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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

The cross sections for producing K X-rays in single ion-
atom collisions have been measured over a range of atomic numbers
and at energies from 2 to 225 MeV. By expressing the cross
sections and energies in suitable units, it is possible to
construct a universal curve which describes the variation of
cross section with energy for all combinations of ion and target
atom.

Radiation damage in the ordered alloy Zr3Al is greater
from heavy ion irradiation than from electron irradiations, when
compared on the same basis. The dominant process is thought
to be the same in both cases, i.e. the propagation of a sequence
of collisions in which each atom displaces its neighbour in a
chain involving a small number of atoms.

Radiation Chemistry

Sets of experimental resultv> used to test the theory of
water radiolysis are discrepant as they stand in the literature.
Results from CRNL have been reconfirmed and the experiments are
now being extended to explore the effects of acidity and electron
scavengers in an attempt to explain the discrepancy.

The optical absorption of solvated electrons generated
by pulse radiolysis of liquid aliphatic amines containing alkali
metal salts increases with time following the electron pulse.
Recent studies have shown that this behaviour is sensitive to
the basicity of the solvent anion, which suggests that reaction
between solvent anions and other radiolytic species is occurring.

Hydrogen-Isotope Exchange

a) Photochemical Processes

Further experiments on the mechanism of the photolysis
of methanol by infrared laser light give additional support to
the view that two processes are competing, one of which causes
a decrease in isotopic selectivity and predominates at higher
pressures. A reaction mechanism which is in accord with the
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experimental observations has been formulated for this process.

The laser magnetic resonance spectrometer was operated
for the first time as a complete unit and a good spectrum was
obtained for hydroxyl radicals. Modifications are underway to
install a stronger magnet and a laser to generate free radicals
for study, to improve temperature control and to eliminate
vibrations.

b) Homogeneous Chemiaal Processes

The kinetics of isotopic exchanges between molecular
hydrogen and cyclohexylamine catalysed by Li, Na, K and Cs are
being studied; except for the lithium salt, exchange rates are
linearly dependent on stirring rate, thus indicating rate control
by diffusion.

Isotopic exchange between hydrogen sulphide and methanol
is being studied to elucidate the mechanism of reactions of this
type. Measurable rates have been observed in preliminary
experiments using nuclear magnetic resonance techniques.

Surface Studies

The photoelectron spectrometer has been modified to
enable sensitive and rapid measurements of the work function of
a surface to be made during the adsorption and desorption of a
gas. Preliminary tests have been completed with carbon
monoxide on platinum and the correlation of work function with
coverage is as expected for this particular combination.
Anomalies which appeared on desorption of the gas remain to be
investigated.

Further work on the structure of platinum crystal
surfaces has reconfirmed the transition from the reconstructed
clean surface to the bulk structure when hydrogen is absorbed
on the (100) face over the temperature 200-240 K. The surface
layer of platinum atoms is relaxed slightly outward when covered
with hydrogen.

Similar studies of the (110) face of platinum indicate
that radiation damage during the early experiments seriously
influenced the measurements. No evidence for relaxation was
found using the new, low-dose technique.

Analytical Chemistry

The atomic absorption spectrometer has been automated for
sample selection and data processing. An electric oven source
is used and, except for an integrator built at CRNL for the
purpose, the apparatus was assembled from components on hand.
The characteristics of the system have yet to be fully determined.



Separation of the lanthanides by high performance liquid
chromatography has been improved by reduction of the background
between the elution peaks. This was accomplished by mixing
the eluant and reagent more thoroughly in a small volume cell
and by damping the pulses from the pressurizing pump.

Materials Science

High temperature electrochemical experiments on the
oxidation of zirconium alloys in an autoclave have commenced.
Preliminary results on Zircaloy-2 show that hysteresis in the
polarisation curves is greater in sodium sulphate solution than
in fused salts at 573 K and equivalent polarisation rates.

After extensive testing, no oxide film-stripping technique
has yet been found for zirconium alloys which does not cause
some dissolution of the oxide. A recommended method which
minimizes the amount of attack on the oxide is reported.

From a comparison of interference colours and oxygen
analyses a relationship between weight-gain and oxide thickness
has been established for oxides on Zr3Al. The thickness
equivalent is about 18% less than that for zirconium and the
difference may result from differences in refractive index or in
density of the films.

A satisfactory miniature furnace has been developed for
the computerized mechanical test apparatus, thus permitting high
temperature testing with excellent uniformity and control of the
specimen temperature.

Calculations of the contribution of stress-induced
preferential absorption (SIPA) of interstitials to irradiation
creep of Zr-2.5% Nb show that when the same input parameters
and assumptions are used only small differences are found in the
results calculated from the various theories. The major source
of discrepancies arises from the assumptions made about the
details of the irradiation damage cascade.
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1.2 ION PENETRATION

1.2.1 K-Shell Ionization Cross Sections In Heavy Ion-Atom
Single Collisions; A Test Of Generalized Scaling Laws

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

We have measured absolute total K x-ray cross
sections for a large variety of collision partners, both
symmetric and near-symmetric, under single collision
conditions. Our measurements at present span the region
16 £ (Zi, Z2) £ 54 with projectile energies in the range
1 <_ E £ 225 MeV.

Table 1.2.1.1 lists the systems we have studied.

Table 1.2.1.1

Collision systems and energy regions for which total K
X-ray cross sections have been measured under single
collision conditions, i.e. using gas targets.

Collision System Energy Region (MeV)

S •*• A r

Cl •*• Ar

A r •* A r

Mn -»• A r

Mn ->• Kr

Ni -> Kr

Cu -> Kr

Ge •* Kr

As •* Kr

Se •* Kr

Br •* Kr

I ->• Kr

* B r •*• X e

* I •* Xe

Preliminary (uncorrected for Coulomb excitation
effects, which appear to be small).

10

10

1.3 -

1.3 -

2.

20

20

20

20

20

8

42

26

42

30

30

2.0

2.0

0

80

80

80

80

80

100

149

59

225
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X-ray yields and scattered particle yields were
measured at 90° and 44°, respectively. Absolute
cross-section values were obtained by normalizing the yields
from heavy ions to those from proton- or alpha-particle
excitation, for which cross sections are known with a
precision of ±10%. We estimate the total uncertainty in
our results to be typically ±15%. (Neutral atom
fluorescence yields were assumed in deducing K-
ionization cross sections from the X-ray cross sections-)

If we restrict our attention to those systems where
Q = Z L/Z H >_ 0.6 (ZL = lower Z, Z H = higher Z) , i.e. where
2pa vacancy formation is believed to be the dominant
mechanism for producing vacancies in the K shell, we find
a smooth variation of scaled total cross sections using
united-atom binding energies. Figure 1.2.1.1 shows these
results.

Our data show, incidentially, that in a near-
symmetric collision (Zi, Mi) •* (Z2, M2) at fixed centre-
of mass energy, oc (Zi-> Z2) = a K(z 2 +

 zi) under single
collision conditions. This equality is, of course, not
valid for the case of thin solid targets where pre-
collision inner shell vacancies may be present, as we
have shown previously(*'.

Earlier attempts(2»3) to obtain a "universal"
scaling relation for K-ionization cross sections in
collisions of heavy ions and atoms had been hampered by
a paucity of precise gas target data. With the new cross
sections, we should be able to make a more meaningful
evaluation. At the same time we can establish the
(Zlf Z2, v) conditions for which other excitation
mechanisms, e.g. 3da ionization, predominate.

(1) W.N. Lennard, I.V. Mitchell, J.S. Forster and
D. Phillips, J. Phys. B^LO, 2199 (1977),
J. Phys. B9_, L317 (1976) .

(2) C. Foster, T.P. Hoogkamer and F.W. Saris,
J. Phys. B9, 1943 (1976).

(3) W.E. Meyerhof, R. Anholt, T.K. Saylor and P.D. Bond,
Phys. Rev. All., 1083 (1975).
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Plot of scaled K-ionization cross sections for the systems given

in Table 1.2.1.1. The abscissa is (v/vL)
2: v is the projectilt

velocity, vL* = 2UL/me where U^ is the 2pi binding energy for the
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of keV2*cm2) where (Zjz + Z2
2) and o

R

K'"eff
is the total

K-ionization c-oss section i.e. for both collision partners.
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1.2.2 Stopping Powers For Heavy Ions

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

Measurements of the energy dependence of heavy ion
stopping powers have been extended to include thin films
of Be and Ag.

Beams of 7Li, 12C and 160 have recently been used
and the data obtained are now being processed. Results
for HHe ions stopping in Be, C, Al, Ag and Au have been
finalized and the data are being prepared for publication.

It is of interest to compare our measured stopping
powers at 600 keV with the data given by Ziegler and
Chu^1). It can be seen from Figure 1.2.2.1 that our
measurements neither confirm nor deny the existence of Z2
oscillations in stopping powers.
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Figure 1.2.2.1

He stopping powers at 600 keV vs atomic number of sub-
strate. The points © are our measurements and the solid
line is from reference 1.
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The high precision obtained in our work to date has been
due in part to the ease of formation and characterization
of the target materials chosen. Most of the elements
which are thought to exhibit maxima or minima in the
oscillations, do not readily form thin, self-supporting
films. One exception is Ni (Z = 28) which we shall study
next.

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

1.2.3 Thickness Measurements Of Thin Films

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

The ease of producing self-supporting films in the
thickness range 10 to 100 yg/cm2 has led to their use in :
a wide variety of atomic and nuclear physics experiments.
In our work we have been using thin films as absorbers ,
for stopping power measurements. For several elements i
films can be obtained commercially with nominal thick- j
nesses given to + 20%. For certain applications a more \
precise knowledge of thickness is required. !>

A non-destructive method suggested by several
authorsf1»2) involves measuring the energy shift which
occurs when a film is placed between a radioactive alpha
source and a particle detector. In attempting to use
this method we found poor agreement between published
values for the energy shift per unit thickness for films
of a given element. Some of the published values are
listed in Table 1.2.3.1. Because of the lack of agreement
we undertook to determine precise values which would
enable this technique to be used for precise thickness
measurements. Films were prepared(3) and transferred to
pre-weighed Ti frames with a "self-supported" opening of
0.9 cm diameter. The film area was measured with a
travelling microscope and its weight with a microbalance.
The energy shift of the 5.846 MeV alpha particle from a
collimated 2lflAm source was determined, in vacuum, for
each of the calibrated films. A surface barrier alpha
spectrometer was used with a resolution of 12.5 keV FWHM.
The measurements were made for many weighed samples to
establish stopping power values.

Although the use of a high resolution detector
easily resolved the peaks of the 5.443 and 5.486 alpha
groups of 2ltlAm, contributions of one peak area to the
other required that data analysis be performed at the
Computer Center to determine peak centroids in the shifted



ilm

C

Al

Au

1

0

0

(4)

.087

.793

.267

m
X
able

Stopping Powers

3.184

published

(5)

1.18

0.776

0.272

(6)

0.952

0.780

0.295

9 -

1.2.3.1

(keV per

Energy

this work

1

0

0

.06 0

.738 0

.262 0

pg-crrT2)

(MeV)

5.

published

(4) (5)

.746 0.779

.571 0.570

.215 0.220

486

0

0

(7)

—

.580

.218

this

0.

0.

0.

work

747

589

228

and unshifted peaks. To simplify the technique we
obtained a monoenergetic alpha source of 11+8Gd (alpha
energy 3.183 MeV). Single peak centroid fitting could
then be performed on a small, computer based pulse height
analyzer. \

Our measured stopping powers for llt8Gd and 2ltlAm
alpha's are given in Table 1.2.3.1. Errors in the
measurements are expected to be less than 5%. Experience
has shown that films are homogeneous over a 1 cm2 area,
but that other films from the same batch usually have
different thicknesses. Each film should be measured
individually. In the case of carbon films, both our
commercial suppliers quoted thickness values that are
20 to 30% too low.

(1) K. Ramavataram and D.I. Porat, Nucl. Instr. Meth. 4_,
239 (1959).

(2) V.E. Lewis, Nucl. Instr. Meth. 6_4, 293 (1968).

(3) J.L. Gallant, Nucl. Instr. Meth. 102, 477 (1972).

(4) C.F. Williamson, J.P. Boujot, J. Picard, Centre
d'études nucléaires de Saclay, Report CEA-R3042
(1966) .

(5) L.C. Northcliffe and R.F. Schilling, Nucl. Data
Tables 7, 233 (1970).

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

(7) D. Ward, J.S. Forster, H.R. Andrews, I.V. Mitchell,
G.C. Ball, W.G. Davies and G.J. Costa, Atomic Energy
of Canada Limited, report AECL-4914 (1975).
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1.2.4 Platinum Surface Structure Studies

- J.A. Davies, D.P. Jackson, N. Matsunami, P.R. Norton
(Physical Chemistry Branch) and J.U. Andersen (Univ.
of Aarhus, Denmark)

Using the modified (low-dose) technique reported
previously (PR-CMa-42, section 1.2.5), we have repeated
our earlier measurements of the (100) and (110) Pt
surfaces.

