interface, and several computer programs for data
collection, reduction, library matching etc. Work on
the software is now complete and the system has been
made available to the Analytical Group for general use.
An internal report is being prepared.

2.5 DEUTERIUM ANALYSIS

2.5.1 Deuterium Analysis

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

The following is a summary of deuterium analyses
for the period December 6, 1976 - March 1, 1977 -

No. of Samples Branch Program

20,515
10,374

550
65

13

16

Physical Chemistry
General Chemistry

General Chemistry
Heavy Water Plants

Reactor Control

Pickering GS

H2-H2O Exchange
Electrolyzers-
Catalyst Exchange
MS Testing
Analytical
Assistance
IR Monitor
Working Party
D2O Inventory

31,533



- 47 -

2.5.2 Heavy Water Analysis - Cooperation with
Production Plants

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

This work is described in an internal CRNL report.

2.6 ELECTROCHEMISTRY

2.6.1 Platinum (111) Single Crystal

- M. Hammerli, W.J. Olmstead (with P.R. Norton and
J.A. Davies)

Examination of the anodic behaviour of a platinum
(111) single crystal continued. A new crystal was
received from P. Norton and was anodized in 1 mole/£
H2SOi, by passing 10 mA of current for 4 minutes
(i.e. 2.4 Coulombs). This is the identical amount
passed in the previous experiment (PR-CMa-38). Sub-
sequent examination of the crystal (by J. Davies and
P. Norton) indicated that only a small amount of oxygen
had entered the crystal, contradicting the results of
the earlier experiment. The oxygen ratio for the two
experiments is about 10:1. However, the area of crystal
#1 was about one-half that of crystal #2 used in this
experiment. The higher current density in crystal #1
is one plausible explanation for this discrepancy in
the results.

The results tentatively suggest that the driving
force (current density or overpotential) is important
since one would expect only a factor of two difference
in oxygen entry based on the oxygen evolution per unit
surface area. To test this hypothesis we have repeated
the experiment at the lower current density but the
surface analyses are not yet completed.

2.6.2 Purification Circuit Tests for the 3He Power
Cycling Rig

- M. Hammerli, W.J. Olmstead

The CuO converter and molecular sieve dryer designed
to remove tritium from the 3He power cycling rig in the
X-6 loop which was previously tested for efficiency by
us (see PR-CMa-38) has been installed. In situ drying
of this apparatus, as well as associated plumbing has been
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carried out and future drying procedures recommended.

The apparatus appears to be operating satisfactorily,

2.6.3 Evaluation of the Ag/Pd Method for Removing Hydrogen
from the Pressure Tube Annulus Gas"

- M. Hammerli, W.J. Olmstead

2.6.A The Combined Electrolysis Catalytic Exchange
(CECE) Process

- M. Hammerli, A.S. Denovan

2.6.5 Anode Depolarization

- M. Hammerli, A.S. Denovan

The work in the above three sections is described
in internal CRNL reports.

2.7 MASS SPECTROMETRY AND FUEL ANALYSIS

2.7.1 Spark Source Mass Spectrometry

- I.H. Crocker, S.V. Armstrong

(1) Trace Impurity Analysis of High Purity Cadmium
Telluride Crystals (in cooperation with
J.G.V. Taylor, Neutron and Solid State Physics Branch)

Additional samples of cadmium telluride have been
analyzed mass spectrometrically as first described in
PR-CMa-39. More impurity elements were observed in the
most recent samples than in the earlier ones. A typical
analysis is reproduced in Table 2.7.1.1.



- 49 -

Table 2.7.1.1

Trace Impurities * ' in Cadmium Telluride Sample 23

Element

Ma
In
K
Zn
I
Cl
Ti

(2)Concentration1 ' (Atom %)

2,300(3)

306
36
6.6
2.5
2
1.6

NO.

1
2
3
4
5
6
7

Notes: (1) because CdTe occupies 16 mass numbers, and the
spark source produces singly and multiply charged
ions of the matrix elements, other impurities
may have been obscured/

(2) since no standard reference material exists for
CdTe, all concentrations are relative and not
absolute,

(3) sodium concentration may be as much as 5 times
smaller than indicated since thermal ionization
effects may have enhanced the sodium ion emission.

(2) Determination of the Uranium Concentration Gradient
In a Uranyl Nitrate Impregnated Thoria Fuel Pellet
(with A. Celli, Fuel Development Branch, WNRE)

A means of rapidly determining the distribution of U
within impregnated thoria fuel pellets is needed for the
development of novel fuels for the recycle program. It
seemed possible that spark source mass spectrometry
could be used to scan the cut surface of a fuel pellet
previously sawn in half longitudinally and provide the
required information.

Experiments showed, however, that although suc,h an
analysis was possible, it could be accomplished only
with difficulty and with the expenditure of excessive
amounts of time. The basic difficulty was that thoria was
not electrically conductive. Thus a conductive gold or
graphite layer had to be deposited upon the surface in
order for the spark source to operate. This compounded
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the already difficult task of aligning an exact spark
position on the rather unwieldy (for the spark source)
specimen electrode with the defining slits of the mass
spectrometer, and made it impossible to uniformly sample
the specimen surface at discrete 100 urn intervals as
required by the experiment. The sparking conditions
could not be adequately controlled as the gold conducting
layer was eroded by the spark. It was concluded that
SSMS was not a practical technique for this particular
analytical problem.

(3) Impurity Analysis of a Thorium Pellet (in cooperation
with P.R. Norton, Physical Chemistry Branch)

In an attempt to assess the probable impurity yield
from the electron gun of the ESCA instrument, a pellet
of thorium was analyzed by spark source mass spectrometry.
The impurities found are given in Table 2.7.1.2.

Table 2.7.1.2 .

Impurities in Thorium Pellet

Major (̂ 1%) Minor (lxlQ-* to 5xlO~3) Trace (<lx!0~3 at.%)

Carbon Zirconium Tantalum
Copper Gold
Iron • Niobium
N i eke1 Tungsten
Chromium Chloride
Potassium Vanadium
Titanium Cadmium
Cerium Tin
Molybdenum Tellurium
Lanthanum Promethium
Calcium Neodymium
Sulphur Gadolinium
Phosphorus Hafnium
Silicon
Aluminum
Cobalt

(4) Analysis of Pelletron Source Deposit (in cooperation
with F. Brown, Solid State Science Branch)

A deposit that had coated the source area of the
pelletron accelerator was analyzed qualitatively on the
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SSMS. It was found to be mostly W, with lesser amounts
of Fe, Co and Cr. The deposit probably originated with
the source filaments.

2.7.2 Uranium Fuel Burnup Measurements

- I.H. Crocker, J.A. Schruder, S.R. Bokwa and
C.H. Knight

Isotopic analyses of nine samples of starting material
and irradiated pellets were completed for Fuel Engineering
and Nuclear Materials Control Branches.

Six irradiated pellets were dissolved and the
uranium contents purified for mass spectrometric analysis.

2.7.3 Thermionic Source Mass Spectrometry

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

(1) Reactor Poison Analyses for Bruce Generating Station

Additional samples of sodium tetraborate and
gadolinium nitrate hexahydrate were analyzed for their
isotopic abundances to verify that they met requirements
for the guaranteed shutdown state of the Bruce reactors.
This work was done for Ontario Hydro according to pro-
cedures described earlier (PR-CMa-33 and -39).

(2) Operation of the Thermionic Mass Spectrometers

The Nuclide SU-2.2 and the CECE 21-703 mass spectro-
meters both operated satisfactorily throughout this
period. The spare vacuum lock source carriage has been
returned to the manufacturer for additional repairs.

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

- S.R. Bokwa

In the separation of neodymium from adiacent rare
earths by anion exchange using methanol-nitric acid
solutions the neodymium fraction is invariably contaminated
with traces of 21*1Am and 2kzCm (1). Although these con-
taminants do not interfere with the analysis, they do
present a health hazard and their removal would simplify
mass spectrometric loading techniques.
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We are currently investigating the possibility of
separating uranium, plutonium, rare earths and americium
on a single anion exchange column using sequential elution
Table 2.7.4.1 lists the anion exchange distribution data
(2,3,4) for these elements in the following solutions:

(1) 75% Acetone-25% concentrated HC1 v/v
(2) Concentrated HC1
(3) 1:1 v/v HNO3

These data indicate that the separation of uranium,
plutonium, rare earths and americium should be possible
using the solutions l isted above.

Table 2.7.4.1

Anion Exchange Distribution Data

Element and
Oxidation State

*
R.E. (Ill)

Am (III)

Cm (III)

U (VI)

Pu (IV)

Distribution Coefficient

in 75% Acetone
25% HC1

3-4

17.1

9.8

600

adsorbed

in Concen-
trated HC1

not
adsorbed

slightly
adsorbed

slightly
adsorbed

^103

>103

in 1:1 HNO3

slightly
adsorbed

not
adsorbed

not
adsorbed

^10

>103

An a l iquot containing U, Pu, Nd and Am in 75%
acetone-25% HC1 solution_was loaded on a 0.5 x 6.0 cm
AGMP-1, 200-400 mesh, Cl~ form anion exchange column.
The e l u t i o n sequence was as fo l lows:

(1) Neodymium was e lu ted with 5 ml of 75% acetone-
25% HC1 so lu t ion

(2) Americium was e luted with 5 ml of concentrated
HC1

(3) Uranium was e lu ted with 5 ml of 1:1 HNO3

Rare Earths
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(4) Plutonium was eluted with 5 ml of 0.36 mole/£
HCl-0.01 mole/A HF solution.

Both the 75% acetone-25% HC1 solution and the con-
centrated HCl solution contained n i t r i t e (0.02 mole/£.)
to s tabi l ize plutonium in the Pu(IV) oxidation s ta te .

Recoveries of the elements were Nd-91%, Am-95%,
U-90%, and Pu-92%. Only 0.002% of the americium was
found in the neodymium fraction and no plutonium was
detected in the uranium fraction. I t i s expected to be
much poorer because i t has a low distribution coefficient
in acetone-HCl solution.

(1) E321-5 - Standard Method of Test for Atom Percent
Fission in Uranium and Plutonium Fuel (Neodymium-
148 Method)
Annual Book of ASTM Standards (19 76) Pt. 45

(2) Anion Exchange Behaviour of the Transplutonium
Elements and Lanthanides in Hydrochloric Acid -
Organic Solvents Mixtures
K.A. Orlandini and J. Korkisch
ANL-7415 (1968)

(3) Separation of Thorium from the Rare Earths in
Acetone-HCl Medium
T.F. Cummings and J. Korkisch
Anal. Chim. Acta 40 (1968) 520

(4) Modern Methods for the Separation of Rarer Metal
Ions
J. Korkisch
Pergamon Press (1969)

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 CRNTL report.
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2.8 PUBLICATIONS, REPORTS, LECTURES

2.8.1 Lectures

(1) Introduction, to Mass Spectrorrietry in Nuclear
Science
I.K. Crorker
Presented at th<? 2nd Annual Science Teachers'
Seminar, CPJHL, February 25, 1D77

(2) Redox Processes in Groundwater
J. Gulens, D.R. Champ, ft.E. .;ackscn
Presented by J. Gulens at the Perch Lake Study
Symposium/Workshop, CRNL, January 12-13, 1977

(3) Continuous Monitoring with a Sulphide Ion-
Selective Electrode
J. Gulens, K. Jessome, C.K. MacNeil
Presented by J. Gulens at the 19 77 Pittsburgh
Conference, Cleveland, Ohio, Februarv 28 - March 4,
1977
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PHYSICAL CHEMISTRY BRANCH

3.1 STAFF

Branch Head D.R. Smith

Secretary Miss M. Andreas

Professional Staff Technical Staff

RADIATION CHEMISTRY

A.W. Boyd
D.R. Smith
W.A. Seddon
J.W. Fletcher
R.D. McAlpine
D.K. Evans

HYDROGEN-WATER EXCHANGE

J.P. Butler J. den Hartog
P.R. Norton F.W. Molson
J.H. Rolston J. Goodale

D.E. Clegg

ISOTOPE CHEMISTRY

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

O.A.
E.B.
F.C.
F.K.
P.J.
J.D.
L.W.

Miller
Selkirk
Sopchyshyn
McClusky
Mason1

Bonnett
Thomson
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3.2 RADIATION CHEMISTRY

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

(a) Exchange Yields in the Radiolysis of 28N2-
30N2

Mixtures (with C. Willis, National Research Council)

The irradiations of 2 8N 2-
3 0N 2 with a Van de Graaff

and linear accelerator reported in PR-CMa-39, AECL-5693
and those with the Gammacell (PR-CMa-38, AECL-5618) have
been continued. To ensure the absence of 0 2, samples
were exposed to a Na mirror and to reduce any uncertainty
in the dosimetiy, the N2O-SF6 mixtures were given doses
closer to those of the N2 samples (see Section (b)).
The results of the exchange measurements are listed in
Tables 3.2.1.1 and 3.2.1.2.

As discussed in PR-CMa-39 the Gammacell value for
G(exch) in pure 2 8N 2-

3 0N 2 is expected to be less than
the value with the Van de Graaff or the Linac by an
amount equal to G(Nf) = 2.2. Taking the Van de Graaff
results to be the more reliable the difference
AG(exch) = 10.3 ± 0.6 - 7.6 ± 0.5 = 2.7 ± 0.8. The
accuracy of this value is limited by the difficulty of
obtaining absolute G values with an error of less than
± 5%.

We suggested in PR-CMa-38 that the exchange yields
should increase at low pressures due to enhancement of
the N + + N2 exchange reaction. In the Van de Graaff ir-
radiations the yields show an initial decrease then a
marked increase at 1.3 kPa. The present Gammacell
yields and those in PR-CMa-38 all show an increase at
low pressures, but have maxima at 5.3 or 2.5 kPa. We
ascribe the irreproducibility and the maxima to the
sensitivity of the yields at low pressures to impurities.

The effect of added O2 shown in Table 3.2.1.2 is
in reasonable agreement with that observed with the
Van de Graaff (PR-CMa-39). The reduction of G(exch) by
the addition of SF6, however, is less than that pre-
viously obtained. This is most likely due to small
amounts of O2 in the N2-SF6 samples in the earlier ir-
radiations.

The reported rate constants for the reaction of SF6
and 02 with N

+ are similar (1,2) an(j w e have no explana-
tion for the different effects of these two additives on
the exchange yields.
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TABLE 3.2.1.1

Exchange Yields from Van de Graaff
and Linac Irradiations of 2 8N 2

 3 0N 2 Mixtures

Initial Compostion of Mixture - 2 8N 2 - 48.5%;
2 8N 2 - 1.1%;

 3 0N 2 - 50.4%.
Dose - 3 - 12 x 10 2 1 eV-g"1

G(exch)

Dose Rate e V g ' ^ s - ' i 2 x 1 0 2 3 ( a ) 6 x 1021*(b)

Sample Pressure
(kPa N2)

8 - 1 0 0 10.3 + 0 . 6 ( b ) 11.7 ± l ( d )

6.7 7.8
5.3 8.4
4 9.3
2.7 9.5
1.3 13.8

* CRNL Van de Graaff - 1 us pulses

NRC Linac - 40 ns pulses

le)
'Average of 14 samples with and without

exposure to Na mirror

Average of 5 samples
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TABLE 3.2.1.2

Exchange Yields from the Gammacell Radiolysis of
2 8N 2-

3 0N 2 Mixtures

Dose Rate - 2.5 x 1016 eV-g^'-s"1

Dose - 9 x 1021 eV-g"1

Sample Composition
(kPa N 2 ) G(exch)

25 7.6 ± 0.5
8 8.9
6.7 9.1
5.3 11.1
4 9.5
2.7 9.3
1.3 9.1

25
+ 0.1% SP6 5.9

1% 6.6
2% 6.9
5% 4.7

25
+ 0.1% O2 4.6

1% 4.7
2% 4.4
5% 2.2
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(b) Dose Dependence of G(N2) from N2O-1% SF6

The accelerator dosimetry was done by relating the
dose measured in N2O-1% SF6 to that in the

 2 8N2- 3 0N 2
mixtures by monitoring both irradiations with a second-
ary electron counter. To reduce any error due to this
monitoring it is desirable to have the two irradiations
of comparable length. The yields of N 2 from N2O-SF6
have been reported only for doses up to 10 2 0 eV'g"1 — 1%
of the dose required for the exchange yields. We have
therefore determined yields up to 10 2 2 eV-g"1 by irradia-
tion of this dosimeter in the Gammacell. The results are
given in Table 3.2.1.3.

(1) A.L. Farragher, Trans. Farad. Soc. 6_6_, 1411 (1970).

(2) F.C. Fehsenfeld, J. Chem. Phys. 54_, 438 (1971).

(3) S. Takao, S. Shida, Y. Hatano and H. Yamagushi,
Bull. Chem. Soc. Japan £1, 222 (1968).

(4) C. Willis, A.W. Boyd and D.A. Armstrong, Can. J.
Chem. £7, 3783 (1969).

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

L.W. Thomson

(a) Ethers

The formation of tight and loose ion-pairs in di-
ethoxyethane (DME) and the polyglycoldimethyl ethers (PR-
CMa-39, AECL-5693) has been investigated as a function
of temperature. It is found that the proportion of loose
ion-pairs increases at low temperatures. This behaviour
is consistent with a temperature dependent equilibrium
between the tight and loose ion-pairs.

This supports ESR*models of alkali metal solutions which
propose the existence of a dynamic equilibrium between
two or more species of the same stoichiometry. A de-
tailed account of this work has been prepared for
publication and will be reported on by J.W. Fletcher at
the Miller Conference.

*Electron Spin Resonance
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TABLE 3.2.1.3

Dose Dependence of Nitrogen Yields from the
Irradiation of N2O-1% SF6 Mixtures

Time
(h)

1

2

3

4

5

6

7

8

10.67

16

20

22.5

30

40

61.5

87

106

Dose(a)

(1020 eV-g"1)

0.918

1.82

2.73

3.64

4.56

5.46

6.38

7.29

9.71

14.58

18.22

20.5

27.33

36.4

56.0

79.3

96.6

Amount of N2
per g of N2O

(101B Molecules)

7.22

14.30

21.93

29.07

37.8

43.33

48.32

54.57

62.41

92.90

109.8

125.5

168.5

215.8

326.3

431.5

524.3

G(N2)

8.0

8.0

8.0

8.0

8.0

8.0

7.58

7.49

7.05

6.38

6.03

6.13

6.17

5.92

5.83

5.44

5.42

*Calculated from first 6 values using G(N2) = 8(3,4)
as the rates of N2 production of these were the same.
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(b) Van de Graaff Accelerator

Improvements to the radiation monitoring procedures .
were incorporated with the addition of a Victoreen ion-
ization chamber (Series 85) mounted in the Control Room.
This complements an identical existing monitor which
records the radiation fields inside the accelerator room.'
A simultaneous visual and automatic trip procedure is
now available based on the fields in both locations
arising from pulsed electron irradiations.

The accelerator is being used in the repetitively
pulsed mode to assist A.W. Boyd in the radiolysis of
gases at dose rates intermediate between the Gammacell
and the Febetron (see Section 3.2.1).