In the (100) case, we again clearly observe a
decrease of 0.5 atoms/row in the surface peak as the
crystal is cooled below room temperature, indicating that
the adsorption of H2 on cooling causes the laterally
reconstructed clean surface to revert back to the bulk
structure (cf. PR-CMa-39, section 1.2.4). Results of a
carefully measured cooling curve show that this transi-
tion occurs over the temperature range 200-240 K. At
temperatures below 200 K, the surface peak area agrees
quite well with our computer simulations for the un-
reconstructed lattice. However, a detailed angular scan
for a non-perpendicular axis (i.e. <110>) exhibits a
slight anisotropy, with the minimum surface peak occurr-
ing at a smaller tilt-angle than 45°. This anisotropy
indicates that the H2-covered (100) surface is relaxed
slightly outwards; best fit with the computer simulation
is obtained for Ad = + 0.0015 + 0.001 nm'

In the (110) case, the revised measurements show no
evidence of any lateral reconstruction. This does not.
agree with our earlier results (PR-CMa-37, section
1.2.6), where a significant increase in surface peak was
observed at the higher energies (1-2 MeV), and indicates
that radiation damage effects were seriously influencing
these previous high-dose (110) measurements. Detailed
angular scans for perpendicular (<110>) and non-
perpendicular (<111>) incidence exhibit no evidence of
anisotropy, indicating that any relaxation effects on the
(110) surface are less than 0.001 nm.

This work is now being prepared for publication.

1.2.5 Surface Structure Analysis By Rutherford Backscattering
And Channeling

- P.R. Norton (Physical Chemistry Branch), J.A. Davies,
D.P. Jackson, N. Matsunami and C. Sitter

See PR-CMa-43, section 3.3.2.(b).
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1.2.6 Heavy Ion Stopping °owers At Low Energies

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

Using the apparatus described previously, we have
measured energy losses of all elements 6 <. Z <_ 20 (with
the exception of 2 7A1 and 2 8Si in foils of carbon,
aluminum, nickel, silver and gold. Measurements were
made at velocities close to 0.18 and 0.22 cm-ns"1

(v/vo = 0.82 and 1.01 respectively). Since there was an
appreciable energy loss in traversing the carbon foil at
the "start" channel plate we have first analyzed the
results for stopping in carbon. This was done assuming
initially Northcliffe and Schilling values for ions in
carbon in order to apply the correction for energy loss
in the "start" foil. The resulting stopping powers for
carbon were then used for the correction, and the
analysis repeated. Although the energy loss in the start
detector was appreciable (typically approximately 40 keV
compared to approximately 100 keV loss in the sample
material) the uncertainty it introduced into the
stopping powers was rather small. If we adopt the
stopping cross section given, for example, by Ziegler
and Chu^ 1), we can then obtain the stopping powers for
the other ions.

There is a pronounced Z\ oscillation effect in our
data in agreement with earlier results by Ormrod and
Duckworth*2'. Our preliminary results indicate that the
Zj oscillation is much reduced in a nickel foil. This
Z2-dependence of the Zi oscillation amplitude had been
noted previously by Ormrod (private communication of
unpublished data) and is also reflected in the apparent
dependence of nuclear lifetimes measured by the Doppler
Shift Attenuation Method in different recoil medial 3).

Analysis of the data is in progress and further
attempts are being made to obtain 2 7A1 and 28Si beams.

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

(2) J.H. Ormrod and H.E. Duckworth, Can. J. Phys. 4^,
1424 (1963) .

(3) T.K. Alexander, J.S. Forster, G.C. Ball and
W.G. Davies, PR-P-115, section 2.11, Atomic Energy
of Canada Limited, report AECL-5966; and
T.K. Alexander, J.S. Forster, G.C. Ball, W.G. Davies
and I.V. Mitchell, PR-P-116, section 2.2, Atomic
Energy of Canada Limited, report AECL-6083.
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1.2.7 Lifetime Measurements Of Compound Nuclei Preceding
Fission By Crystal Blocking""̂

- J.U. Andersen and K. Jorgensen (Aarhus University),
W.M. Gibson (SUNY, Albany), J.S. Forster and D. Ward
(Nuclear Physics Branch) and I.V. Mitchell

See PR-P-116:2.4 (AECL-6083).

1.2.8 Accurate DSAM Lifetime Measurements In s-d Shell Nuclei
Using **He Implanted Targets

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

See PR-P-116:2.2 (AECL-6083).

1.2.9 Data Acquisition System

- D.C. Santry

Measurements of thermal and fast neutron cross
sections have been curtailed for the past two years due
to the lack of a pulse height analyzer for gamma-ray
spectrometry.

A replacement unit has just been acquired from
Nuclear Data Inc. The ND 6603 data acquisition system is
built around a Digital Equipment Corp. LSI-11 micro-
computer and operates on a fixed program in read-only-
memory. It is possible to feed data from several
detectors simultaneously and independently into 8000
channels of 105 counts per channel. A sample changer
control was included for automatic data collection and
output of data is onto a 9 track magnetic tape. The
computer center has just provided the necessary programs
to read the format used by the 9 track magnetic tape unit.

Uncompleted neutron cross-section work will now be
finalized.

1.2.10 2.5 MV Positive Ion Van de Graaff

- J. Lori

The Ultra High Vacuum LEED-Auger equipment and the
differential pumping station have arrived and the pre-
liminary tests are being done.
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The accelerator operation was satisfactory during
the past three months, with the following schedule:

Month

September

October

November

Operating Time

(hours)

139

154

156

High Voltage Mass Separator

Lost Time

(days)

1

2

0

Routine Checks

(days)

1
0

0

- G.A. Sims

Only two mechanical faults were associated with the
accelerator during this period. One was associated with
a poorly designed connection on the ion source oven
supply. This connection contributed to sparking around
the oven assembly which eventually led to a vacuum leak.
The other failure occurred in the freon cooling lines,
which had to be replaced because of pinholes caused by
electrical breakdown. A more reliable suspension system
fcr these lines is being investigated.

Considerable time was spent in an effort to obtain
useable beams of li0Ca+. 27A1+ and 2 8Si +. Eventually a
satisfactory beam of ttt)Ca+ was separated and was
identified by K-X-ray emission produced by Ca ion bombard-
ment of a Ti target, for which the cross section is
enhanced by molecular orbital electron promotion processes.
An 2 7 A 1 + beam was also successfully acquired. Several
different types of ion source loads and gases have been
used in attempts to obtain a useable 2 eSi + beam, so far
without success; the problem is compounded by the fact
that C0 + and N2 + also have a mass of 28.

The total "beam-on" time during the past three
months was 276 hours.
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1.3 ELECTRON MICROSCOPY

1.3.1 Ion-Simulation Of In-Reactor Creep In. Zr-2.5% Nb

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

In order to extend our earlier room temperature
studies (PR-CMa-42) to 573 K, an improved vacuum in the
specimen chamber of the Philips electron microscope is
required. Otherwise oxidation becomes a problem. A
small oil diffusion pump was added to the specimen
chamber but no improvement was noted. A large, 100 litre
per second, ion pump has been borrowed from Nuclear
Physics for further tests.

Photo masks are being made to prepare micro-tensile
specimens by a photo-resist method. These specimens will
be strained in the microscope and examined for micro-
structural changes following incremental ion doses.

1.3.2 Preparation of 14 nm Thick [110] Oriented Ge Specimens

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

To increase the percentage of [110] oriented grains
in the 14 nm thick Ge specimens being prepared for multi-
beam lattice-image work, [111] NaCl substrates are
presently being investigated. The films, as described in
PR-CMa-41, are produced by depositing an amorphous layer
of Ge of the required thickness on the NaCl substrate.
They are subsequently crystallized by a high temperature
anneal. Microscope examination of films grown on [100]
and [110] oriented substrates suggest that [111] oriented
substrates will result in the desired [110] oriented Ge
overgrowth.

1.3.3 The Irradiation Behaviour of Zr3Al

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

More detailed information has been obtained concern-
ing the irradiation-induced disordering of ordered Zr3Al
produced by Ar+ ion bombardments. The degree of long-
range order S was assessed by measuring the intensities
of the superlattice (Is) and of the fundamental (If) spots
on selected area diffraction patterns using a micro-
densitometer. The measurements were performed on
diffraction patterns taken as near to the centre of the
zone axis as possible and in which there was a symmetrical
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distribution in spot intensities around the transmitted
spot. The ratios Is/If were obtained for <100> and
<200> diffracted spots as well as for the <110> and_
<220> spots. Using average values of the ratio Ïs/Tf,
the degree of order for any particular irradiated state
was calculated from the expression:
S = [(Is/îf)irrad. / (îs/ïf)unirradJ

The change in S as a function of the number of dis-
placements per atom (dpa) is shown in Figure 1.3.3.1 for
Ar + ion bombardment at 30-40 and 285 K. It is apparent
from the results that there is considerable experimental
scatter and consequently S cannot be determined to a
high degree of precision by this technique. Nevertheless,
there appears to be fairly good internal consistency of
the results; compare the <110>/<220> data to those for
<100>/<200>, for example. For a given dpa level, the S
values are consistently lower for the 30-40 K bombard-
ments than they are for the 285 K bombardments. Hence
the present results confirm our earlier observations
(L.M. Howe and M.H. Rainville'1') that the ion fluence
required to produce a completely disordered state was
dependent upon the bombardment temperature. This effect
occurs in spite of the fact that following the ion
bombardments the specimens were all warmed to approximate-
ly 295 K for examination in the electron microscope. It
is attributed to interstitials becoming mobile above
approximately 110 K and migrating in the lattice in such
a manner (possibly by an interstitialcy mechanism) that
they result in an increase in the degree of order and
thus partially offset the overall disordering effect
produced in the displacement cascades during the
irradiation.

Comparing the 285 K Ar+ ion irradiation results of
Figure 1.3.3.1 with the 320 K electron irradiation
results of Carpenter and Schulson^2', it was noted that
for any particular dpa level, S was approximately 1.5 to
2.0 times higher for the electron bombardments than for
the Ar + ion bombardments. Also the calculated dpa values
do not take into account instantaneous recombination of
vacancies and interstitials in the displacement cascade.
This effect is more important for heavy ion and neutron
irradiations than it is for electron irradiations. The
net effect of this would be to reduce the calculated dpa
values for the Ar + ion bombardments by about a factor of
two relative to the electron bombardments.

This would then imply that for a particular existing
dpa level, approximately three to four times as many
replacement events leading to disordering of Zr3Al occurs
for Ar + ion irradiation than for electron irradiation.
It is worth noting that the displacement rates used in the
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Figure 1.3.3.1

Variation in the long-range order parameter S as a function of
displacements per atom (dpa) produced by Ar + ion irradiation at
30-40 K and at 285 K. The points and error bars denote mean
values and deviations from the mean respectively. Open and closed
symbols are for 285 K and 30-40 K Ar + ion bombardments respec-
tively. Circular symbols - <110>/<220> ratios used. Triangular
symbols - <100>/<200> ratios used.
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electron and Ar + ion bombardments were comparable i.e.
5 x 10~4 - 5 x 10~3 dpa/s for the electron bombardment
and 2.0 x 10"1* - 9.0 x 10"1* dpa/s for the various Ar + ion
bombardments. Also, Carpenter and Schulson obtained
essentially the same results at 5 x 10"1* dpa/s as at
5 x 10"3 dpa/s.

However, even though the Ar + ion bombardments are
somewhat more efficient in disordering Zr3Al than the
electron bombardments, the magnitude of the effect is not
large enough to invoke different main mechanisms for dis-
ordering in the two cases. The predominant disordering
mechanism in electron and ion bombarded Zr3Al is probably
the propagation of short-range replacement collision
sequences, with possibly some thermal spike disordering
occurring in the ion bombarded case. Short-range
collision sequences are favoured over long-range ones in
Zr3Al because of the appreciable differences in atomic
masses between Zr and Al and since there are indications
that the interstitial/vacancy recombination rate is
fairly high in l

L.M. Howe and M.H. Rainville, J. Nucl. Mat. 68 215
(1977)

G.J. Carpenter and E.M. Schulson (to be published
in J. Nucl. Mat.)

1.4 NUCLEAR METHODS OF ANALYSIS

1.4.1 The Reaction Of Aluminum With Water

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

In PR-CMa-4 2, we described marker experiments with
oxide films on Al surfaces that had been formed by
reaction with water at 368 K and subsequent anodization
at 294 K. We noted that the step in the continuum derived
from Rutherford backscattering off Al in the films
indicated that there was variation in composition of the
oxide throughout its thickness. We have now carried out
experiments designed to systematically investigate the
stoichiometry of composite oxide films. To this end,
samples were prepared in which we varied: (a) the time
of exposure to water at 368 K over the range of 4 to
25 min; (b) the anodization voltage from 50 to 400 V;
(c) the temperature during anodization, room temperature,
and 368 K; (d) the order in which the steps were carried
out. In additional samples, prepared in similar ways, the
oxide films were separated from the substrates before
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obtaining spectra. These provide a more precise measure
of the oxygen content as the peak derived from the back-
scattering off oxygen is no longer superimposed on the Al
continuum. This thin film work was carried out with the
cooperation of D. Phillips. In all, over one hundred
spectra have been obtained, but the data have yet to be
analyzed in detail.

It was intended to study the role of water in the
formation of these films by using D2O and analyzing for
D by means of a 3He reaction. Unfortunately, during trials
of this method it was found that the D incorporated in the
film diminished during the analysis, apparently due to
some action of the beam such as localized heating. Any
values obtained would thus be meaningless.