3.2.3 Photochemical Isotope Separation
- R.D. McAlpine, D.K. Evans.and F.K. McClusky

(a) Laser Induced Decomposition of Methanol

Experimental studies of the laser-induced decomposi-
tion of methanol have commenced. This system was selected
because the HF laser can be used to stimulate CH3OH and
the DF laser to stimulate CH3OD. In this way isotope
effects can be studied for the selective excitation of
either species.

The results of a survey using 10 DF laser lines to
irradiate CH3OD and 3 HF lines to irradiate CH3OH are
given in Table 3.2.3.1. Only the products non-condensable
at 77 K have yet been measured and as can be seen the
major product is hydrogen (including HD and D2) the others
being CO and methane (including CH 3D).

The function L,, (SL) in the right-hand column is a
H2

measure of the molecules produced per photon absorbed
over the reaction zone length (£). The absorption is
calculated from the Beer-Lambert Law and the extinction
coefficient. It is assumed that a threshold power of
106 W*cm*"2 is required to give decomposition and the
reaction zone length is derived from this, the laser
power and focal length of the focussing lens. These
give values of 1.5 cm for a 20 cm lens and 7.5 cm for
a 150 cm lens. These are believed to be conservative
and further work may well show higher power densities are
required leading to smaller values of I and higher
values of L. The extinction coefficients for CH3OD
using the DF laser lines have not yet been measured.



TABLE 3.2.3.1

Product Yield for Single Line Irradiation of CH3OH with HF Laser and CH3OD with DF Laser

Product Yields/Pulse
(Prod, mols/pulse f Reactant Pressure)

(Molecules-kPa"M

Laser Line

HFIPjte)]

HF[P2(3)]

HFIP.^7)]

DF[P2<8)]

DFfP^ll)]

DF[P2(7)]

DFfP3(3) +

P M 0 V 1

DF[P2(6)]

DF[P1(9) ]

DF[P,(5)]

DF[P1(8)]

DF[P2(4)J

DFtP.^7)]

(a) In the

Frequency

(cm"1)

3693.50

3663.38

3644.16

2631.09

2638.396

265G.

2663.

2680.28

2691.409

2703.98

2717.536

2727.38

2743.05

case of C H J O D .

Estimated
Beam

Energy
(MJ)

125

63

125

100

25

65

40

90

65

35

60

30

80

Extinction
Coefficient
(kPa-cm)-1

5.25 x ID"3

4.13 x 10-3

2.65 x 10"3

-

-

-

-

-

-

-

-

-

-

Pressure
(kPa)

4.03

4.03

4.03

10.9

10.8

10.8

10.8

10.9

10.8

10.8

10.9

10.8

10.9

hvdroaen includes HD and C.and met-hanp in

6

«

4

5

9

4

3

4

8

1

2

7

5

el nrl

.5

2

.2

.0

.3

.5

.6

.8

.1

.0

.2

.1

.1

les

(Molecules

v(a)
H2

X

X

X

X

X

X

X

X

X

X

X

X

X

c.

1013

10'°

10 1 3

10 1 2

10'

10'2 •

10"

10 1 3

10 1 2

10 1 3

10 1 3

10 1 2

10'3

Yco

1.5

« 2

2.2

1.3

2.3

1.6

8.5

1.6

2.0

2.7

6.4

1.6

1.7

X

X

X

X

X

X

X

X

X

X

X

X

X

•kPa"*

10 1 3

1 0 "

1 0 "

10 1 2

1 0 "

10 1 2

10"

10 1 3

10 1 2

10 1 2

10 1 2

10 1 2

10 1 3

)

Y

9.2

« 2

7.6

9.5

3.5

9.4

1.3

7.9

1.3

1.7

3.4

1.2

7.7

,(a)
CH»

X

X

X

X

X

X

X

X

X

X

X

X

X

10 1 2

1010

1 0 "

1 0 "

1010

1 0 "

1 0 "

1012

10 1 2

1012

1012

1012

1012

(1.5)

2 x 10"

« 2 x 10"

3 x 10"

1
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The 3 HF laser lines all have comparable energies
and extinction coefficients and absorb into the same
vibrational level of C H 3 O H ( U and should give similar
concentrations of the initially excited level. The
large difference in yields between P2O) and the
others is thus most interesting and must be attributed to
factors which affect the efficiency of the subsequent
multiple photon absorption.

The dependence of the yields on pressure was measured
using CH3OH and the Pi(6) line. The results listed in
Table 3.2.3.2 show an approximately linear increase in
the yields with pressure.

Using the same laser line a 1:1 mixture of CH3OH
and CH3OD was irradiated at different pressures. The
values of a (= H/D in the hydrogen formed * H/D in
reactants) are in Table 3.2.3.3.

The data in Tables 3.2.3.2 and 3.2.3.3 imply the
existence of at least two processes. At low pressures
the dominant process is isotopically selective and
presumably is non-collisional dissociation of the initi-
ally excited CH3OH by subsequent photon absorption. The
second process is non-selective and its yield increases
with pressure. The non-selectivity is consistent with
vibrational energy transfer from CH3OH to CH3OD. An
unambiguous mechanism for the pressure dependence re-
quires more data such as the effect of diluents.

In a fourth series of measurements the dependence
of the number of molecules of product per pulse on the
relative photon intensity was measured. The latter was
varied by both changing the focal length (f) of the
focussing lens and using interference filters. The
results are shown in Table 3.2.3.4. The log of the
product molecules per pulse is plotted against the log
of the relative pulse energy in Figure 3.2.3.1. The
slopes(n) of the lines in these plots are given in
Table 3.2.3.4 and can be seen to depend on both the
focal length and the product.

In multi-photon processes using C02 laser photons where
approximately 50 photons are required for dissociation,
n s 1.5 in agreement with the value derived from geo-
metrical factors(2). Where perhaps of the order of 15
photons or less will dissociate the molecule n may be
expected to approach the number required for dissocia-
tion. The values of n in Table 3.2.4.4 suggest then
that H2 and CHi, are produced by a different dissociation



TABLE 3.2.3.2

I
o

I-l

4

4

5

8

10

P
kPa)

.408

.348

.034

.034

.355

.190

.608

Effect of CH3OH Pressure on the Yields of Product Molecules
for irradiation with the HP Laser Pl(6) Line for a Beam Energy ̂  125 MJ

and Focussed with a 20 cm Lens

Number of Product Product Yields/Pulse
Molecules/Pulse (Prod. Mois) i (React.

I -**"" " - 3.4x10- - T 777
2 . 4 x 1 0 - 3 . 9 x 1 0 - 3 . 7 x 1 0 - 1.8 x 1 0 " 2 . 9 x 1 0 - 2 . 7 x 1 0 - 5 . 9 x 1 0

2 . 0 X 1 0 - 9 . 2 x 1 0 - U x 1 0 " 5 . 0 x 1 0 - 2 . 3 x 1 0 ^ 9 . 9 x l 0 - 1 . 6 X 1 0 " 3

2 . 7 x 1 0 - 7 . 0 x 1 0 - 5 . 0 x 1 0 - 6 . 7 x l o l s l m 7 . x l 0 » l m 2 x l Q i > 2 . 2 x l 0 -

5 . 2 X 1 0 - 1 . 5 x 1 0 - 8 . 8 x 1 0 - 9 . 6 x 1 0 - 2 . 8 x 1 0 - 1 . 6 x 1 0 - 3 . 1 * 1 0

8 . 5 X 1 0 - 2 . 8 X 1 0 - 1 . 4 x 1 0 - 1.0 x l O 1 " 3 . 4 x 1 0 - 1 . 7 x 1 0 - 3 4 , 1 0

1 . 5 X 1 0 - 5 . 2 X 1 0 - 2 . 4 x 1 0 - 1 . 4 x 1 0 - 4 . 9 x 1 0 - 2 . 3 x 1 0 - 4 6 x 1 0

3 f
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TABLE 3.2.3.3

The Effect of Pressure on a for Irradiation of
a 1:1 Mixture of CH3OH and CH3OD Using the HF[Pi(6)J Line.

Beam Energy is ^ 125 MJ and a 20 cm Lens Has Been Used.

Total Pressure
(kPa)

0.80

1.34

2.70

5.56

8.12

Pressure of
CH3OH
(kPa)

0.40

0.67

1.35

2.78

4.06

Pressure of
CH3OD
(kPa)

0.40

0.67

1.35

2.78

4.06

a

8.0

5.0

4.4

1.2

1.1
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TABLE 3.2.3.4

The Effect of Laser Intensity and Focal Length of the
Beam Focussing Lens on the Number of
Product Molecules Produced per Pulse

Relative
Energy
Per

Pulse
R

HF[P1

100

85

56

32
nH 2 »

100

87

67

55
31

nH 2 =

DF[Pl

100

81

57

43

30

n H _H2 -

Log R

Log(Number of Prod.
Molecules/Pulse)

H2 CO Methane

(6)] Irradiation

2.00

1.93

1.75

1.51

3.3;

15.

14.

14.

13.
nco = :

.16

,95

,53

,50

i.8;

(6)] Irradiation

2.00

1.94

1.83

1.74
1.50

8.3 +

14.

14.

13.

12.
10.

lf nco

88

29

27

88
61

of (

14

14

13

12

CH3OH,

.59

.45

.92

.71

:H<,

14

14

13

12

= 3

of CH3OH, i

14.

13.

12.

11.

= 10.4

(7)] Irradiation

2.00

1.91
1.76

1.64

1.47

4.4>

14.

14.

13.

12.

12.

nco - 5

62

42

90

98

44

.4;

.16

.49

,03

.60

+ j

14

13,

12.

12,
10,

at 10.

.27

.14

.72

.70

.2

at 10.

.01

.49

.27

.05

.43

' "ou =

of CH3OD at 10.6

14.

13.

13.

12.

11.

06

90

41

02

45

nCH,, =

13.

13.

13.

12.

11.

= 4.

.78

,62

,11

14

75

2

6

6

7.

1 = 1
£ = 7,

in 
in

• 
•

H2

for 20 cm lens
for 150 cm lens

kPa Using 20 cm Lens

4.

3.

1.

3.

.5

.2

.9

.0

x 10"3

x 10"3

x 10-3

x 10-"

kPa Using 150 cm Lens

7.

2.

2.

1.
1.

,0 + 1

2

2

7

3
3

kPa Using

x 10-"

x 10-"

x 10-5

x 10"5

x 10-7

20 cm Lens

-

-

-

-

-
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1.2 1.4 1.6 1.8 2.0
LOG (RELATIVE ENERGY/PULSE)

Figure 3.2.3.1 - Log(number of product molecules/pulse) versus
log(relative laser intensity) for irradiation
of 10.6 kPa of CH3OH with HF P1(6).
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route than CO and that the lower limit for the number
of photons required for the former is 8 and the latter
10.

(1) R.G. Lees R.H. Hunt, E.K. Plyler and D.M. Dennison,
J. Mol. Spectrosc. 52, 138 (1975).

(2) S. Speiser and J. Jortner, Chem. Phys. Letters 4_4,
399 (1976).

3.2.4 Laser Magnetic Resonance
- D.R. Smith, J.D. Bonnett and E.B. Selkirk

This new research program involves the construction
of an optically pumped far-infrared (FIR) laser spec-
trometer (described below) for studies of the formation
and reactions of gas phase free radicals. Depending on
the direction in which the program evolves, the results
will be of importance to gas phase radiation chemistry
or to laser isotope separation of deuterium via multi-IR
photon absorption processes. The FIR laser is "pumped"
by a CO2 laser. Since September 1976 these two lasers
have been designed, and components ordered or assigned
to workshops for fabrication.

The CO2 laser is now assembled, but its commission-
ing awaits delivery of the power supply in April. It is
designed for 20 - 30 Watt CW power (on the most intense
line, 10P20 at 10.6 urn), grating tunable from the 9R44
line at 9.157 um to the 10P48 line at 10.911 ym. Fre-
quency and output stability are obtained by vibration
isolation, a stabilized power supply, piezo electric
translation of the output mirror, invar rods and tem-
perature control. The frequency stability of the CO2
laser is required to minimize the noise level of the
FIR laser. The absorption line of the FIR laser gas,
corresponding to the vibrational transition involved in
"pumping" by the CO2 laser, does not usually overlap
exactly with the CO2 laser line. As a result, any fre-
quency instability in the CO2 laser output, is converted
to fluctuations in output intensity of the FIR laser.
The CO2 laser beam is plane polarized in any desired
direction, by Brewster angle windows which may be ro-
tated about the laser axis. Similarly, the grating may
be rotated about the laser axis to maintain optimum out-
put. Ten per cent of the output beam is deflected by a
beam splitter into a spectrum analyzer, enabling con-
tinuous monitoring of laser wavelength.
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The balance of this report describes the general
principles underlying the laser magnetic resonance
method, to serve as background for future progress reports.

Using a selected CO2 laser wavelength, gas molecules
in the FIR laser are "pumped" to excited vibrational
states, leading to laser action from associated molecular
rotational transitions. With various combinations of
"pumping" wavelength and "pumped" gas molecules, the FIR
laser will operate at one of say 50 different wavelengths
between 50 and 750 ym. The output photons are plane
polarized in a selected direction, parallel (ir) or
perpendicular (a) to a magnetic field.

The FIR laser is divided into two compartments by a
9 pm thick polypropylene membrane at Brewster's angle,
separating the laser gas from the sample gas and the
polarization can be selected by changing the orientation
of the membrane. In this way, one has an intra-cavity
sample, leading to high sensitivity in detecting free
radicals as discussed in the next paragraph.

The sample region of the FIR laser is located in
the gap of an electromagnet and by one of various
methods, molecules are dissociated to paramagnetic free
radicals. As a result of this paramagnetism, all the
rotational, vibrational and electronic transitions are
subject to the Zeeman effect. By varying the magnetic
field from 0 to 2.0 or 2.5 Tesla (IT = 101* gauss) one
attempts, via the Zeeman effect to tune one or more
rotational transitions in the free radicals, into co-
incidence with the selected FIR wavelength. (One may
also take advantage of the Zeeman effect from orbital
magnetic moment in zero spin fragments such as PH (a'A).)
Tunability is ^ 0.5 cnT'/T. By selecting it or o polari-
zation of the electric vector of the FIR photons, AMj =
± 1 or 0 transitions, respectively, are made possible.
The FIR photon polarization is parallel or perpendicular
to that of the CO2 laser.

When absorption occurs, this reduces FIR laser power.
Thus experimentally we fix the FIR laser beam wavelength
and couple a small amount of it out to a detector. This
detector picks up fluctuations in laser power due to
rotational transitions which occur while scanning the
magnetic field. In this way one can obtain spectra,
containing nuclear hyperfine structure at various laser
wavelength/magnetic field combinations. A theoretical
fit between these data and computed rotational transi-
tions, in conjunction with one's chemical knowledge of
the system, identifies the radical. Spectra of NO, OH,
HO2, CH, NH, NH2, PH, PH2, HCO, O2, CH3O have appeared
in the literature.
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In the spectrometer under construction, the FIR
wavelengths limit one mainly to detection of di- or
tri-atomic hydride radicals such as the above, whose
rotational frequencies are appropriate. Sensitivity is
very high - typically 109 particles per cm3. It is
possible to do analogous measurements, based on the
Zeeman splitting of vibrational levels, using a spec-
trometer at say, CO or CO2 laser wavelengths.

The radicals may be produced by a variety of methods
including microwave discharges, ion or electron beams and
focussed high intensity laser pulses.

3.3 HYDROGEN-WATER EXCHANGE

3.3.1 Kinetic Studies of the Isotopic Exchange Between Hydrogen
and Water
- J.P. Butler, J. den Hartog and F.W. Molson
- J.H. Rolston and D.E. Clegg

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

3.3.2 Surface Studies by X-ray and UV Photoelectron Spectro-
scopy (XPS and UPS)
- P.R. Norton and J.W. Goodale

(a) Electrochemical, XPS and Ion-Scattering Studies of
Platinum (with M. Hammerli, General Chemistry Branch
and J.A. Davies, Solid State Science Branch)

See Section 2.6.1.

(b) UPS Studies of CO absorbed on Cu

During the course of previous UPS studies on con-
densed gases (PR-CMa-39, AECL-5693) the conversion of
physisorbed CO to chemisorbed CO was observed to occur
at 30 K. The observation of the relative intensities
of lines arising from the molecular electronic levels
in physisorbed CO enables us to attempt a deconvolution
of the equivalent lines in chemisorbed CO. This de-
convolution indicates that, unlike the bonding of CO
to Pt and Ni, the it band of CO on Cu may be split by
interaction with the surface indicating either bridge
bonding or skew bonding. We are collaborating with
Dr. J.W. Gadzuk of the NBS, Washington, on the theoret-
ical resolution of these problems.
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(c) UPS Studies on Condensed Gases .

The work described in PR-CMa-39 has been continued
and it has been found that the UPS spectra of condensed
multi-layers of CO show the presence of bands shifted
from the ground state by ̂  7 eV. It is believed
(private communication from Dr. H.P. Broida and
Dr. J.W. Gadzuk, NBS, Washington) that these result from
a metastable excited electronic state of natural CO.
Such states are known to occur in the gas phase and our
measurements are the first observation of such levels in
the solid. A joint publication is planned with
Drs. Broida and Gadzuk.

(d) Studies on Actinide Metals and Nitrides (with
W.J.L. Buyers and T.M. Holden, Neutron and Solid
State Physics Branch)

The UPS spectra of the valence band of UN were ob-
tained above and below the Neel point (50 K ) . No
changes were observed in the region 0 - 8 eV below the
Fermi level, indicating that no observable splitting
(£0.5 eV) occurs in the f-band ( 0 - 2 ) as a result
of the magnetic transition.

3.4 ISOTOPE CHEMISTRY

3.4.1 Conductivity and Ultraviolet-Visible Spectrophotometry
of Methylamide/Methylamine Solutionsme
- ETAT Symons

3.4.2 Thermal Decomposition of Methylamine
- E.A. Symons

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

3.4.3 Hydrolysis of N,N*-Dimethylformamidine (DMFA)
- J.D. Halliday and E.A. Symons

A series of hydrolysis runs at 283 K with a new
batch of DMFA have confirmed our earlier data (PR-CMa-
33, AECL-5230). In one run (0.21 mol/A DMFA and 0.50
mol/X, KC1) the hydrolysis rate and pH change were
measured at 298 K. The pH decreases from 12.9 to 12.2
in 28 min > but the hydrolysis rate was linear over this
time period. The constancy of rate with decreasing pH
shows the hydrolysis reaction is insensitive to base
concentration in this region.
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From the pH of the solution at zero time it was
estimated that the pKa of DMFA'H+ is 12.6. Thus DMFA
is a significantly stronger base than methylarnine
(CH3NH2*H

+, pKa = 10.66).

Attempts to study DMFA hydrolysis in buffered
aguecus solutions at pH < 8, where the rate is_ dependent
on base concentration, were not successful because the
high DMFA concentrations (greater than 0.1 vo.ol/1) re-
quired by the *H NMR technique prevented adequate buf-
fering action. UV-visible spectrophotometry using 10"3

mol/Jl of DMFA was unsuitable due to spectral overlap of
the DMFA absorption with that of hydroxide and chloride
ions in solution.