' 1.4.2 Fluorine Analysis Using The I9F(p,oty) 160 Reaction
i
[ - W.D. Mackintosh and H.H. Plattner
1

The 19F(p,ay) 160 reaction has been used to measure
the amount of F on the surface of Zircaloy samples for
the System Materials Branch and for the Materials Science
Branch. The samples for the former were scanned along
their lengths at 3 mm intervals. In both cases, the
proton energy was varied about the 1200 keV resonance to
ensure that both the oxide surface and the oxide/metal
interface were analyzed. In no case was F found in
amounts > 0.5 ^

1.4.3 Neutron Activation Analyses

- H.H. Plattner

The Co contents of two samples of Inconel were
determined by irradiation in NRX followed by y-ray
spectrometry. These samples were of interest to the
Metallurgical Engineering Branch.

1.5 COMPUTATIONS

1.5.1 The Reflection of keV Light Ions From Solids

- D.P. Jackson

The investigations of light ion reflection discussed
previously (PR-CMa-41 and-42) are continuing. In
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particular, the thrust has been toward developing a random
walk model which can be used not only to describe the
physical processes involved in an approximate way but also
to derive simple analytic expressions for the main
quantities of interest. Thus far, useful equations for
the particle and energy reflection coefficients have been
produced in this manner. The agreement of the simple
theory and experiment is quite satisfactory. In conjunc-
tion with this, a simpler pure Monte-Carlo program,
applicable to the amorphous case, has been constructed
which permits the simulation of the scattering events
with much reduced computer time. This allows one to
obtain the backscattered ion energy distributions, at high
incident energies, with greatly improved statistical
reliability. The latter is necessary to adequately test
the analytic theory in the energy range of greatest
practical interest (approximately 12 keV) for controlled
thermonuclear reactor applications.

1.5.2 Analysis Of Concentration Profile Data By Least Squares
Fitting

- J.P.S. Pringle

The migration of atoms across anodic tantalum oxide
sometimes gives rise to rather complex concentration
profiles; examples are those of 18*Ta in PR-CMa-35,
section 1.5.2, 181Hf in PR-CMa-11, section 4.2.9 and 3'*S
(unpublished). As discussed last time (PR-CMa-42,
section 1.5.4), the migrations responsible are best
characterized by analyzing a series of such profiles
together, and this is being attempted. There are two
problems; simulating the migrations, and then matching
the simulations to the observed results.

A very general approach has been taken with the
simulations, so that the techniques developed can be
applied to other problems as well. The initial concentra-
tion profile is approximated by a histogram, and each
element of the histogram is then subjected individually
to further operations. These can be (i) movement, in
which the element is transferred bodily to a new position,
(ii) broadening, in which it is replaced by a histogram
of the same area, each element of the replacement histo-
gram having the same width as that of the original histo-
gram, and (iii) reaction, in which the area of the element
is changed to reflect a change in the oxidation state of
the element being studied, as in 31fS. When these operations
on the individual elements have been completed, the
results are summed to obtain the final concentration
profile.
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Matching these final concentration profiles to the
observed results calls for extensive revision of the least
squares fitting program to accept, and fit, several pro-
files at once. Preliminary tests suggested that an
improved version of the least squares fitting routine
might be needed, and so the literature was searched
extensively. A routine due to Fletcher t-1' appears to be
the best currently available, and will be tested.

t1) R. Fletcher, A Modified Marquardt Subroutine For Non-
Linear Least Squares, AERE-R 6799 (1971).

1.6 PUBLICATIONS, LECTURES AND REPORTS

1.6.1 Publications

Modelling Displacement Correlations in Computer
Simulations of Particle-Solid Collisions
- D.P. Jackson, Computer Phys. Comm. 13, 157 (1977).

Mobility of Foreign Atoms during the Anodic Oxidation of
Aluminum: As, Sb, Bi; Se and Te
- W.D. Mackintosh, F. Brown and H.H. Plattner,
J. Electrochem. Soc. 124_, 1168 (1977); AECL-5859.

Application of MeV Ion Channeling to Surface Studies
- J.A. Davies, Corsica Summer School Proceedings,
29 August - 12 September 19 76, Plenum Press, p.483.

Channeling: General Description
- J.A. Davies, Corsica Summer School Proceedings,
29 August - 12 September 1976, 'Material Characterization
Using Ion Beams', Plenum Press, p.405.

Na KK Vacancy Production in Na-Ne Collisions
- I.V. Mitchell, W.N. Lennard and D. Phillips,
Phys. Rev. A !£, 1723 (1977); AECL-5862.

Evidence for KK-Vacancy Sharing in Atomic Collisions
- W.N. Lennard, I.V. Mitchell and D. Phillips,
J. Phys. B: Atom. Molec. Phys. (In Press)

A Study of the Irradiation Behaviour of Zr3Al
- L.M. Howe and M.H. Rainville, J. Nucl. Mat. 68, 215

(1977)j AECL-5922.
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Discussion, of paper by B. Baraktaroglu, S.J. Harvna and
H.L. Hartnagel, 'Control Of A12O3 Position In Anodic GaAs
Native Oxide'
- J.P.S. Pringle, J. Electrochem. Soc. 124, 1952 (1977).

Migration of Ion-Implanted Kr in Silicon during Anneal
- J. Welch, J.A. Davies and R.S.C. Cobbold,
J. Appl. Phys. 48̂ , 4540 (1977).

Temperature Dependence of Displacement of As and Sb Atoms
in Silicon
- M.L. Swanson, J.A. Davies, A.F. Quenneville, F.W. Saris
and L.W. Wiggers, Rad. Effects (1977) (In Press).

Energy Loss of He Ions in Solidified Gases
- W.K. Chu, J.A. Davies, N. Matsunami, M. Braun and
D.A. Thompson, Nucl. Instr. Meth. (1977) (In Press).

Surface Structure Studies of Pt Crystal Surfaces by Ion
Backscattering and Channeling
- J.A. Davies, D.P. Jackson, P.R. Norton and M.L. Swanson,
Proceedings of the 3rd Int. Conf. on Solid Surfaces and
the 7th Int. Vacuum Congress, Vienna, September 12-16
(1977) (In Press).

1.6.2 Lectures

Crystal Lattice Imaging with the Electron Microscope
- J.R. parsons, Materials Research Society Annual Meeting,
Boston, Mass., 14-16 November 1977.

KK Vacancy Sharing in Heavy Ion Atomic Collisions
- W.N. Lennard, ETH, Zurich, Switzerland, 27 September
1977.

Single Collision K-Ionization Cross Sections in Heavy
Ion-Atom Collisions
- W.N. Lennard, GSI, Darmstadt, Germany, 30 September

1977.

The Channeling Behaviour of MeV Ions in Crystals
- J.A. Davies, University of Guelph, 29 November 1977.

Some Recent Results in keV Ion Scattering
- D.P. Jackson, Max-Planck-Institut Plasmaphysik,
Mûnichen, September 19 77.

Surface Structure Analysis of Pt(lll) and Pt(100)
Surfaces by MeV Ion Backscattering and Channeling
- P.R. Norton, J.A. Davies, D.P. Jackson, N. Matsunami
and J.U. Andersen, 24th Nat. Vac. Symp. of the AVS,
Boston, 8-11 November 1977.
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Emission Spectrography

- G. Jarbo, P. Faught

(1) Hazardous Sample Containment for the
Jarrell-Ash 3.4 M Spectrograph

The Jarrell-Ash 2.5 M Direct Reading Emission
Spectrometer was declared surplus and shipped to
Central Stores for short-term storage. The large
activity containment chamber from the 2.5 M Jarrell-
Ash Spectrometer has been moved to the 3.4 M Jarrell-
Ash Ebert Spectrograph to allow safe examination of
radioactive samples and impurities in PuO2/UO2 fuel
(i.e. dissolved mixed oxide fuel from which the bulk
of the plutonium and uranium has been removed by
tributyl-phosphate (TBP) extraction.) A triple-
containment system for hazardous samples has been
devised having the following features :

(a) primary containment of active or toxic particulate
in a small volume Lucite spark chamber fitted with
removable quartz windows. Particulate from
excitation is held in a liquid-filled trap. A proto-
type chamber has been constructed to accommodate rod
electrodes (waterproofed cathodes) or pyrolytic
graphite plates.

(b) use of the Jarrell-Ash (J.A.) standard spark
Ltand as a secondary containment chamber. It is
provided with an individual exhaust duct.

(c) containment of the Jarrell-Ash standard spark
stand within a 180 cm x 100 cm x 80 cm (height)
chamber constructed with a stainless steel frame and
Lucite windows. This stage constitutes tertiary
containment of the original sample. Rapid access to
the J.A, aï Vspark chamber is achieved via moveable
panels. In addition to containment of hazardous
material, the system described above minimizes the
prospect that non-active contamination from room air
will reach the electrodes.

(2) Spark Excitation of Solvent Residues; Methodology
Development

Although the spark-in-oxygen atmosphere has been
used to excite residues from solutions deposited on
pyrolytic graphite, for characterization of active and
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inactive samples, quantitative analysis capability
has been limited by lack of calibration data. A
comprehensive calibration program has been started
to gain expérience in quantitative analysis by this
method. A program written for the Hewlett Packard
9830 computer, for converting microdensitometer
data (intensity values derived from percent
transmittance readings viù. tables) to concentration
values, is currently in use.

Spray-in-spark excitation experiments have been
suspended until completion of the dried-residue
calibration program.

2.2.2 Analytical Support for Heavy Water Processes

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

This work is reported in internal CRNL reports.

2.2.3 Atomic Absorption Spectrometry

- M. Hurteau, E.D. Bellavance

(1) Automated Electrothermal Atomic Absorption (AA)

Automated electrothermal AA has been demonstrated
using :

a) the Hewlett Packard (HP) Model 3352 B Data
System to drive the HP Model 7671 A Sampler Tray

b) data acquisition and processing of electro-
thermal AA signals by a CRNL-developed integrator
coupled to an HP Model 9810 computer/calculator

c) electromechanical micro switches to initiate
the carbon tube furnace heating sequence.

The two computer systems are not being operated
on a network basis. It would be desirable to interface
the computers to form a network, or upgrade one system
to handle the entire task of operating the carbon
furnace power supply, sequencing the auto sampler, and
acquiring and processing peak absorption data.

Preliminary results with the fully automated system
using platinum/rhodium syringe needles for sample delivery
have not been satisfactory for copper determination
because of high, erratic blanks. Although some background
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copper in the furnace tubes contributes to the blank,
the greatest copper-contamination contribution has
been traced to water and acid reagents used for
standards preparation.

Work is underway also to ascertain the conditions
under which acceptably low blanks are obtained with
manual sampling, using a variety of dispensing devices,
namely: Eppendorf (plastic) pipettes, SMI (glass)
syringes and Hamilton syringes with Pt/Rh barrel.

(2) Uranium Impurity Analysis by Electrothermal AA

The analysis of Cd in 4 mol/L HNO3 (from which U
had been removed by TBP extraction) in the range of 20
to 200 yg/L by electrothermal AA was found to give
satisfactory results. No signals could be obtained
for B in the same matrix. Except for Cd, electrothermal
AA does not have significant advantages over flame AA
for analysis of impurities in UO2 or UO2/PuO2-

i
6

2.2.4 High-Performance Liquid Chromatographic Separation of f|
the Lanthanides

- R.M. Cassidy, S. Elchuk

Development work is continuing on the application
of high-performance liquid chromatography (HPLC) to
the separation and analysis of the lanthanides.
Figure 2.2.4.1 illustrates the rapid and efficient
separations that have been achieved. The eluted
lanthanides are detected after a post-column, in-stream
reaction. The reagent used for the post-column reaction,
Arsenazo I , reacts quickly with the lanthanides to form
metal complexes with large extinction coefficients at
600 nm (^29,000). The detection limits that have been
attained are ^4 to 13 ng.

During the ini t ia l stages of this investigation
large and irregular background noise was observed. This
problem was due to poor post-column mixing of eluent
and reagent solution. Recent improvements in the design
of small volume (<1 pL) mixing cells and the use of
pulse damping devices have reduced this noise to acceptable
levels.

One of the main problems at present is the pre-
concentration of an unknown impurity (see Figure 2.2.4.1)
on the column during equilibration of the column to
ini t ia l conditions. This impurity is eluted when a
gradient program is run and could interfere with the
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Figure 2.2.4.1. Separation of Lanthanides by High-Performance Liquid Chromatography.
Experimental conditions: 4 mm x 25 cm column packed with strong cation
exchanger bonded to 10 ym silica gel; sample size, 50 yL of a solution
containing ^75 to 200 ng of each lanthanide; mobile phase, 1 mL-min"1

linear program over 30 min from 0.01 to 0.1 mol-IT1 2-hydroxyisobutyric
acid; colorimetric reagent, 0.05% (w/w) Arsenazo I at 1 mL-min"1;
wavelength, 600 nm.
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analysis of small quantities of La. Since
dissolution of pump components (Fe, Cr, Mn, Ni, Al
and Si) and impurities in the distilled water do
not appear to be the sources of this impurity, it
is suspected that this impurity may be in
2-hydroxyisobutyric acid, the complexing reagent
used to elute the lanthanides.

Future work will be directed toward optimization
of reagent (Arsenazo I) to metal ion concentration
ratio, with the object of lowering background noise
and extending the linear range of this analysis
technique. Other colorimetric reagents will be
evaluated to determine relative response factors
(with respect to Arsenazo I ) .

2.2.5 Mass Spectrometry

(1) Magnetic Sector Instrument - J. Munch

The vacuum system for standards preparation has
been completed. Calibration of the Micromass 601 mass
spectrometer has been retarded by two factors :
appearance of spurious peaks in the low mass range
(m/e 2 to m/e 4) when performing a sample scan over
the range m/e 1 to m/e 150, and overloading of
the analogue/digital converter interfaced to the
3352 B Data System when feeding unattenuated signal
from the Faraday cup amplifier. The former problem
is being examined by the manufacturer's representative,
while the data acquisition problem may be solved by
installation of a log-converter module ahead of the
A/D converter. The log-converter is being constructed
by the E.I.&P. Branch at CRNL.