3.4.4 Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine
- E.A. Symons

Streitwieser e_t al.. f1»2) have studied hydrogen
isotope exchange between a series of weak hydrocarbon
acids (like toluene and substituted fluorenes) and
cyclohexylamine (CHA), catalyzed by lithium or cesium
cyclohexylamide (LiCHA, CsCHA). The reactivity of
molecular hydrogen in such solutions has not been reported.
It was therefore of interest to compare exchange rates
for hydrogen gas in CHA with those in other amine systems
like potassium methylamide/methylamine and potassium
amide/ammonia.

Preliminary results indicate that D2 gas reacts
rapidly with a 0.1 mol/Jl CsCHA/CHA solution at 263 K
(in-solution half-life < 1.5 s ) . However, further tests
must be done to ensure that true chemical rates are be-
ing measured before accurate comparisons can be made.

(1) A. Streitwieser, Jr., D.E. Van Sickle and
W.C. Langworthy, J. Am. Chem. S o c , ££, 244 (1962).

(2) A. Streitwieser, Jr. and R.A. Caldwell, J. Am.
Chem. S o c , £7, 5394 (1965).

3.4.5 Proton Exchange Studies in Amines and Alcohols
- J.D. Halliday and P.E. Bindner

One criterion for the neutrality and dryness of an
amine or alcohol has been the observation of sharp spin-
spin multiplets for the exchangeable protonsd). Such
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splitting has been observed in a carefully purified
sample of CH3NH2 (PR-CMa-36, Section 3.4.3) but the
lines were not as narrow as predicted. This may be the
result of a self-exchange mechanism similar to that

fl] RNH2 + RNHÎ ?—* RNH* + RNH2

invoked to explain the broadened lines in neutral
methanol (2).

A neat sample of CH3OH purified at CRNL did not show
the expected broadened multiplets, indicating a fast ex-
change process taking place in solution. This could be
attributed to the presence of trace impurities. However,
the addition of tetramethylsilane (TMS) in mole fraction
concentrations between .036 and .235 unexpectedly re-
duced the exchange rate of the -OH protons, restoring
the coupling. Thus the addition of an inert solvent
has inhibited the self-exchange process, which is much
faster in CH3OH than in CH3NH2, presumably through a
decrease in the molecular association of methanol. More
detailed studies are required to demonstrate that TMS has
not preferentially removed a trace impurity.

(1) I. Weinberg and J.R. Zimmerman, J. Chem. Phys. 23,
748 (1955).

(2) Z. Luz, D. Gill and S. Meiboom, J. Chem. Phys. 30,
1540 (1959).

3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

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, Proceed-

ings of International Conference on Electrons in
Fluids, Banff, Alberta, 5 - 1 1 September, 1976.
To be published in a special issue of Can. ,T. Chem.
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Optical Spectra and Yields of Solvated Electrons and
Metal-Electron Species in Alkali Metal Systems
- J.W. Fletcher and W.A. Seddon, Proceedings of Faraday
Discussion on Radiation Effects in Liquids and Solids,
University of Leicester, Leicester, England, 2 3 - 2 5
March, 1977. To be published in General Discussion
#63, Faraday Society.

A Photoemission Study of the Interaction of Ni(100),
(110) and (111) Surfaces with Oxygen
- P.R. Norton, R.W. Tapping and J.W. Goodale, Surface

Science (in press).

3.5.2 Lectures

Optical Spectra and Yields of Solvated Electrons and
Metal-Electron Species in Alkali Metal Systems
- J.W. Fletcher and W.A. Seddon, Faraday Discussion on

Radiation Effects in Liquids and Solids, University
of Leicester, Leicester, England, 23 - 25 March, 1977.

Photoelectron Spectroscopy (ESCA) - A Versatile Tool
in Surface Research
- P.R. Norton, Chemistry Department, Carleton University,

20 January, 1977.
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4.2 SURFACE CHEMIJTRY

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

- B. Cox and V.C. Ling

The polarization techniques for studying oxide
film characteristics have been beset, throughout this
period, by extraneous peaks in the curves. One of
these often occurs sufficiently near the normal oxidation
potential of Zircaloy-2 in 300°C fused nitrate-nitrite
to give errors even in the polarization resistance
measurements (PR-CMa-39, Section 4.2.1). This situation
is surprising considering the many years we have been
doing such measurements without problems, and seems to
be related to the purity of the salts presently available
for making the salt bath. Experiments aimed at determining
the nature of these impurities have shown that the
occurrence of peaks is not simply related to the moisture
content of the baths, nor are they the result of species
which can be eliminated by oxidation or reduction at an
auxiliary platinum electrode.

The peaks appear to be caused by species which
adsorb preferentially on Zircaloy surfaces. These
species desorb during the txac5:^j of the I-V curve, so
that the peaks disappear whjn a second I-V curve is
traced immediately after the first one. They then
re-adsorb on standing (e.g. overnight).

4.2.2 Low Temperature Oxidation of Zirconium alloys

- B. Cox and V.C. Ling

After 350 days the oxide film thickness on
Zr-2.5 wt% Nb alloy specimens at 473 K is about 45 nm,
while at 448 K it is about 35 nm. No visible oxide was
present on specimens held at lower temperatures. The
specimens at 373 K have now been exposed for *> 500 days.

4.2.3 Environmentally Induced Cracking of Zirconium Alloys

- B. Cox and V.C. Ling

Results from Brown-Boveri, GmB, Switzerland,
(M.O. Speidel, Private communication), soon to be
published, showed that double cantilever beam (DCB)
specimens cracked intergranularly in aqueous KBr/Br2
solutions, but transgranularly in aqueous KI/I2 solution.
It was not clear whether either of these solutions would
crack smooth specimens, or whether the DCB specimens
used by Speidel cracked intergranularly because they were
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made from relatively thin sheet (7 nun) . Earlier experi-
ments (ASTM-STP-551, 1974, p.419) of ours with HI/I2
solutions showed that smooth specimens would not crack
without polarization, and 25.4 mm square DCB's cracked
trartsgranularly in aqueous halide solutions, with pola-
rization.

Split rings from fuel cladding batches MLl-787
and ML1-801 were exposed to 1 mol-1""1 KBr + 0.25 mol-l"1

Br2 r the equivalent iodide solution, and successive
ten-fold dilutions of each. No split rings failed in
any KX/I2 solution. In the 1 mol-l"1 KBr + 0.25 mol-1"1

Br2 solution hoth batches of tubing failed in ^ 1 minute;
after one ten-fold dilution the times to failure were
6.5 ± 1.0 minutes; no failures occurred in more dilute
solutions. Fractures showed the characteristic small
area of intergranular initiation, with transgranular
propagation. The rapid crack propagation in the DCB's
was entirely transgranular.

In our earlier work, it was observed that unia-
xially stressed specimens, such as wires, and bent beams,
cracked completely intergranularly in solutions (e.g.
12/MeOH) which gave transgranular propagation in split-
rings and DCB's. It is concluded therefore that inter-
granular cracking was observed in Speidel's DCB's
because they were too thin to achieve plane strain
conditions at the crack tip.

4.2.4 Fused Salt Electrochemistry of Zirconium and Zircaloy-2
Oxidation at 573 K

- N. Ramasubramanian

(a) Çataly^iç_deçomggsitiçn_on_glatinum_at_573_K

Polarization behaviour of platinum microelectrodes
was investigated in fused NaNO2, KNO3-NaNO3 binary
eutectic and KNO3-NaNO2-NaNO3 ternary eutectic. All
three melts undergo electrocatalyzed decomposition; the
rates in the nitrite-containing melts are twice as fast
as that in the binary nitrate eutectic. The fast scan
voltammetric traces showed distinct peaks associated
with sodium oxide formation in the binary and ternary
eutectics.

(b) Oxidatign_of_Zirgonium_and_Zirçaloy.22

Pairs of samples were oxidized in the three melts:
weight gain-time and polarization at various weight gains
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were measured. The oxidation of any one set of samples
was continued in one of the melts but the polarization
behaviour at a weight gain was studied in all the three
melts.

In the case of crystal bar zirconium the weight
gain and polarization data in the three melts were
comparable. For any one sample, polarized in the three
melts, the portions from rest potential to zero volts
in the polarization curve were more similar than the
other portions. In these later portions of the polariza-
tion curves the slope was steeper in the nitritercontaining
melts than in the binary nitrates. Sodium oxide peaks
in the fast scan voltammetrie traces were absent; this
indicated that the oxide film was free of localized high
conduction sites.

Zircaloy-2 samples, oxidized and also polarized
in the nitrite-containing' melts, showed large negative
resistance peaks at -0.3 to -0.4 V. These negative
resistance peaks were absent when samples were oxidized
in the binary nitrates and polarized in the three melts
or were oxidized in the nitrite-containing melts but
polarized in the binary nitrates. During the oxidation
some samples were switched from one melt to another. In
these experiments, after a period of >̂  20 h, a sample
which had previously been oxidized in the nitrates and
had no history of negative resistance characteristics
started showing the negative resistance behaviour when
transferred to a nitrite-containing melt and polarized
in that melt. The negative resistance phenomenon thus
appears to be associated with the sodium nitrite in the
melt. The salt is analytical quality and 97% pure; an
impurity may be incorporated in the growing oxide (at
localized conduction areas) which then undergoes electro-
chemical reactions when polarized and leads to the
appearance of negative resistance peaks. The weightsgained
by the samples, oxidized in the three melts, were comparable.
Samples oxidized in the nitrite-containing melts were more
conducting than those oxidized in the nitrates. The
current rise, at potentials positive to zero volts, was
steeper in the nitrite-containing melts than in the
binary nitrates.

The binary nitrate eutectic is a better choice,
for oxidation and polarization measurements, compared
to the ternary nitrate-nitrite because complications
resulting from impurities in the nitrite and additional
decomposition reactions of the nitrite ion can be
avoided.
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4.2.5 * Determination of KTTt for Zr-2.5 wt% Nb
1 1 ' ' 111 ' '

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

Further to PR-CMa-39 /section 4.2.9), wedge-force
loaded (Kx,initial 5 6 0 MPa-m^) double cantilever beam
specimens of as-receJ.ved Zr-2.5% Nb pressure tubing, held
at 375 K after pre~fatiguing and thermally cycling to
575 K, h;vv :.\ot cracked after 300 days. On two specimens,
however, there is now evidence of plastic flow near the
tip oi the fatigue crack. Similar experiments on material
Viirc'ii had first been charged to ̂  40 and to ̂  100 ppm
hydrogen, on the other hand, show continued crack propa-
gation, Figure 4.2.5.1. In these cases, two points
should be noted:

i) judging from surface observations, the crack
appears to grow in a "start-stop" fashion, in
keeping with the proposed hydride cracking
mechanism. This is particularly evident in the
specimen containing "v- 100 ppm hydrogen where
steps are observed in the growth curve (Figure
4.2.5.1).

ii) Plastic flow near the crack tip precedes crack
growth. In the specimen containing ^ 4 0 ppm
hydrogen, for instance, a plastic zone from 4 to
5 mm in length formed after early cracking, and
was followed by very rapid crack propagation
through the zone, thus accounting for the large
step in the respective curve (Figure 4.3.5.1).
In view of this behaviour, the plastic flow now
evident in specimens of the as-received tubing may
indicate the imminent onset of crack propagation.

4.2.6 Computer Analysis of Back Reflection Laue Patterns

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

Considerable time and effort has been put into
re-organizing the computer program LAUE, last reported
in PR-CMa-33 (section 4.2.6). Several small errors were
corrected and the program broken into sub-routines to
facilitate error location (should they occur) and under-
standing the program flow.

4.2.7 Unit Cell Projections

- R.A. Ploc

The computer program, XTALVU, has been written to
plot atom positions along any given crystal direction or
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pole vector. The program is for a general crystal
system and will simultaneously consider up to 5
different atomic species. Atom locations in a Carte-
sian coordinate system are printed for refined
calculations of translation vectors, etc.

4.2.8 SEM Examination of Platinum-Carbon Catalyst

- R.A. Ploc

Teflon coated and uncoated samples as well as
the plain carbon host were examined in the SEM. The
finished catalyst showed no trace of the Pt particles
(SEM resolution limit of 6 nm), however, the Teflon
modified the carbon surface to an approximate depth of
1 ym. .

4.2.9 Corrosion of Zr3Al-Base Alloys

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

(a) Oxidation_in_Pressurized_Water_^8i2_MPa_g_575_K^

To assess the oxidation behaviour of a 7,T 8.6 wt%
Al alloy, which is closer to the proposed pressure-tube
composition than the Zr 8.9% Al alloy previously studied
(PR-CMa-39, Section 4.2.8), additional experiments are
underway. The test material was rolled to slab at 1375 K,
and then transformed to Zr3Al at 1160 K, for 24 hours;
it contains 6-10% (by vol.) of aZr(Al).

Figure 4.2.9.1 illustrates the short-term oxida-
tion behaviour. Compared to the Zr 8.9% Al alloy (which
contains ? 1% aZr(Al)), the corrosion rate of the Zr 8.6%
Al alloy is a factor of ^ 10 greater, at least for short
times. Whereas "a-Zr-free" Zr3Al oxidizes at about
one-half the rate of Zircaloy-2, "J-bearing" alloys (of
the composition studied here) oxidize at a rate five times
greater than that for Zircaloy-2.

(b) Oxidation of Hot-Rolled Strip_ (0.1 MPa steam at

1ÏOÏ '
Further to PR-CMa-39 (section 4.2.8b), after

200 days the hot-rolled Zr 8.9% Al strip continues to
oxidize at a rate which decreases with increasing time.
In comparison, material of the same composition and same
transformation anneal (24 h/1160 K), but not roiled, shows
a breakaway after * 100 days. The difference is attri-
buted to the redistribution of the a-phase during hot
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Figure 4.2.9.1 Short-term oxidation curves for Zr 8.6 wt% Al
in pressurized water (8.2 MPa) at 575 K. For
comparison, curves for Zircaloy-2 and Zr 8.9* Al
(taken from PR-CMa-39 and ear l ier progress reports)
are shown without data points.
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working. These results confirm the earlier conclusion
that hot working is beneficial.

4.3 METAL PHYSICS

4.3.1 The Mechanism of y-ZrH Precipitation in Zirconium

- G.J.C. Carpenter and J.F. Watters

In a preliminary discussion of the precipitation
of Y~zirconium hydride (1) it was suggested that the
reaction could be accomplished by the diffusion of
hydrogen alone, with the passage of an appropriate
sequence of 1/3<1OÏO> partial dislocations on the basal
planes; Further consideration of this mechanism has
shown that the partials must shear every second plane
to accomplish the necessary change in stacking sequence
from hep to fee. Any movement of the Zr atoms is
necessarily limited to shuffles of less than one atom
spacing to complete the transformation to fee with the
appropriate lattice parameter.

A number of mechanisms may give rise to the
required partial dislocations: (a) homogeneous nuclea-
tion (b) nucleation at free surfaces, grain boundaries
and incoherent intermetallic particles,_and (c) disso-
ciation of existing l/3<1120> or 1/3<1123> dislocations.
There is no certain evidence for a homogeneous nucleation
mechanism which requires a high activation energy for
both nucleation and growth, whilst heterogenous nuclea-
tion has often been observed. Nucleation at dislocations
could occur in a manner similar to twinning by either a
pole or a ratchet mechanism. The former requires a
dislocation with a component of Burgers vector along the
c-axis, e.g. 1/3<1123>.

Experiments with single crystal specimens have
shown that c-component dislocations are not normally
observed in well-annealed materials. A ratchet multi-
plication mechanism with the common l/3<1120> dislocations
is therefore more likely and is supported by contrast
experiments in the electron microscope, which show a
strong shear component in the strain field surrounding
the hydride needles. These transformation shears may
play an important role in the nechanism for the preferen-
tial orientation of hydrides under stress.

(1) G.J.C. Carpenter, J.F. Watters and R>7. Gilbert,
Acta Met. 48, (1973) 267.
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4.3.2 Mechanical Testing

- E. Ho, F. Santone and S.R. MacEwen

Preliminary attempts to set up the computerized
Instron for high-temperature testing have shown that the
present extensometer rig is inadequate. There is too
much friction in the extensometer system, apparently due
to backlash and misalignment in the extensometer arms,
to give reliable strain output.

To circumvent the above problems, we are now
considering a new design for the loading frame. Firstly,
we will attempt to heat only the specimen by means of
a small (2.5 cm long) resistance furnace. A trial, single
winding furnace has been built, and will be tested to
determine temperatures and temperature gradients obtainable.
Secondly, the extensometer will be redesigned. By heating
the specimen only, we will be able to reduce the size
of the reraote extensometer from 73 cm to about 10 cm, thus
reducing misalignment and play in the strain measuring
system. This arrangement of heating and remote extenso-
metry will mean that the strain gauge can be left in the
vacuum chamber. This should improve the vacuum obtainable
during testing, since, with this particular arrangement,
the upper pull rod will be the only moving part coming
out of the vacuum chamber. Thirdly, we are making plans
to build a larger and more versatile vacuum chamber.

4.3.3 Irradiation growth

- S.R. MacEwen

The programme ZEUS, which calculates how irradia-
tion-produced point defects interact with each other and
annihilate at sinks, has been modified to include the
stress-induced bias between point defects and dislocations.
The choice of the Bullough (1) formulation or the Heald
and Speight (2) model is an option. The bias of small
prismatic loops, as derived by Wolfer (3), has also been
included. The fluxes of each of the three mobile defects
(vacancies, interstitials and di-vacancies) to each of 22
possible sinks or traps are calculated, and the various
ways that an interstitial can recombine with a vacancy
(free or trapped), are computed.

Calculations have been done to evaluate the
effect of solute-vacancy, SV, trapping on the flux
enhancement of the dislocation climb velocity, Vc.
Figure 4.3.3.1 shows the effec"-. of 0.1 at% solute, with
a 0.1 eV SV binding energy, on V c. Single trapping only

(1) R. Bullough and J.R. Willis, Phil. Mag. 31, 855, (1975)
(2) P.T. Heald and M.V. Speight, Acta Met. 2_3, 1389 (1975).
(3) W.G. Wolfer and M. Ashkin, J.A.P. 46, 547, (1975).
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is allowed; higher-order complexes, such as a solute
with two trapped vacancies, are assumed to decompose
with a binding energy of only 0.001 eV. It is also
assumed that the solute does not trap interstitials.
The calculations for Figure 4.3.3.1 were done for Zr
at 573 K with a damage rate of 1.5 x 10~8 dpa-s"1 and
the assumption that 10% of the defects escape immediate
recombination. The structure chosen is typical of
irradiated, annealed Zr: 5 x 10 2 0 m-3, 6.5 nm prismatic
loops, a network dislocation density of 2 x 10 m~2 and
a grain size of 10 ym. Calculations were done with a
vacancy migration energy of 1.4 eV with and without
trapping, and for comparison, with the vacancy migration
energy 1.5 eV with no trapping.