The ratios of HD/H2 in a standard measured on the
Micromass 601 and a CEC 21-610 mass spectrometer were
in agreement to within 1%.

(2) Analysis of NRX Annulus Gas - J. Munch

Sampling of annulus gas from NRX has been simulated
in the laboratory prior to insertion of the sampling
plug into the reactor. The annulus gas will be sampled
with a flow-through sample bulb, and examined via mass
spectrometry for water and oxides of nitrogen, which
lead to HNO3 formation and corrosion of the aluminum
calandria components.

(3) Analysis of Gases Evolved from Coated Zr-4 Tube

- T. Longhurst

A sample of Zircaloy-4 tube which had been internally
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coated with a siloxane grease, then baked at 350°C
with an overpressure of 15 MPa (2230 psi) of Kr
for 24 h was analyzed for gases released up to 900°C.

The sample, in a quartz furnace tube, was connected
to the ionizer section of the EL-275-5 mass spectrometer
and the gases released were monitored as a function of
temperature. No significant response occurred for
H2O, CO, N 2 or Kr but CHi,, C0 2, siloxanes and an
unidentified aromatic organic were detected.

(4) Isotopic Ratio of 3"S and 32S - T. Longhurst

The isotopic ratios in samples of SF6 that had
been irradiated with a laser in the Physical Chemistry
Branch as part of a preliminary survey related to
possible future projects, were examined to see if any
changes had occurred in the 3"s to 32S isotopic ratio
in the SF6 molecules. It was found that the sulphur
isotopic ratio varied as a function of sample pressure
within the ionizer. The extent of this variation
depended on the component used to adjust the mass
spectrometer to maximum sensitivity and the smallest
change was observed for SFs+. when mass spectrometer
sensitivity was adjusted with SF 5

+, the 3"S to 32S ratio
changed from 0.0415 to 0.0445 over the pressure range of
^1.3 x 10-" to 6.7 x 10-" Pa (vL x 10"6 to 5 x 10"6 torr)
It is suspected that this variation may be related to
the electron capture properties of SF6. When SFG is
present in the ionizer it captures electrons and thereby
decreases the number of electrons available for
ionization. A feed-back circuit increases the ionizer
current in an attempt to maintain the electron density
within the ionizer at a preset value and this causes a
rapid increase in the temperature of the ionization
filaments. It is felt that this process may be related
to the variation observed in the ^"S to 32S ratio.
Since the purpose of these analyses is to measure
relative changes in isotopic ratios it may be sufficient
to extrapolate to zero a graph of peak height versus
the ratio of 3"S to 3 2S. However, any sulphur-fluorine
products produced by the laser irradiation might also
interfere if present in sufficient amounts.



2.2,6 Analysis Requests

Received
from

Type of Sample No. of
Samples

Type of Analysis Done

Heavy Water Miscellaneous
Programs

73

System
Materials

Fuel
Engineering

Fuel
Materials

Bitumen leachant solutions
Blow-down tank deposits from
Kewanee Nuclear Station

Coolant from 250-H5-loop
Reverse osmosis test solutions
Steel sample
Silver membranes (loop filters)
Reverse osmosis filters

Reverse osmosis filtrates
NPD steam drum deposit
Pressure tube solutions
Fuel bundle solutions
Fuel decrudding solutions
Deposit on NPD steam drum
X-2 loop gas
Zr-Nb
Zr-Fuel sheathing

Fission gas
Zr-Nb

U-Al turnings
ThO2

U-Al billet turnings
U-Al turnings

111

8
11
18
1
3

33

24
1
3
3

14
1

26
50
44

8
1

41
2
3

41

Gas chromatography,
liquid chromatography,
atomic absorption spectro-
metry, mass spectrometry,
emission spectrography,
UV, Fe, Al, Cu, Ni, Cr
IR spectrometry
Na

Ca, Mg, Al, Na, Fe
Fe, Cu, Ni, Cr, Co, Al
Fe, Mg, Ca, K, Na, Si, Cr'
Fe, Ni, Cr, Mo %>
Fe, Ni, Cr, Co, Cu ,
Cl~, SOi,, POi», Na, K, Ca,
Mg, Fe, Cr, Si
PO.», SOi», Cl~
Fe, Ni, Cu, Cr, Na, POi,
Fe
Fe, Ni, Cu, Cr
Fe, Ni, Cu, Cr
Qualitative spectrographic
H2 - mass spectrometry
H2 - mass spectrometry
H2 - mass spectrometry

H2 - mass spectrometry
H2 - mass spectrometry

U
Quantitative spectrographic
Quantitative spectrographic
U content



Received
from

Metallurgical
Engineering

Physical
Chemistry

Reactor
Physics

Reactor
Loops

Mechanical
Equipment
Development

Operations

Nuclear
Physics

General
Chemistry

NPD

Type of Sample

Stainless steel
Zr-Nb
Zr-2

Pt solutions and catalysts
SP6 - from laser irradiation experiment

Moderator water
Sediment from D20
D20

Deposit on a wire bundle

Solution from LCDT facility
Deposits from pump

99

Impurities from CPD Mo Product

Turbo vacuum pump deposit

Al solution

Battery fluid
D20 (moderator and PHT)

No. of
Samples

1
64
3

23
5

8
1
4

1
1

1

1

1
2

Type of Analysis Done

Ni, Cr
H2 - mass spectrometry
H2 - mass spectrometry

Pt content
Isotope ratio determination

B content
Qualitative spectrographic
Ca, Al

Quantitative spectrographic

Quantitative spectrographic
Qualitative spectrographic

Qualitative spectrographici

Quantitative spectrographic

Al content

Na, K, Li
Quantitative spectrographic

Total number of samples = 639

Total number of analyses = 2309
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Fission Product Deposition - Laboratory Studies

- W.J. Edwards

Work on this project is continuing with the
development of suitable trace separation procedures.
A suitable reaction cell and automated yspectrometry
measurement equipment are being constructed and are
nearly complete. This equipment will permit adsorption
measurements to be carried out over a period longer than
a normal shift so that complete reaction may be observed.

2.3.2 Analysis for F" Ion at Low Concentrations

- W.J. Edwards

The set of samples previously received from the
Environmental Research Branch for low level F~ analyses
have been completed. The procedure, using an automated
LaF3 electrode, which was described previously
(PR-CMa-40, -41) operated without difficulty. The
present sensitivity of the method is of the order of
nanograms F~/g.

Results have been forwarded to the Environmental
Research Branch. Further use or development of this
method will depend on external demand.

2.3.3 y-Spectrometry Laboratory

- P.A. Robinson

A total of 196 samples was received during the
period September 7 - December 1, 1977. These were
analyzed as follows:

Nal(Tl) gamma spectra 67
Ge(Li) gamma spectra TL.

87

decay curves beta 18
gross beta 110

128
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DISTRIBUTION OF BETA ANALYSIS

Loop

Decay

Gross

X-1

6

16

X-3

2

16

X-4

-

16

X-5

3

16

X-6

3

16

U-2

2

14

U-5

2

16

DISTRIBUTION OF GAMMA ANALYSIS

Analyses
for

X-1

-

X-3

4

X-4

2

X-5

2

X-6

6

U-2

3

U-5

3

NRU

23

Whiteshell

4

Special
Analysis

40

2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis

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

The following is a summary of deuterium analyses
for the period September 1 - November 30, 1977.



No. of Samples

31,014
6

1
9,933

3,000
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Branch

Physical Chemistry
Pickering Generating
Station

Chemical Engineering
General Chemistry

General Chemistry

Program

H2-H2O Exchange
D2O Inventory

H2 Standard
Electrolysis-
Catalyst Exchange
Low Cost Mass
Spectrometer
Development &
Testing (H2O
Analyses On-Line)

43,954

2.4.2 D/H Mass Spectrometer Development - Low Cost Mass
Spectrometer

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

2.4.3 Heavy Water Analysis - Cooperation with
Production Plants

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

2.5 ELECTROCHEMISTRY

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

- M. Hammerli, W.J. Olmstead

2.5.2 The CECE-HWP Laboratory Demonstration Unit

- M. Hammerli, A.S. Denovan

The work in this and the preceding three sections
is reported in internal CRNL reports.
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2.5.3 The Platinum-Carbon-Teflon Coated Platinum Electrode

- M. Hammerli, W.J. 01mstead

A smooth platinum wire, 0.127 cm in diameter, was
coated with hydrophobic Pt-C-Teflon catalyst by
J. den Hartog. Visual examination of the cured coating
revealed a pattern of hair-line cracks in i t thus
exposing the underlying Pt surface. The geometric area
of the electrode was about 1.3 cm2.

The electrolyte used in the measurements of the
voltage-current curves was 1 mol/L H2SOi, prepared from
vacuum distilled H2SOi, and de ionized water which had
been disti l led from an alkali-permanganate solution.
As final purification the 1 mol/L H2SOit electrolyte was
also vacuum distilled in a quartz s t i l l just prior to
being used.

Tafel plots (voltage versus log current density)
were obtained for both the hydrogen evolution reaction
and the oxygen evolution reaction in a 3-compartment
Pyrex electrolysis cell . During measurements, the anode
and cathode compartments were purged with high purity
argon. All potentials are referred to the hydrogen
electrode in the same solution and the cell compartments
were thermostated at 29 8 K. The results are compared to
Tafel plots obtained on a polished platinum wire of
approximately the same geometric surface area in the same
electrolyte in Figure 2.5.3.1. Values of the Tafel
slopes are indicated in Figure 2.5.3.1.

For the hydrogen evolution reaction the accepted
Tafel slope on clean platinum in "pure" electrolyte
is about 30 mV which is considered to be indicative of
hydrogen atom recombination as the rate limiting step.
The larger value obtained on the coated electrode would
seem to indicate that some other reaction is partially
rate controlling. Similarly, the normal slope expected
for oxygen evolution reaction (see equation 1) is 120 mV
which was observed on the smooth Pt electrode within the
experimental error. However, the coated Pt electrode
yielded two Tafel slopes of ^200 mV and ^385 mV
respectively for the oxygen evolution reaction. These
higher Tafel slopes indicate that electron transfer in
the reaction:

H2O •+ 1/2 02 + 2H+ + 2 e" (1)

is not controlling the rate. It seems plausible that
mass transfer reactions to and from the coated electrode
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Figure 2.5.3.1 Tafel plots for the hydrogen evolution reaction (cathodic) and the
oxygen evolution reaction (anodic) on smooth platinum and on platinum
coated with Pt-C-Teflon catalyst in 1 mol/L H2SO1» at 298 K.
Potentials refer to the hydrogen reference electrode in the same
solution.
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are at least partly responsible for the larger
Tafel slopes.

Figure 2.5.3.1 shows that the apparent current
density (based on the geometric surface area) at
any selected value of the electrode potential is about
an order of magnitude larger for the coated Pt electrode
than for the smooth Pt electrode for both the hydrogen
and oxygen evolution reactions. However, for the latter
this statement holds only up to a current density of
about 0.2-0.3 mA-cm~2. At current densities >0.5-0.6
mA-cm""2, the smooth Pt electrode exhibits greater
activity, i.e. a smaller electrode potential at a given
apparent current density. It would appear that the
hydrophobic coating retards the oxygen evolution reaction
sooner than it does the hydrogen evolution reaction.

The point at which the coated electrode exhibits
a smaller activity than the smooth Pt for the hydrogen
evolution reaction is not reached until the apparent
current density is about 3 mA-cnr2 which is about an
order of magnitude larger than that for the corresponding
oxygen evolution reaction.

The exchange current density, i Q, for the hydrogen
evolution reaction is a measure of the electrode activity
at zero overpotential, i.e. at thermodynamic equilibrium.
From Figure 2.5.3.1 the value of the apparent exchange
current density for the coated Pt electrode is 5.5 mA-cnr2

while for the smooth Pt electrode it is 0.11 mA'cm"2 or
50 times smaller as might be expected when considering
the probable real surface areas of both electrodes.

2.5.4 Redox Process in Ground Water

- J. Gulens (in collaboration with D.R. Champ,
Environmental Research Branch, CRNL, and
R.E. Jackson, Attached Staff, Environment Canada)

A model of redox processes in ground waters
(PR-CMa-37) has been developed, based on thermodynamic
principles. This model, its implications to waste
management studies and experimental support for it have
been presented (1).

We have continued to obtain field data for
parameters that characterize the ground water in the
Perch Lake Basin, to supplement and confirm those
obtained during the 1976 field season (1). We have
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observed t h a t the same values of pH, pS and EH
(the measured p o t e n t i a l of a platinum e l e c t r o a e
r e l a t i v e to a hydrogen e lec t rode) can be measured
a t a p a r t i c u l a r sampling s t a t i o n not only on a day-
to-day but also on a yea r - to -yea r b a s i s . Such
r e s u l t s give us confidence in our procedures for
sampling and measurement and a lso in our proposed
model.

Our model proposed t h a t these redox reac t ions
are catalyzed by microbial enzymes, and s u l p h a t e -
reducing b a c t e r i a have been detected (Atomic Energy
of Canada Limited, r epor t AECL-609 4 ) .

A second dra f t of a manuscript descr ib ing our
model of redox processes has been prepared (2) .