With solute-vacancy trapping the transient time
is increased and the steady-state climb velocity is
decreased (by nearly an order of magnitude). During
the transient, however, thé climb velocity is higher
than with no trapping. The change in the steady-state
climb velocity is attributable to increased vacancy-
interstitial (v-i) recombination. With a vacancy
migration energy of 1.4 eV and no trapping, 93% of the
irradiation-produced interstitials annihilated with
vacancies. With trapping, direct v-i recombination
accounted for 86% of the interstitials; however, a
further 13% of the interstitials annihilated at trapped
vacancies, for a total recombination rate of 99%. At
steady state the SV concentration is only 1.7 x 10"6;
that is only 0.17% of the available solute atoms have
trapped vacancies. Yet since the lifetime of a SV complex
is about 0.6 s, an interstitial makes about 1.4 x 106

jumps during its lifetime, and thus a significant number
of interstitials annihilate at SV complexes rather than
migrating to sinks such as dislocations.

4.3.4 Differentiation of Experimental Data

- S.R. MacEwen and F. Santone

In PR-CMa-39 (section 4.3.5), the method used
to link the y1 values from the nth and (n+l)th segments
was described; the starting point of the (n+l)^ segment
was chosen to be that which gave the smallest difference
between the value of the first derivative, determined
from the fit to the n t n segment, and that determined from
the fit to the (n+l)tn segment. The technique proved to
have three major faults: it could result in the final
curve of y1(x) having discontinuities in y, y', and y"
at the knots between segments. To solve the first two
problems an entirely new concept to curve fitting has
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been derived. In standard (library) curve fitting
routines the "best fit" is determined by minimizing the
residual sum of squares with respect to each of the
parameters in the fitting equation. In the new approach
it is desired to find the "best fit" through a set of
data given that the fitted curve will have specified
values of y and y1 at some point xc. Two of the required
curve fitting parameters are thus determined; the
remaining parameters are determined by minimizing the
residual sum of squares. Equations for the parameters
of the following curve fits have been derived: Linear,
quadratic, cubic, quadratic in ln(x), and power law,
y = A xB. The new routines are used for the second and
all subsequent segments of a given set of data, with Xc
the first point of the segment and y(xc) and y

1(xc) deter-
mined from the fit to the previous segment. While the new
approach solved the problems of discontinuities in y and
y1 at the knot, there remained the problem of discontinuities
in y", since x c is not uniquely defined. To overcome
this problem, a series of trial "best fits" is generated
beginning at x c values which move from the end of the
previous segment to its mid-point, "'he "best" of the
trial "best fits" is chosen as that which gives the
smallest difference in the curvature, y"/(l+y'2)3/2, at
the knot xc. Figure 4.3.4.1a shows a stress relaxation
test in Al, and the curve fit through the data; Figure
4.3.4.1b shows the stress rate as a function of time.
The first 31 points were fitted with a quadratic in ln(t)
and the final 99 points were fitted with a cubic. The
strain-time data for the same test are shown in Figure
4.3.4.2. Although there are 130 data points, digitization
has resulted in only 18 distinct values. The fitted
curve however is sirooth and, as shown in Figure 4.3.4.2b,
has continuous first ancl second derivatives.

4.3.5 Atomic Order Induced Vacancy/Interstitial Recombination
During Irradiation ; A Hypothesis

- E.M. Schulson

The acceleration of creep and the occurrence of
void swelling and growth are well-known phenomena in
nuclear engineering. While the details of their origin
remain to be established, it is generally held that the
phenomena arise from the creation (in equal numbers) of
vacancies and interstitials during irradiation and by the
subsequent interaction of these point defects with them-
selves and with other lattice defects (dislocations,
grain boundaries, etc). It follows that if the recombi-
nation of vacancies with interstitials were enhanced,
the rates of creep, swelling and growth would be reduced.



- 91 -

(a)

ID

(S)

,„......«•••••*"'

"|7SG.OO 1760 ,'00 176*!oÔ 176B!OO 177ZTOT I776!OO 1780 ! 00

TIME(s)

(b)

if)
CO
Ld

.00 1760100 1764*00 I78STOO 177z!oO 1776.00 1780.00 1784.00 1788.00

TIME(s)

Figure 4. 3. 4. 1 Stress relaxation test on Al. (a) stress-time data and the
fitted curve; (b) stress rate as a function of time.
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Figure 4. 3. 4.2 Stress relaxation test on Al. (a) strain-time data and
the fitted curve; (b) strain rate as a function of time.
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For the reasons described elsewhere (1), long-
range atomic ordering is thought to be a practical means
for increasing the probability of v-i recombination.
Essentially, it is argued that ordering increases the
vacancy concentration at steady state.

It should be noted, however, that the method
should be applicable only at intermediate temperatures
(̂  0.3-0.6 Tm) • This is not necessarily a disadvantage,
because nuclear reactors operate at such intermediate
temperatures for high strength metals. Why the method
is restricted to these temperatures can be seen from the
following argument.

Figure 4.3.5.1 is a sketch of the vacancy concen-
tration at steady state Cv, versus temperature, T, and
degree of long-range atomic order, S. The atomic
displacement rate and the sink densities are imagined
to be fixed, and, for the sake of argument, S is allowed
to be unity, even though a lower value is more probable
in practice. At low temperatures (T <_ Tj), the vacancy
mobility is normally so low that the annihilation rate is
dominated by recombination kinetics, i.e. by interstitial
mobility. In this region, any additional impediment to
vacancy mobility caused by atomic ordering should have
little effect on Cv, assuming that the interstitial
mobility is sensitive only to temperature and not to
long-range order. Similarly, at high temperatures (T ̂  T2)
the effect of ordering on C v should be negligible, because
here, even though the vacancy mobility is high, the
vacancy content is determined essentially by thermodynamics
and not by kinetics; and long-range ordering is thought
to increase the vacancy formation energy by only a small
amount. At intermediate temperatures, on the other hand,
vacancy mobility is an important parameter, and the
restrictive effect of ordering should reduce the rate of
vacancy migration and thereby cause C v and, hence, the
recombination rate to increase.

A further point is that reductions in vacancy
mobility by long-range atomic ordering should have the
effect of reducing the rate of any process which is depen-
dent upon the preferential absorption of one kind of
defect, including creep and void swelling.

(1) E.M. Schulson, "Order Strengthening as a Method for
Reducing Irradiation Creep: A Hypothesis",
Mater, (in press).
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Figure 4.3.5.1 Sketch of the vacancy concentration, Cv» versus
temperature, T, and degree of long-range order,
S. The atomic displacement rate and the sink
density are imagined to be fixed.
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4.3.6 Segregation to Zr2Al During the Përitëc'toid Transformation
Zr + Zr2Al •* Zr3Al

- E.M. Schulson, J.A. Roy, T.P. Trottier and
R.D. Davidson (Systems Materials Branch)

A first report (1) on the kinetics of the above
transformation revealed that the process is one in which
nucleation occurs heterogeneously at the Zr2Al/Zr interface
and growth occurs by long-range diffusion-controlled
migration in opposite directions of the Zr/Zr2Al, and Zr2Al/
Zr3Al interfaces. This implies that given enough time,
Zr and/or Zr2Al (depending on the overall alloy composi-
tion) should dissolve completely, resulting in a Zr3Al
matrix free from either or both of the parent phases.
Experience, however, is to the contrary. For instance,
even in a hypostoichiometric Zr 8.6% Al alloy (Zr3Al
occurs at 8.97 at% Al) annealed for 30 h at 1160 K after
g-homogenizing, a small amount (= 0.4% by vol.) of Zr2Al
remained. Factors other than time are clearly important.

Studies using electron microprobe analyses in the
SEM, coupled with optical microscopy, have now revealed
that the residual Zr2Al particles contain several percent
iron, an impurity (around 650 ppm) in the original ingot.
Additional studies using ingot material revealed very
little iron,if any, in the starting Zr2Al particles. It
thus appears that during the peritectoid transformation,
Fe concentrates in some Zr2Al particles. This alters the
local thermodynamic conditions to an extent sufficient
to render a three-phase field stable over a range of tem-
peratures, in keeping with the phase rule.

An implication of this behaviour is that low iron
content (say < 100 ppm) is a necessary condition for
complete Zr2Al dissolution during the transformation.
To test this point, two alloys were prepared, one containing
about 600 ppm Fe and the other around 100 ppm. As
expected, the "low-Fe" alloy, after transformation
(30 h/1160 K ) , contained < 0.1% Zr2Al, while the "high-Fe"
alloy contained 2 ± 1% of ?r2Al.

As discussed in section 4.3.8 of this report,
Zr2Al plays an important role in the fracture of Zr3Al.
The less of it, the better, at least from the mechanical
properties viewpoint.

(1) E.M. Schulson and D.B. Graham, Acta Met. 24 (1976) 615.
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4.3.7 Recrystallization of Zr3Al

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

Further to PR-CMa-39 (section 4.3.8), specimens
cold-worked to a true strain of e = 0.05 show <_ 2% (by
volume) recrystallization when annealed at 975 K for
1700 h. When compared to the earlier data, this result
implies that abundant recrystallization requires strains
in excess of 0.05. For instance, when e = 0.12 and 0.29,
recrystallization at 975 K is complete within <v 200 and
2 hours respectively. It may be that the recrystallization
sites are related to the occurrence of coarse slip which
becomes prominent in Zr3Al at strain? between e = 0.05
and e = 0.15.

A practical implication of the new result is that
in service recrystallization of Zr3Al in a pressure tube
configuration should not occur, assuming a service tempera-
ture of ^ 600 K and ? 5% cold-work in the component.

4.3.8 Fracture of Zr3Al; Analysis

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

Observations on the tensile fracture of un-notched
Zr3Al containing < 1% (by volume) Zr2Al have established
the following points:

(i) At low temperatures (< 295 K ) , failure occurs
suddenly via grain boundary cracking.

(ii) At intermediate temperatures (295 2 T ? 875 K
for material of 5 \xm grain size), failure also
occurs suddenly. Here, however, fracture occurs
near the point of maximum load, i.e. when da/de = a,
where a is the true tensile stress and e is the
true tensile strain. Fracture is initiated by
the cracking of hard, Zr2Al particles and is
propagated by the mechanism of micro-void coales-
cence .

(iii) At high temperatures (T > 875 K for a grain size
of 5 ym) the tensile load reaches a maximum and
then falls slowly to zero upon further deformation.
The strain (and stress) corresponding to the load
maximum decrease with increasing temperature. In
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this region, dynamic recrystallization occurs,
and fracture proceeds via sliding along the newly
formed grains. Whereas fracture in the low and
intermediate temperature regions is strain rate
independent, at high temperatures it occurs at
later stages of deformation (i.e. at higher total
elongations) with increasing strain rate. This
feature is a direct result of the grain boundary
sliding mode of failure.

(iv) Corresponding to the change in fracture mechanism
with increasing temperature is a change in ductility.
When given in terms of the area reduction at failure,
measurements revealed an increase froir. = 10% at
77 K, to = 30% at 295 K, a slight increase to « 40%
at 875 K, and then a marked increase to j> 90% at
temperatures above 875 K.

(v) Over the intermediate range of temperature the
fracture strength, of, decreases linearly with
increasing temperature, in direct proportion to
the decrease in Young's modulus, E. Thus, the
normalized fracture strength 0f/E is temperature
independent, i.e. crf/E = 0.109 ± 0.0002. Further-
more, in this same region of temperature, af/E is
independent of grain size, at least for sizes from
1.6 to 60 ym.

(vi) The microcracking observed during tensile deforma-
tion (PR-CMa-35, section 4.3.7) occurs not within
the Zr3Al matrix but at the hard, Zr2Al particles.
Generally, the particles cleave, although particle/
matrix interface rupture occurs occasionally. In
the low and intermediate ranges of temperature,
the surface crack density increases with increasing
plastic strain. The rate of increase is lower at
the higher temperature, a feature which is attributed
to lower rates of work-hardening. An alternative
explanation involving a greater plasticity of Zr2Al
with increasing temperature is improbable, because
transmission electron microscopy observations
revealed no dislocations in Zr2Al particles contained
in the 7r3Al matrix of specimens which had been
deformed 7% at 295, at 725 and at 875 K.

(vii) The microcracks which form during deformation are
non-propagating. In other words, the stress
intensity, K, at the cracK tip is less than Kic-
Since the maximum crack length, 2Z, is = 10 ym, and
the maximum stress at failure is « 1600 Mpa, it
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follows that:

This in in agreement with Ki c values (at 295 K)
of * 50 MPa>% (B.J.S. Wilkins, Whiteshell Nuclear
Research Establishment, unpublished work). Thus,
even though thousands of such cracks form during
deformation, they are stable, as evident from,
the blunting at the crack tips.

The analysis is continuing.

4.3.9 Defect Studies in Metals and Alloys via Positron Annihi-
lation" Measurements (PAM)

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

(a) The programme used with the PDP 11/05 for data
analysis has been upgraded to give greater flexibility
in the 'on line' data processing function - in particular,
more attention is being paid to those areas of the anni-
hilation spectra primarily associated with core annihila-
tion events.

(b) Zirconium

Samples of high purity Zr (see PR-CMa-39, section
4.3.10) have been prepared for irradiation damage studies.

(c) Titanium

Samples of good quality Ti single crystals have
been prepared for irradiation damage studies.

(c) Niobium - in conjunction with J.L. T'Thitton (Ùniv.
of Copenhagen, Denmark).

Samples of Nb-H have been studied. No particularly
obvious association between PAM and hydride precipitation
has been observed. However, unusual features - not
dissimilar in some respects to region I effects found for
PAM on a-Zr (1) have been noted - these merit further
investigation.

(1) G.M. Hood and R.J. Schultz, Positron Annihilation in
a-Zr, to be published in J. Nucl. Mater.
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4.4 PUBLICATION, REPORTS AND LECTURES

4.4.1 Publications

Submitted to:
Proceedings 35th annual
meeting of the Electron
Microscope Society of
America

Scanning Electron Microscope
of an 8ym Film

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

4.4.2 Lectures

Department of Metallurgy and
Materials Science
University of Pennsylvania
Philadelphia, Pa.
March 1 (invited lecture)

Division of Engineering
Brown University
Providence, Rhode Island
March 2 (invited lecture)

Design and Development of
ar Advanced Nuclear
Engineering Material, Zr3Al;
Need, Science and Engineering

- E.M. Schulson

Nuclear Alloy Design
with reference to the
CANDU Power Reactor

- E.M. Schulson
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

5.1 Isotope Separation by Vibrational Enhancement of Reaction
Rates

The CDMS (Chemiluminescence Depletion with Mass
Spectrometry) approach, being developed under this contract,
should permit a more systematic examination of the effect
of reagent vibration and rotation, k(V,R), in enhancing
reaction rates, than has been possible heretofore. Pre-
liminary evidence to this effect was presented in our
previous report. Construction of an improved CDMS ap-
paratus has proceeded in the present quarter.

AH a guide to o.ur experimental program we have under-
taken A theoretical study of the effect of barrier location
on the detailed rate constant, k(V,R,T), where V, R and T
are respectively the reagent vibrational, rotational and
translational energies. Through earlier work (both
theoretical d»2) an(j experimental (3) ) we had been led to
hypothesize that: (a) substantially endothermic reactions
would in general have energy-barriers with their crests
located along the coordinate of product-separation (i.e.,
"late" barriers), and (b) that the detailed rate constant,
kendo(vfT), would increase much more steeply with V than
with T for reactions of this type.

The objective of the current theoretical study (per-
formed over the past six months) has been (a) to compare
^endo(V) for potential-energy hypersurfaces with barriers
of differing "lateness", and (b) to obtain the general
form for kendo(R) on these same surfaces. The three di-
mensional "classical trajectory" method was employed.

Three potential-energy hypersurfacer were used. All
were of the LEPS ("London, Eyring, Polanyi, Sato") variety.
Surface 1 made use of the spectroscopic constants for the
reaction,

[1] HC1(V,R) + Na -»• H + CINa

This is a moderately endothermic reaction (the classical

obarrier height is E c ^ 46 kJ mol"
1) which yielded a

barrier with its crest shifted very slightly (by 'v- 0.03 Â)
along with the coordinate of separation. Surfaces 2 and 3
made use of the spectroscopic constants for the reaction,
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[2] HF(V,R) + Na -» H + FNa

This is a more endothermic reaction (Ec <\» 79.5 kJ mol"
1

using surface 2, E c ^ 117 kJ mol"1 for surface ,3). We
have generated two different potential-energy surfaces
for reaction [2] using two different published values for
the bond dissociation energy of HF (481 kJ mol"1 for
surface 2, and 518.8 kJ mol"1 for surface 3). The two
hypothetical surfaces for reaction [2] differ principally
in endothermicity (surface 2 is 37.7 kJ mol"1 less endo-
thermic than surface 3), but only to a minor extent in
barrier location.

The true surfaces for reactions [1] and [2] are un-
known. We have simply used the spectroscopic constants
for these two reactions as a basis for the construction
of model potential energy surfaces (with reasonable physical
properties) which it is hoped will shed light on the
effects of (i) making the energy barrier "later", and
(ii) making the barrier higher without significantly
shifting the location of the crest.

We have performed an extensive trajectory study in
which we have examined the effect of variation in all three
parameters V, R and T on all three potential energy sur-
faces. This has required that we run 27 batches of
trajectories, each of which comprises a total of approxi-
mately 400 individual trajectories (of which in the
region of 150 - 300 would be reactive). The total time
required to run these trajectories on an IBM 370-165 II
computer was approximately 4 hours.

The major findings from this theoretical study can
be summarised as follows. (The conclusions from theory
are presented in terms of reactive cross sections, Sr, at
fixed collision energy. Monte Carlo averaging over a
thermal distribution of reagent collision energies re-
quired in order to obtain the detailed rate constants
k(V,R) would be excessively time-consuming, and would
almost certainly leave our conclusions unaltered.)

(1) The reactive cross section Sr(V) rises less steeply
on surface 1 than on surfaces 2 and 3. It seems that
displacement of the barrier-crest to a later position
along the reaction coordinate increases the sensi-
tivity of Sr tc changes in V. By contrast, increased
endothermicity (without significant change in the
barrier location) has a negligible effect on the de-
pendence of ~r on V, above the reaction threshold.
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(2) At enhanced collision energy the; form of Sr(V) is no
longer so sensitive to the barrier location. Presum-
ably at low T reagent vibration is much the most
important degree of freedom in bringing about re-
action; consequently features of the potential-energy
surface that affect the efficiency with which V is
utilized have a marked effect on the magniguue of S r
and hence on the form of Sr(V).

(3) On all three potential-energy surfaces, over the full
range of reagent vibration and translation (V and T)
examined, Sr exhibits a tendency to increase slightly
with reagent rotational energy, R. (The details of
Sr(R) are lost in the noise, but the qualitative
effect is evident.)

These computations were performed by Dr. N. Sathyamurthy.
The findings are in the process of being subjected to close
analysis. A quantitative account will be given in a sub-
sequent report.

(1) J.C. Polanyi and W.H. Wong, J. Chem. Phys., 51_ (1969)
1439.

(2) J.C. Polanyi and J.L. Schreiber, Physical Chemistry —
An Advanced Treatise, Volume VIA; Kinetics of Gas
Reactions. Ed. H. Eyring, W. Jost and D. Henderson,
Ch. 6, p. 383. Academic Press, N.Y. 1974.

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