(1) "Redox Processes in Ground Water" by J . Gulens,
D.R. Champ and R.E. Jackson in "Hydrological
and Geochemical Studies in the Perch Lake Basin: i
A Report of Progress" , P . J . Barry é d . , Atomic !

Energy of Canada Limited, r epor t AECL-5836.

(2) "A Model of Oxidation-Reduction Processes in
Ground Water Flow Systems", D.R. Champ, J . Gulens
and R.E. Jackson - d ra f t manuscript .

2.6 MASS SPECTROMETRY AND FUEL ANALYSIS

2 .6 .1 Spark Source Mass Spectrometry

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

(1) Trace Impurity Analysis in Support of Cadmium
Tel lu r ide Detector Development (in cooperation
with Counter Development Section Staf f , Neutron
and Sol id S ta te Physics)

A number of spark source mass spec t rometr ic inorganic
impurity survey analyses were done as p a r t of the
continuing effort to ascertain the sources of the trace
impurities that appear in finished CdTe crystals.
Analyses were done on both starting materials and refined
product. In general, between seven and sixteen elements
in the range 2 x 10~8 to 8 x 10"s atoms per matrix atom
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were observed. A typical analysis was reproduced
in PR-CMa-42.

(2) Sulphur in Cadmium Determination (in cooperation
with Solid State Science and Nuclear Physics)

The total sulphur content of cadmium metal used
in a tandem accelerator target was determined by spark
source mass spectrometry. The sulphur concentration
was found to be about 4 x 10"* atoms per cadmium atom.

(3) Analysis of Nickel Counting Discs (in cooperation
with Radioisotope Standardization Group, Nuclear
Physics Branch)

Analysis showed that a batch of nickel counting
discs were coated with platinum as specified. Traces
of iron, cobalt and copper were also observed in the
mass spectra of the surface, but these may have
originated in the nickel matrix.

2.6.2 Uranium Fuel Burnup Measurements

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

Isotopic analyses of 26 samples of starting
material and irradiated pellets were completed for
Fuel Engineering, Fuel Materials and Nuclear Materials
Control Branches. Several of these samples were from
the 99Mo production program.

Fifteen irradiated fuel pellets were dissolved and
the uranium contents purified for mass spectrometric
analysis. Ten litres of highly active waste solution
were solidified and sent to active waste storage. This
operation occupied one month of hot cell time.

2.6.3 Analytical Support - Plutonium Fuel Fabrication Line

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

This work is reported in internal CRNI» reports.
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2.7 REPORTS, PUBLICATIONS, LECTURES

2.7.1 Reports

Hydrological and fieochemical Studies in the Perch
Lake Basin: A Report of Progress
Edited by P.J. Barry
(Proceedings of a Symposium/Workshop held at the
Chalk River Nuclear Laboratories, 12-13 Jan. 1977)
Includes "Redox Processes in Ground Water" by J. Gulens,
D.R. Champ, R.E. Jackson
Atomic Energy of Canada Limited report, AECL-5836.
August 1977

2.7.2 Lectures

Recent Advances in High Performance Liquid Chromatography
and Applications to Heavy Water Plant Analysis
R.M. Cassidy |
Presented to the Chemistry Department, University of
Toronto, 21 October 1977.
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3.2 RADIATION CHEMISTRY AND LASER PHOTOCHEMISTRY

3.2 .1 Pulsed Electron Radiation Chemistry
- A.W. Boyd, O.A. Mi l le r and R.A. Rensink

(a) Isotope Effects in Water Radiolysis

One of the t e s t s of the theory of water r a d i o l y s i s
is i t s prediction of the isotope effect in the spur
hydrogen yield using the a* values for hydrogen *
formation from the reactions of hydrogen atoms and
solvated electrons. Schwarzd), using a values of
Anbar and Meyerstein(2) for these reactions, has'cal-
culated spur a values by diffusion kinetics that agree
reasonably well with_those observed. We have determined(3)
a values for H and eâq reactions which are different from
those of (2) and thus should not give this agreement.
Before doing diffusion kinetic calculations we have
undertaken to confirm and extend not only our measurements
in (3) but also those in various electron scavenger
solutions reported in PR-CMa-23, AECL-4434.

In Febetron 705 irradiations of 90 mole % H20,
10 mole % D2O at a dose rate of ^ i x 1027 eV-g"1^"1

we have obtained a = 2.44. This was measured using
two calibrated mass spectrometers (a CEC (Dupont) 21-610,
and a Vacuum Generators MS-601) and is in excellent
agreement with the value at this dose rate in (3) which
was obtained using a CEC 21-130 mass spectrometer. Very
good agreement has also been obtained with the a values
reported in PR-CMa-23 for solutions of NaVÛ3. Measure-
ments are now being made of the effect of pH on a values
at different concentrations of electron scavengers.

(b) Dose Anomalies in Febetron 706 Irradiations

To obtain yields in H2S-Xe mixtures (see PR-CMa-42,
AECL-5971) at higher dose rates, these mixtures were
irradiated using the Febetron 706.

The results are very different from those in
previous irradiations with this accelerator and the
Febetron 705. Previous measurements with the 706 of
the dose per pulse in quartz cells (2.5 cm in diameter
and 2 cm long with 0.05 cm windows) using 93 kPa of N2O

*a is defined as (H/D) radiolytic H2/(H/D) reactants
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(G(N2) = 12.4) gave 7 x 10
1 9 eV-g"1. The present

measurements with N2O with the same cells at the same
position in front of the tube window (within 0.05 cm)
gave 2.2 x 10 2 0 eV'g"1. The yields with the H2S-Xe .
mixtures are compared with those obtained in the Febetron
705 irradiations in Table 3.2.1.1. The increase in
G(H2) on the addition of SF6 and the reduction on the
addition of Xe are qualitatively similar to results
obtained by Hotta and his co-workers(4). They studied
the self-focussing of Febetron 706 beams as a function
of pressure and gas composition. They obtained large
variations in the dose per pulse with both these
variables and doses up to 2.5 x 10 2 0 eV-g"1. In our
previous work we saw no such pressure dependence(5) and the
maximum dose measured was 7 x 1019eV»g~1 per pulse.

Table 3.2,1.1

Hydrogen Yields from the Febetron 706
Irradiations of HgS-Xe Mixtures Total

Pressure 93 kPa
ii

Mole %
H2S

5
5
10
10
20
20
40
40
60
80
80
100
100

Mole %
SF6

_

1
—
1
—
1
—
1
-
-
-
-
1

G(H*>Total

2.3
1.1
2.6
1.6
2.2
1.7
1.8
5.7
4.3
9.9

16.3
13.7
22.5

G(H 2 ) X e

2.1
0.7
2.1
0.7
1.0

-0.3
-1.3
1.3

-1.3
4.0
6.7

G<«2>Xe

12.3
4.2

13.3
6.0
11.4
4.7
9.0
5.0

10.0
11.0
7.0

12.0
7.9

aBased on total energy absorbed by Xe and H2S.

Based on net amount of H2 and energy absorbed only by Xe.
Contribution of H2S to H2 based on the values in 100% H2S.

cValues as in (b) obtained in irradiations with Febetron 705.

The reasons for the apparent increase in the output
are not clear. In the interim period a defective module
was replaced and the balls in all the modules were cleaned
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and the spark gaps reset. These changes would not be
expected to give such a large increase.

Measurements are now being made using aluminum
cells and it is planned to change the tube in the
Febetron to determine if this will affect the dose.

(1) H.A. Schwarz, J. Phys. Chem. 73_, 1928 (1969).
(2) M. Anbar and D. Meyerstein, Trans. Farad. Soc., 62

2111 (1966).
(3) A.W. Boyd, C. Willis and G.C. Lalor, Can. J. Chem.

5£, 83 (1972).
(4) H. Hotta, R. Tanaka and H. Arai, Radiation Research

6_3, 32 (1975).
H. Arai and H. Hotta, Radiation Phys. Chem. 10,
7 (1977).

(5) C. Willis, A.W. Boyd and O.A. Miller, Radiation
Research 46_, 428 (1971).

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

(a) Effect of the Addition of Anion Bases

In the pulse radiolysis of pure liquids at room
temperature the electron is completely solvated and
the optical spectrum is fully developed in a time less
than the 0.3 us pulse length of the 2.5 MeV Van de Graaff
accelerator. The eg subsequently decays on the micro-
second time scale as observed by a decrease in the optical
adsorption. In most systems this is also true in the
presence of various additives including salts of the
solvent anion. However we have observed a further
increase in the optical absorption after the end of
the pulse for aliphatic amines such as methylamine(D
ethylamine^2) and isopropylamine(3* in the presence of
all alkali metal salts of the solvent anion. A similar
result has been observed by Dye^4) for ethylenediamine.

We had originally suggested<2) that this build-up
might be due to the formation of the ion pair which has
a blue shifted absorption maximum. It is now known
that this reaction would be too fast for us to observe.
DyeH) has suggested that the build-up might be due to
electron detachment from the solvent radical anion, the
latter being formed by the reaction of the solvent anion
with the radical. However there is little evidence for
this reaction in ammonia, water, or the alcohols, in
the absence of added hydrogen(5).



The total eg yield in basic solutions appears to
be related to the total ionisation yield(6). The
electron is probably regenerated by the reaction of the
solvent anion with spur recombination products. In order
to learn more about this system we have been looking at
various anion bases and solute combinations in ethylamine.

This effect is also observed for the alkali motal
amides, which are weaker than the amine bases, for up
to 98 mole % ammonia in ethylamine. However, with the
still weaker hydrazide base the build-up is not observed
above 20 mole % hydrazine in ethylamine. A build-up is
also observed with phosphide bases, but is not observed
with the weaker alkoxide or hydroxide bases.

(b) Evidence for the Reaction of HO; with NO; in Aqueous
Solution (in cooperation with Dr. H.C. Sutton, DSIR,
Institute of Nuclear Science, New Zealand)

Nitroform (C(NO;)3) is the major radiation induced
species observed after the pulse radiolysis of acidic
oxygen-saturated solutions of tetranitromethane (TNM)
and formic acid (see PR-CMa-32).

We have now established that C(NO2) ? is formed in
three stages, of which the major component at pli ̂ 3 is
first order, with tjy2 = 49 s, and independent of [TNM]
and pH. The results are consistent with the reactions

k f
[1] HOa + NO2 v v " * HO2NO2

K

in which k r = 0.014 ± 0.002 s" ' and kf = 4 x 10 dm -mol" -s

Analysis of the fastest component of nitroform
production a t pH < 3 shows that the COOH radical reduces
TNM to nitroform with a rate constant about four times
greater than that for i t s reaction with oxygen to
produce HO2.

(c) Flash Photolysis of Alkali Anions in Ethers and Amines

Exploratory, experiments have continued on the flash
photolysis of K and Na~ in tetrahydrofuran (THF),
dimethoxyethane (DME), ethylamine (EA) and methylamine (MA).
The optical spectra observed immediately after the flash
(5 ps) are consistent with the formation of a lkal i
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cation/electron ion-pairs (M , e~) and the reactions
S

[ 2 ]

[ 3 ]

Reaction [3] has come to equilibrium by the end of the
flash. The M~ species i s generated by a second process
attributed to [4].

[4] (M+, e") + (M+, e") >• M~ + M +

S S

In Na/K alloy solutions Na is produced via K , as
previously indicated by pulse radiolysis(7).

The addition of crown ethers (C) shifts the optical
spectra and the equilibria, observed after the flash, in
favour of e^ There appears to be some evidence for
Reaction [5].

[ 5 ]

Further experiments are in progress to elucidate the
overall reaction kinetics.

Until recently it had been thought that alkali
metals were insoluble in pure diethylether. We have
now been able to prepare a stable blue solution and
are attempting to identify the species involved.

(1) J.W. Fletcher, W.A. Seddon, J. Jevcak and
F.C. Sopchyshyn, Can. J. Chem. 5̂ 3, 3571 (1975).

(2) J.W. Fletcher, W.A. Seddon and F.C. Sopchyshyn,
Can. J. Chem. 51^, 2975 (1973).

(3) W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn,
Chem. Phys. 15_, 377 (1976).



- 52 -

(4) J.L. Dye, M.G. DeBacker, J.A. Eyre and L.M. Dorfman,
J. Phys. Chem. ]6_, 839 (1972).

(5) W.A. Seddon, J.W. Fletcher, J. Jevcak and
F.C. Sopchyshyn, Can. J. Chem. SI, 3653 (1973).

(6) J.W. Fletcher, W.A. Seddon, Disc. Farad. Soc.
63t, 18 (1977).

(7) W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn,
Can. J. Chem. 5±, 3672 (1976).

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

Laser Induced Decomposition of Methanol

Previously we have reported (PR-CMa-40 to-42) the
results of an experimental study of the HF laser
induced decomposition of methanol. Values of an(HYD)
= [(H/D)HYD * (H/D)Methanol), for the selective
irradiation of CH3OH in equimolar mixtures of CH3OH/CH3OD,
of 60, 20 and 8.8 have now been obtained for total
pressures of 0.269, 0.476 and 0.673 kPa respectively.
These compare with the previous high value of 8.0
obtained for a total pressure of 0.8 kPa and are in
agreement with the trend of increasing OIH(HYD) with
decreasing total pressure. This behaviour i s thought to
arise due to a pressure dependent competition between two
different decomposition mechanisms. The f irs t of these
i s a co l l i s ionless , unimolecular multiphoton decomposition
process which i s : (1) isotopically select ive, (2)
dominant at sufficiently low pressures and (3) characterized
by the "yields", YJJ, (defined as number of product molecules
per pulse divided by the partial pressure of methanol,
PCH3OH) being independent of pressure. The second, less
isotopically select ive, bimolecular mechanism involves,
in addition to multiphoton excitation, the assistance
of coll is ional (V-V) up pumping processes such as [1].

[1] 2CH3OH(v « 1) >CH3OH(v = 2) + CH30H(v = 0)

While processes such as [1] are inherently isotopically
selective, V-V inter-isotopic transfer processes wil l
also be occurring at the pressures where the bimolecular
mechanism wil l dominate. I t i s these latter processes
which cause the decrease of isotopic se lect iv i ty .
Processes such as [1]* when considered in competition
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with diffusion of excited molecules out of the reaction
zone, will give Y x « P C H 3 0 H.

In PR-CMa-40 it was reported that Y H 2 '
 Y C 0 a n d YCHu

were observed to increase linearly with PCH3OH for the
range 0.8 - 8.1 kPa. The low pressure (particularly
£ 0.3 kPa) behaviour of these yields is a critical test
of the unimolecular/bimolecular competition. During
this quarter, measurements of Y H , H c o and Y Q J were
extended to cover the range 0.169 - 14.95 kPa ** (see
Fig. 3.2.3.1). The measurements at the lowest pressures
are difficult to perform, and current results are still
not of sufficient quality to adequately test the existence
of a unimolecular/bimolecular competition. However the
results at higher pressures between 0.5 and 8.0 kPa
confirm the linear behaviour of the yields on pressure.
At pressures greater than 8 - 1 0 kPa, the yields are
levelling off.

Further investigation of the high pressure fall-off
involved studying the effect on Y x of adding various
pressures of an inert gas (xenon) to 2.7 kPa of CH3OH
is shown in Fig. 3.2.3.2. Within the reaction zone
virtually all of the CH3OH absorbers are vibrationally
excited. Collisions between these excited molecules
contribute to processes such as [1], and the major
competition process is thought to be diffusion of an
excited molecule out of the irradiation zone. However
the collision between an excited methanol and a Xe
atom clearly cannot contribute to processes such as
[1] and this can open up a new competition channel
through vibrational-translational, transfer processes.
This explanation is consistent with the observed fall-off
of yields for pressures of added Xe greater than ^ 5 kPa
(for all pressures in the case of YcHif)« However for Y H 2
and Y c o, the addition of less than 2.5 kPa of Xe actually
increases the yield by as much as 30%. Since the
enhancement of yields only occurs for Y H 2 and Yco* it
is reasonable to assume that its origin is in the steps
leading to these products. One possible mechanism(D,
which is consistent with this observation, involves
steps [2] to [5].

[2] CH3OH MULTIPHOTON/COLLISIONAL>H2

[3] CH2O*
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Figure 3.2.3.2 - The effect on product yields of adding various
pressures of xenon to 2.7 kPa of methanol for
irradiation by the HF Pi(6) laser line.
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[4] CH2O*

[5] CH2O* + M > H 2 + CO + M

In this scheme, one of the primary decomposition steps
involves the production of hydrogen and excited
formaldehyde [2] . This excited formaldehyde may then
predissociate [3] , fluoresce [4] , or undergo col l i s ional ly
induced predissociation(2) [5] . The addition of Xe
may have the effect of assisting in [5] . In their
studies of the CO2 laser induced decomposition of
methanol Bialkowski and GuilloryU) have observed
formaldehyde with a product concentration equal to
20% of the CO. Assuming that CO arises only from
CH2O*, this indicates that, under their conditions,
^ 17% of CH2O* did not decompose. A blue fluorescence(3),
possibly arising from formaldehyde, has been observed
during the HF laser irradiation of methanol.

The addition of Xe to mixtures of CH3OH/CH3OD
(total pressure 2.7 kPa), has no significant effect
(afj(HYD) = 1.5 ± 0.2) over the range of Xe pressures

where enhancement of Yfj2 and YQQ was observed.

(1) S.E. Bialkowski and W.A. Guillory, J. Chem. Phys.
6J7, 2061 (1977).

(2) E.S. Yeung and C.B. Moore, J. Chem. Phys. 58,
3988 (1973).

(3) B.K. Deka, P.E. Dyer and D.J. James, Phys. Letters
61A, 30 (1977).

3.2.4 Laser Magnetic Resonance
- D.R. Smith, J.D. Bonnett and E.B. Selkirk, with
J.S. Geiger (Nuclear Physics Branch)

The far-infrared (F.I.R.) laser was successfully
operated at 118.8 um with an intra-cavity polypropylene
membrane installed at Brewster's angle. This demonstrates
adequate quality ( i . e . sufficiently low loss due to
absorption) of the membrane for this wavelength, but
weaker laser lines remain to be tested.

Replacement of the 5 m radius of curvature mirror,
having a 100 nm thick gold film, with a 4 m mirror
having a 300 nm gold film, increased the F.I.R. laser
signal strength significantly; however the CO2 laser
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pump power required still considerably exceeds that
observed by one of the authors (DRS) at the University
of Cambridge. This is tentatively ascribed to rotation
of the plane of polarization, of the CO2 laser beam, by
two mirrors used at CRNL.

The feedback circuit, discussed in PR-CMa-42,
section 3.2.4, seems to stabilize the CO2 laser reasonably
well, but it was handicapped by excessive thermal drift.
Changes have been made which should solve this problem.

The ensemble of CO2 laser, F.I.R. laser and magnet
was operated as a spectrometer (see PR-CMa-40, section
3.2.4) to detect OH radicals formed by microwave discharge
in fast-flowing water vapour. Magnetic field modulation
at 20 Hz, a Golay cell detector, and phase sensitive
detection techniques were used to observe the OH lines
at 118.8 ym and magnetic fields at 0.52 T, 0.78 T and
0.84 T, with a signal to noise ratio of at least 300.
This served to demonstrate the facility and enabled
some work to proceed on eliminating laboratory sources
of vibration.

Since mid-October the laboratory was shut down for
room alterations and equipment relocation. The old
1 T magnet (Varian V-4012) was replaced by a more
powerful magnet (Varian V-3601, equipped with tapered
pole caps and a V-2500 7 kW solid state power supply)
capable of fields of 1.4 T. It has been installed
and successfully commissioned and calibrated. The
increased field range will improve our versatility in
detecting various free radicals.

The high repetition rate Lumonics TEA 801A pulsed
CO2 laser was received but has not been commissioned
due to incomplete laboratory alterations.

Computer programs were developed, to calculate
zero-field rotational transitions in diatomic 2ir free
radicals, and to calculate various F.I.R. laser parameters
as a function of radii of curvature of the mirrors.

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

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

(a) ESCA Probe Development

The development of the self-compensating Kelvin
work function (<)>) technique is essentially complete.
I t is now possible to dynamically measure work function
changes during adsorption or desorption over the
temperature range 90 - 1100 K with a sensitivity of
^ 5 mV and a time constant of ^ 0.3 s. This permits
measurement of desorption kinetics of species such as
02 , H2, CO, and HZO from platinum surfaces with a
coverage (9) sensitivity of < 0.01 monolayers and
desorption rates up to 0.1 to 0.5 monolayers/s. The
output of the control supply, which is equal to the
change in work function, has been digitized in a manner
that makes i t compatible with the ESCA 3040 Datasystem
and permits rapid data manipulation. The differentiated
signal (d<f>/dt) may be compared with the digitized output of
the quadrupole mass spectrometer obtained during a
desorption pulse. This lat ter signal is proportional to
(de/dt) . By comparing the experimental desorption (d<(>/dt)
curve with one calculated from a knowledge of | as a
function of 6 (obtained from adsorption measurements),
i t is possible to determine, for example, whether
equilibrium is established during desorption and whether
precursor states are important in determining desorption
kinetics(D.

Preliminary measurements have been made with carbon
monoxide on a Pt(ll l) surface at 100 and 295 K. The
equilibrium work function change, A<j>, vs. 6 curves agree
nicely with literature data(2). The A<|) curves obtained
on desorption are, however, anomalous in that, experimentally,
<J> changes much later in the desorption cycle than one would
calculate from the experimentally measured A<J> curves
obtained during adsorption. These results represent the
firs t dynamic work function measurements of desorption
phenomena. Work is in progress to determine whether
these new results are artifacts of the technique of
heating the crystal.
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(b) Surface Structure Analysis by Rutherford Backscattering
and Channeling (with J.A. Davies, D.P. Jackson,
N. Matsunami and C. Sitter, Solid State Science
Branch)

i) A Pt{110) crystal was recleaned and annealed
for further investigation. See PR-CMa-43, section 1.2.5
for details of the experimental results.

ii) A differential pumping system has been con-
structed, that will eventually permit the interfacing
of a LEED-Auger chamber to the 2.5 MeV Van de Graaff.
Differential pumping apertures were installed and a
gas inlet system that simulates the vacuum in the Van

j de Graaff has been built. It was* shown that i) pressures
i of the order 0.2 to 0.5 x 10"9 kPa were obtainable
' without baking and ii) a ratio of 6 x 105 could be
; maintained between the input and output pressures of

the differential pumping system. With no apertures
between this system and the LEED-Auger chamber it should
be possible to maintain pressures of ^ 0.5 x 10"ll kPa
in the LEED-Auger chamber even if the pressure in the
accelerator is 10"5 kPa. Work is continuing on the
problems of interfacing the two systems.

i
iii) An installation engineer from the supplier of

the LEED-Auger chamber spent one week getting the
system working and training two of the authors (PRN and
CS) in its operation. Good Auger spectra and LEED
patterns were obtained from a Si(111) slice.

(1) David A. King, Surface Sci. §±, 43 (1977).
(2) G. Ertl, M. Neumann and K.M. Streit, Surface Sci.

64, 393 (1977).

3.4 ISOTOPE CHEMISTRY

3.4.1 Isotope Exchange Between Molecular Hydrogen and
Cyclohexylamine (CHA)3h€
- E.A. Symons

(a) Chemistry of Alkali Cyclohexylamide Catalyst Solutions

The sodium salt of CHA has been prepared from
sodium methylamide by the same method used to make the
lithium and potassium salts (report PR-CMa-42, section
3.4.1 (a)). The NaCHA/CHA solution is colourless like
the LiCHA solution, but reacts rapidly with air to give
a bright yellow colour.
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The freezing point of a 0.05 mol-L"1 KCHA solution,
255.1 ± 0.1 K, is only slightly lower than that of pure
CHA, 255.4 ± 0.1 K. Thus 255 K i s the lowest temperature
possible for isotope exchange runs in the CHA system.
The use of cyclopentylamine, with freezing point 187.4 K,
wil l permit kinetic runs at much lower temperatures,
where the mass transfer limitations (section (b) ) may
be avoided.

(b) D2 - CHA Isotope Exchange

A set of 8 mass spectrometer calibration standards
was made up by reacting mixtures of H2 and D2 over a
Pt filament at 900 K. Response factors for H2, HD, and
Dz over a wide range of isotopic composition were

Î determined. The apparent sensit ivity factors for HD
1 and D2 are generally close to unity, but rise rapidly
' for H2 concentrations less than 10%. Fortunately, the

H2, HD, and D2 in kinetic exchange run samples are not
in equilibrium; because these samples contain con-
siderable H2, choice of response factors and hence
analysis i s greatly simplified..

Exchange runs with 0.05 mol-lT1 KCHA catalyst at
255 K indicated the observed rate constant i s s t i l l
linearly dependent on stirring rate to at least
10,000 r/min. The same effect was observed for CsCHA,
while LiCHA showed a levell ing off (report PR-CMa-42,
section 3.4.1 (b)). Studies with the new NaCHA solution
wil l complete the series.

3.4.2 Preparation of N-Deuterated Cyclohexylamine
- J.D. Halliday, E.A. Symons and P.E. Bmdner

Cyclohexylamine-N-d2 (120 ml, ^ 98 atom % D) has
been prepared for measurements of the deuterium
separation factor with molecular hydrogen and intra-
molecular deuteron transfer by NMR. Modifications to
the literature procedure^ improved the yield two-fold
to 40%. Extensive reaction of the amine with méthylène
chloride, used as a co-solvent in the preparation,
was observed during work-up. Proton NMR indicated the
presence of C6Hii-ND=CH and C6HJI-CH=ND possibly formed
by addition of a chlorocarbene to cyclohexylamine.
Cyclohexylamine deuterochloride was also formed.

(1) H.E. Zimmerman and CO. Bender, J. Am. Chem. Soc.
92, 4366 (1970).
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3.4.3 Isotopic Exchange Reactions in Protic Solvents by NMR
- J.D. Halliday and P.E. Bindner

Hydrogen Sulphide

Proton exchange studies in liquid hydrogen sulphide
solutions have been limited in number(D and no
systematic study of reaction parameters has been
reported. Exchange between methanol and hydrogen
sulphide has been measured by NMR in specially designed,
valved, glass NMR tubes that have withstood internal
pressures of 3.5 MPa to date. Preliminary rates of
exchange in this sytem, as a function of temperature
and potassium hydrogen sulphide catalyst concentration,

\ are in the range 5 x 10"* to 5 x 102 s"1. No appreciable
i reaction to form methanethiol has been observed. Exchange
i measurements have been complicated with the higher
> molecular weight alcohols because of their lack of

miscibility with liquid H2S.

(1) K.H. Geib, Z. Elektrochem. 45, 648 (1939).

3.4.4 Separation Factor for Deuterium Between Methanol and
Hydrogen
- J.H. Rolston and D.E. Clegg

A study of the separation factor for deuterium
between molecular hydrogen and the hydroxyl group
of methanol has been initiated in order to better
define the effect of molecular structure on this
parameter. The reaction cell previously usedd)
for measurements between hydrogen and liquid water
has been modified to hold a platinized carbon catalyst
deposited on a short section of ceramic tube in the
vapour space above the liquid. The CEC 21-614 mass
spectrometer has been used for deuterium analyses of
the equilibrated hydrogen and preliminary studies have
shown this catalyst to be effective. The separation
factor at 25°C is 4.30 which is about 13% larger than
that for liquid water.

(1) J.H. Rolston, J. den Hartog and J.P. Butler,
J. Phys. Chem. 80, 1064 (1976).
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3.5 REPORTS, PUBLICATIONS AND LECTURES

3.5.1 Publications

A Combined Electrolysis Catalytic Exchange (CECE) Process
For Hydrogen Isotope Separation
- M. Hammerli, W.H. Stevens, J.P. Butler
American Chemical Society Special Publications,
Washington, (in press) 1977.

Novel Catalysts for Isotopic Exchange Between Hydrogen
and Liquid Water
- J.P. Butler, J.H. Rolston and W.H. Stevens
American Chemical Society Special Publications,
Washington, (in press) 1977.

High Resolution Photoemission Study of Condensed
Layers of Nitrogen and Carbon Monoxide
- P.R. Norton, R.L. Tapping (Alcan International
Limited), H.P. Broida (University of California),
J.W. Gadzuk and B.J. Waclawski (National Bureau of
Standards), Chemical Physics Letters (in press) 1977.

The Effect of Temperature on the Optical Spectra and
the Yields of Solvated Electrons and Ion-Pairs in Amines
- W.A. Seddon, J.W. Fletcher and F.C. Sopchyshyn
Can. J. Chem. (in press) 1977.

Far Infrared Laser Magnetic Resonance Spectrum of the
Oxygen Atom
- P.B. Davies, B.J. Handy, Elaine K. Murray Lloyd
(University of Cambridge, Cambridge, U.K.) and D.R. Smith
J. Chem. Phys. (in press) 1977.

Resolved llfN Hyperfine Coupling for Surface Electrons
on Magnesium Oxide in the Presence of Ammonia and Amines
- Martyn C.R. Symons (The University, Leicester),
Donald R. Smith and Peter Wardman (Mount Vernon Hospital,
Middlesex, U.KJ
Chemical Communications (in press) 1977.

3.5.2 Lectures

Surface Structure Analysis of Pt(lll) and Pt(lOO)
Surfaces by MeV Jon Backscattering And Channeling (SAIBAC)
- P.R. Norton, J.A. Davies, D.P. Jackson, N. Matsunami
and J.U. Andersen (Institute of Physics, University of
Aarhus, Aarhus, Denmark)
24th National Vacuum Symposium of the American Vacuum
Society, Boston, November 8-11, 1977.



- 63 -

Photoemission and MeV Ion Scattering Studies of Metal
Surfaces
- P.R. Norton
University of Montreal Chemistry Department,
Montreal, Quebec, December 13, 1911.

A Kinetic Analysis of Hydrogen-Water Isotopic Exchange
in Trickle Bed Eeactors
- J.H. Rolston
Department of Energy Mines and Resources, Energy
Research Labs, Ottawa, October 14, 1977.
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4.2 SURFACE CHEMISTRY

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

- B. Cox and V.C. Ling

Among specimens being pre-oxidized in 300°C (573 K)
water for examination in fused-salt, two specimens showed
high weight gains (^30 mg/dm2) and uniform white oxide after
7 days exposure. It was surmised that the cause of this was
fluoride contamination, resulting from the specimens having
stood in the fumehood in hydrofluoric acid vapour for some
time. However, analysis of the surface fluoride concentra-
tion (by W.D. Macintosh, Solid State Science Branch) did not
show any higher concentration than for control specimens. The
exposure to high temperature water could have leached any
excess fluoride out.

The opportunity was taken to study the I-V character-
istics of these oxides and to compare them with normal oxides
of the same thickness. The results showed very much higher
electronic and ionic currents for the contaminated specimens
than for the normal specimens. The intercept on the zero
voltage axis decreased and increased cyclically during the
17-day exposure in fused salt. Since the oxidation potential
decreased slowly and regularly from -305 mV to -235 mV during
the same period, it is evident that the oxidation rate was
varying cyclically during the exposure to fused salt. Cyclic
post-transition oxidation rates are commonly observed for
normal oxidation at ^ 300°C (573 K) but with much longer
period cycles than here.

4.2.2 Low Temperature (s 200°C [473 K]) Oxidation of Zirconium Alloys
- B. Cox and V.C. Ling

There are few published data on oxidation of zirconium
alloys at temperatures below 200°C (473 K ) . Some knowledge
of the shape of the oxidation curves at these temperatures
became important to an assessment of the interference colours
on delayed hydride fractures. The exposures of Zr-2.5 wt% Nb
specimens in air at 100, 125, 150, 175 and 200°C (373, 398,
423, 448 and 473 K ) , were terminated after 450 days by a
sticking control relay which caused the specimens to overheat.
The results up to this point are shown in Figure 4.2.2.1.
Interference colour oxide films were observed only at 200°C
(473 K) and 175°C (448 K). A long incubation period, when
little or no thickening of the air-formed oxide occurred,
extended to > 250 days. From the end of that period,
thickening of the oxide was highly non-linear. For Zircaloy-2
in water at 200°C (473 K) an incubation period of less than a
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day was observed. These results can be better compared
on a log/log plot (Figure 4.2.2.2) which includes some
Hanford results (A.B. Johnson, BNWL-2256 (1977)) from
the K East Reactor (KER) at 90°C (363 K). A further
experiment is being started to study the apparent differences
in behaviour of Zircaloy and Zr-2.5 wt% Nb. (Oxidation
rates of Zircaloy in water and air at 300°C (573 K) are very
similar.)

4.2.3 Fused Salt Electrochemistry of Zircaloy-2 Oxidation at 573 K

- N. Ramasubramanian

The polarization data obtained at 573 K in molten
nitrates (nitrates refers to KNO3-NaNO3 and nitrite to
NaNO2) for oxide films grown in different media were
compared at weight gains of 3, 5 and 7 mg/dm2. The ionic
conductances of steam-(1 atm [100 kPa]) and air-grown films
were higher than those of the molten salt-grown films; with
increase in oxide thickness these differences in ionic
conductance decreased. The electronic conductances (at the
intermetallic sites, indicated by the salt decomposition
reactions) of the steam oxidized samples were lower than
those of the air-and salt-grown films. The differences in
the kinetics of oxide growth on Zircaloy-2 in different media,
during the initial stages, thus arise from differences in
both the ionic conductance of the zirconia films and electronic
conductance of the oxides on the intermetallics.

When samples are oxidized and polarized in nitrite
melts there is agreement between the oxidation rates evaluated
from the kinetics and from the polarization data. The
oxidation rate from the polarization data, however, is always
less than the kinetic rate, when nitrite oxidized samples are
polarized in the nitrates. On the other hand, when samples
oxidized in steam, air or nitrates are polarized in the
nitrite the polarization derived rate is higher than the
kinetic rate. Thus, in the nitrite melt two processes, the
salt decomposition and localized oxidation occurring on the
intermetallics, contribute to the anodic current.

4.2.4 Aqueous Electrochemistry of Zircaloy-2 Oxidation at 573 K

- N. Ramasubramanian and S.B. Thomas

Zircaloy-2 samples oxidized in steam, air and molten
salts were polarized in 0.1 mole/& sodium sulfate solution
at 573 K in an autoclave. Potentials were measured against
an external, saturated calomel, reference electrode. The
polarization curves showed undulations, except in the case
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of the steam oxidized samples. At polarization rates
comparable to the molten salt experiments, the hysteresis
in the autoclave tests was more pronounced. Experiments
are in progress in which Zircaloy-2 samples are oxidized
and polarized in sodium sulfate solution in the autoclave.

4.2.5 Anodic Oxides on Zirconium

- R.A. Ploc

iâ!
Further to PR-CMa-41, section 4.2.3, the surfaces of

oxides formed in 85% H3PQ, at 1 mA/cm
2 current density were

investigated for the presence of surface pores. Several
identical areas were replicated both before and after anodi
zation and the presence of surface pores was confirmed by
transmission electron microscopy. The pore density was
approximately 3 x 10lc/cm2 and the general shape appeared
to be truncated cones, i.e. 70 nm diameter (projected) at
the surface, tapering to 20 nm diameter at the base.
Accounting for the variation in pore sizes suggests 64% of
the oxide surface is open (pore entrances).

Weight gain studies suggest that the oxide is being
removed in solution. Such an effect would be consistent
with the observed pore shapes.

Anodic oxides formed at 4, 5 and 6 mA/cm2 current density
were stripped from their substrates and examined in the
transmission electron microscope. The first possessed a mono-
clinic aZrO2 structure while the remaining were cubic, identic'"'
to the oxides previously grown on Zircaloy-2 (J. Nucl. Mat.,
1977, (>£, 71). To check this surprising result, oxides were
again grown at 5 mA/cm2; however, in this instance, the struc-
ture was monoclinic and identical in appearance to the oxides
formed at the lower current densities. In every instance of
monoclinic oxide, sharp, well-defined cubic ZrO2 reflections
(spots) were seen, particularly the (lll)c. After a third
repeat, the oxide formed at 5 mA/cm2 was again found to be
mainly monoclinic aZrO2 ,* however, some areas of the film
yielded very clear cubic ZrO2 diffraction rings superimposed
on a aZrO2 spot pattern. Clearly, the two phases are simul-
taneously present. Experiments are proceeding to determine
the conditions under which cubic ZrO2 formation is preferred.

During our experiments with the 5 mA/cm2 anodic oxides
grown in H3POi,, a great deal of gas evolution at the cathode
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was noted. The potential drop across the oxide was then
measured by using a third electrode of platinum, electrically
floating. Whereas, in the previous case, where the potential
drop was measured across the anode and the active cathode,
25 V was recorded, the new technique yielded a value of
5.5 volts, consistent with the oxide interference colour.

A specimen formed at 5 mA/cm2, using the technique
described in (c) above, was left in the anodizing condition
for 60 min. Whereas in this period the indicated voltage
rose from 4.5 to 5.5 volts, the oxide interference colour
indicated a thickness of 350 nm (5.5 volts corresponds to
11 nm). Also, a considerable weight loss was measured.
Initial indications were that the oxide was continually
breaking down. This remains to be confirmed. Anodization
at 6 mA/cm2 suggested a similar behaviour.

i

4.2.6 Stripping of ZrO2 Films from Zirconium j
i

- R.A. Ploc ' ,

The removal of thin oxide films (< 300 nm) from
crystal bar zirconium has proved to be unpredictable. Several
techniques were tried to improve reliability. The main
effort was to develop an electrochemical stripping technique.
Whereas thin films were easily obtained, these films were in
no way representative of fche actual oxide. The most reliable
method to date is as follows:

(i) Mount the sample on a steel block with high tempera-
ture Araldite (HTA) and file the sample until it is
uniformly about 0.5 to 1 mm in thickness.

(ii) Remount sample (undisturbed oxide surface down) on
a glass slide with HTA making sure the metal surface
is not covered by the HTA. Thin chemically; dissolve
(in 7 parts HF, 45 parts HNO3, 45 parts H 2O), until
holes begin to appear in the sample. Use a cotton swab
to obtain uniform dissolution.

(iii) Remove the sample from the slide and clean with acetone.

(iv) Place the sample (in a double boiler arrangement) in
a small quantity of 10% bromine in ethyl acetate
(preheated to 70°C (343 K)) for 3 minutes, remove and
dilute solution with ethyl acetate.
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(v) Repeat the previous step, but for shorter times (1
to 2 min This will invariably result in small
pieces of free-floating oxide which may or may not
show evidence of attack by bromine.

(Jo)_ Nature_of_the_Attaçk_bv_Bromine

To better understand the oxide stripping process,
pre-marked and characterized bare zirconium surfaces were
subjected to attack by bromine for successive reaction
periods. The attack initiated as pits resulting in bowl-like
depressions over the entire surface. Grain boundary penetra-
tion was extremely rapid, though twin boundaries were not
noticeably affected. It is almost certain that a large
number of grains were loosened from the matrix before they
were dissolved in solution.

In an effort to improve oxide stripping, the metal
surface of a very thin oxide/metal wafer was prepared by
vapour-blasting. The higher frequency of pits so produced
had no effect on the overall stripping process.

It is clear from the limited coherence of the stripped
film and the presence of oxide artifacts in some of the
stripped films that bromine can attack the oxide both
uniformly and along planes of weakness. For this reason,
it is important that the metal adhering to the oxide prior
to immersion in bromine/ethyl acetate be kept to a minimum.

4.2.7 Corrosion of Zr3Al

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

(i) Analysis of the oxidation kinetics of Zr-8.9 wt% Al
transformed to Zr3Al and exposed for times up to 720 days,
without a breakaway to a higher oxidation rate, revealed
that the weight gain is proportional to the oxidation time
raised to the power 0.27 ± 0.02, i.e. AW/AA = k t 0' 2 7 ± °'02,
where k is a constant. This is close to quartic as opposed
to parabolic behaviour, and is consistent with an oxidation
process which occurs via short-circuit diffusion paths, the
area per unit volume of which decreases with increasing oxide
thickness. From Ploc's observations of a thermally formed
oxide on Zr3Al (PR-CMa-34, (4.2.7)), the paths are envisaged
to be the boundaries of "cells" the average diameter of which
is 56 nm in a film of 125 nm thickness. The analysis thus
implies, assuming the interpretation to be correct, that the
cell diameter is proportional to the square of the film thickness.
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(ii) Measurements of the film thickness were obtained,
first by comparing the interference colours with those from
SiO on glass (for known SiO film thicknesses) and then by
comparing the estimated values with those obtained by
W.D. Mackintosh (Solid State Science Branch) using the
Rutherford Back Scattering Technique. The results showed
that the film thickening kinetics were also guartic in
nature, as expected from the weight gain analysis. From
both analyses (i) and (ii) , a weight gain of 5 mg/dm2 corresponds
to a film thickness of 280 nm.

(iii) Metallography has revealed a number of tiny cracks
emanating from the cracked oxide over the aZr(Al) particles
in the Zr-8.6 wt% Al alloy (PR-CMa-42 (4.2.5)). Although
tentative, it is possible that these features could account
for the breakaway observed on a log AW versus log t plot at
^ 5 0 days or for the transition to linear kinetics as seen
on a AW versus t plot (Fig. 4.2.5.1, PR-CMa-42).

Over the range of temperature from 675 to 825 K, a
log/log plot of weight gain versus time for a Zr-8.9% Al
alloy shows a breakaway to a higher oxidation rate at a
time, ts, which decreases with increasing temperature; and
at a weight gain of 35 ± 15 mg/dm2, which shows no consistent
variation with temperature. A plot of tu""1 versus T"1 shows
Arrhenius behaviour, although the data points are somewhat
scattered, Figure 4.2.7.1. Such behaviour implies that the
process leading to the breakaway is thermally activated in
nature. Perhaps, and this is only speculative until more
detailed studies are performed, breakaway is caused by the
eventual interconnection of large numbers of hair-line cracks
which emanate from (the occasional) heavily oxidized aZr(Al)
particle in this alloy. The cracks propagate under the
influence of the high residual stresses which develop in
the film as it thickens. Thus, crack growth is connected to
film growth, i.e. to a phenomenon known to be thermally
activated.

4.2.8 Determination of KTTT for Zr-2.5% Nb
In

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

Further to PR-CMa-42 (4.2.7), the hydrogen-charged
and wedge-force loaded DCB specimens of Zr-2.5% Nb pressure
tubing continue to crack. After 450 days at 375 K the crack
length is 18 ± 0.4 mm, for specimens charged to 50 and 100 ppm
H (nominal) and loaded initially to Ki ? 60 MPa-m1/2. The
crack propagation rate now appears to be constant in both
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Figure 4.2.7.1 A graph of the reciprocal of the time to
breakaway versus the reciprocal of the oxidation
temperature (Zr 8.9% Al; steam at 0.1 MPa).

materials (even though Kj is decreasing) and is around
3 x 10" 1 0 m/s.

4.3 METAL PHYSICS

4.3.1 Irradiation Growth of Zirconium Single Crystals

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

Four additional single-crystal specimens have been
produced for measurements of radiation growth'in collabora-
tion with R.A. Murgatroyd (UKAEA, Risley), making a total
of seven specimens. Irradiation temperatures of 350 K and
550 K will be used and most specimens have axes approximately
parallel to either the c-axis or to the basal plane. Two
specimens of sponge zirconium have been included, to assess
the effect of higher impurity level on the growth rate.
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4.3.2 Experiments in the Harwell High Voltage Electron Microscope

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

In preparation for some further, limited studies using
the Harwell HVEM, specimens have been made from iodide and
sponge zirconium, a number of zirconium alloys, Zr3Al,and
beryllium. The purpose of the various zirconium alloys is
to examine the effects of alloying additions on the nucleation
and growth of the irradiation damage structure. An attempt
will also be made to characterize further the dislocation
loop structure in iodide zirconium. The work on ZrsAl and
beryllium will be aimed at extending earlier studies.

4.3.3 Elevated Temperature Mechanical Testing

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

The remote extensometer has been modified to reduce
the heat flow from the specimen to the extensometer. Ceramic
spacers have been inserted between the gripping knife edges
and the plates which support the extension rods and tubes.
The modifications are of a temporary nature only; a mark-II
design will require a more permanent and satisfactory solution
to thfr 'irat flow problem.

TrM remote extensometer has been tested at room tempera-
ture. A crystal-bar zirconium specimen was instrumented with
both a clip gauge on the specimen gauge length and the remote
extensometer attached in its normal position on the specimen
shoulders.

Computer controlled constant strain rate tests were
done, first with control from the clip gauge and secondly,
with control from the remote extensometer; the stress-strain
curves obtained with the clip gauge gave a Young's modulus
of 80.7 GPa. With the remote extensometer the apparent modulus
is 61.0 MPa. However, since the remote extensometer measures
a strain component originating from the specimen shoulders the
apparent modulus "E" is related to the true modulus by:

E =

where Ax and li, A2 and 12 are the area and length of the
gauge length and shoulders respectively. For the geometry
of the specimen used A1I2/A2I1 = 0.30. Thus, E = 79.3 GFa
in good agreement with the direct result from the first test.
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Several new miniature furnaces have been designed
and tested, with the result that the Mark-XVI has proved
to be satisfactory when used in conjunction with the
modified Mark-I remote extensometer. The temperature gradient
in the specimen has been measured using a tensile specimen
having thermocouples spot-welded at three positions: 1 mm
from the gauge length on each shoulder, and in the center
of the gauge length. Each thermocouple bead was located
at the bottom of a 0.75 mm diameter, 1 mm deep hole.
Furnace control was achieved using three proportional
temperature controllers. Experiments were done to determine
the controller set points required to minimize the difference
in the readings from the three thermocouples embedded in
the specimen.

For all temperatures in the range 100 to 800°C
(373 to 1073 K) the two shoulder thermocouple outputs could
be matched to ±0.5 K. For temperatures below 500°C (773 K)
optimum results were obtained using input from the two end
furnace windings only. In this range, the center of the
gauge length was a maximum of 4 K hotter than the shoulders,
with the difference decreasing with increasing temperature.
For temperatures in the range 500 to 800°C (773 to 1073 K)
input from the center furnace winding was required to bring
the center of the gauge length up to the temperature of the
shoulders. In this range, it was possible to make the three
thermocouple outputs equal to ±0.5 K. Figure 4.3.3.1 plots
the difference in temperature between the center of the gauge
length and the shoulders.

Tensile specimens for use with the remote extensometer
and miniature furnace have been modified to include shoulders ;
at least 2.5 cm long between the ends of the 2.54 cm gauge ]
length and the threaded heads used for gripping. j

ëi è£gliçation_Programmes j

For precise high temperature creep experiments it is
necessary to be able to alter the stress on the specimen to
some desired value in a controlled,reproducible manner.
For example, when doing experiments to measure activation I
energy as a function of stress, it is mandatory to be able
to repeat a given stress with high precision. To meet this
requirement an Alpha-16 assembly language programme has been
written. The stress rate for loading (or unloading) and the
desired test stress are input parameters. In addition to
the stress-ramp and hold features, the programme redefines
the stress-hold feedback-loop gain, and the data output rate.
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Figure 4.3.3.1 Tensile specimen temperature distribution
as a function of temperature.

A total of 32 creep tests have been done using two
specimens of crystal-bar zirconium. The principal objective
of the tests was to evaluate the test apparatus and test
procedures. Secondary objectives were to obtain a confirma-
tion of the stress and temperature dependencies of the
steady-state creep rate measured by Fleck and MacEwen
(PR-CMa-37, 4.3.2) and to evaluate the data analysis programmes
TAF and DERIV3. Stress-change tests were done at 874 K for
stresses in the range 5 to 16 MPa. Activation energies for
creep were determined at three stress levels, 5.89, 8.34 and
10.79 MPa over the temperature range 873 to 973 K.

The results of a typical test at 873 K are given in
Figures 4.3.3.2-4.3.3.5.
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Figure 4.3.3.2 Creep Test in crystal bar zirconium; stress vs
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Figure 4.3.3.3 Creep test in crystal bar zirconium; stress-
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Figure 4.3.3.4 Creep test in crystal bar zirconium; stress
vs. time during the stress hold portion of
the test.

Figures 4.3.3.2 and 4.3.3.3 show the loading portion
of the test. The specimen was loaded from 8.6 MPa to 11.3 MPa
at a constant stress rate of 0.5 MPa/s, using the application
programme described in B (above). The stress drop of 0.05 MPa
at the transition from stress-rate to stress-hold mode of
control is the result of a software fault and will be correc-
ted. The stress-strain curve for the loading portion of the
test is shown in Figure 4.3.3.3. For the stress-rate
imposed the proportional limit was 10.4 MPa, and the strain-
rate for stresses below the proportional limit was
4 x 10~6 s"1. The plastic strain which occurred during
loading, prior to creep, was 3.2 x 10"*5.

Figure 4.3.3.4 plots the stress as a function of time
for the creep portion of the test. It is seen that the stress
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is constant to ± 0.02 MPa. The creep curve, plotted as
creep strain vs time, and the creep strain rate vs time, are
shown in Figure 4.3.3.5 (a) and (b). The line through the
data points of the creep curve, and the first derivative of
strain, were obtained using the programme DERIV3. The
standard deviation for the fit to the data is found to be
2.7 ME.

Preliminary analysis of the steady-state creep data
confirms the earlier results (obtained using a Mand creep
machine) that the stress exponent and the creep activation
energy are stress dependent.

4.3.4 Simulation of Tube Flaring Procedure

\ - E. Ho, F. Santone and S.R. MacEwen
i
1 The procedure currently being used to flare the ends
: of Zr-2.5 wt% Nb tubes involves heating a slip-fit plug of

stainless steel which has been inserted into the end of
the tube. Experiments have been done on the computerized
Instron to simulate the process. The available specimens
were too short to accommodate the remote extensometer,
consequently the tests were done at constant cross-head
speed, rather than at constant strain-rate.

I
The test procedure is shown in Figure 4.3.4.1. Tempera-

ture ramps were achieved by manually altering the set points
on the miniature furnace. During the test, the specimen
temperature was within ± 1° of the desired temperature. In
the actual flaring procedure the circumferential strain rate
imposed on the tube by the plug is:

kT = (aPlug " aTube> *

% 5 x 10-6 T

The cross-head speed chosen for the simulation is thus
proportional to the rate of temperature rise. In addition,
it must allow for thermal expansion of the specimen, and
thermal expansion and elasticity of the grips and pull-rods.
An experiment was done to determine the cross-head speed
required to produce a zero stress-rate at a heating rate of
10°/min. These data were used to approximate the thermal
behaviour of the pull-rods and grips, when the test values
of A*£ were calculated.
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Figure 4.3.4.1 Tube flaring simulation; temperature and
cross-head speed as functions of time.

The results of a typical cycle are given in Figure
4.3.4.2. The stress-drop at 1800 s is a result of thermal
expansion of the pull-rods and is not related to the defor-
mation of the specimen. Lacking a detailed knowledge of
the deformation of the pull-rods the best that can be
extracted from a test of this type is the maximum flow stress.
This is plotted as a function of the number of cycles done
on a single specimen in Figure 4.3.4.3. It is seen that the
flow stress has increased by nearly 35 MPa after 4 cycles, and
that the effect seems to have saturated. Since the total
strain in the specimen is thought to be about 0.3%, it seems
unlikely that work-hardening could account for so large a
change. Strain-aging appears the most likely explanation
for the increase in flow stress.



j^i2££Cs^r3^^

- 83 -

£ 200 -

I I I I I I I I I I I I
o 2000 aooo tooo eooo IOOOO 12000 uooo

TIME Cs>

Figure 4.3.4.2 Tube flaring simulation; stress vs time for
one cycle.

550 -

STRESS 500
( H P A )

150

CYCLE

Figure 4.3.4.3 Tube flaring simulation; maximum flow stress as
a function of the number of cycles (see Figure
4.3.4.1 for the definition of one cycle).
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4.3.5 Irradiation Creep

- M. Miller and S.R. MacEwen

A series of experiments has been proposed to clarify
the nature of the strain-producing step during in-reactor
creep and growth. The growth rig for the first experiment
has been assembled, and the specimen has been prepared.
Bench tests have been run to measure the effects of thermal
expansion of the specimen and of the rig on the strain
transducer output. The completed assembly is scheduled
for insertion into an NRX position during the December
shutdown.

ëi î?umeriçal_Anal^sis_-_Effeçt_of_a_Pulsed_Beam

In-reactor creep is being simulated in several
laboratories using beams of high energy particles, such as
protons. In most of these experiments, the specimen is not
subjected to a constant damage rate. For example, in the
Harwell apparatus the proton beam is swept in a raster pattern
over the specimen; in the LAMPF facility the beam itself
is pulsed. Although the pulse rate, or sweep rate, is high,
there may be important changes in the point defect annealing
behaviour. To investigate this possibility, the computer
code ZEUS has been modified to calculate the effects of a
pulsed beam on point defect annihilation and on dislocation
climb. Preliminary results have been obtained for a beam
pulsed to give a 2 ps pulse with an 8 ys gap between pulses,
i.e. similar to the mode of operation of the LAMPF proton
beam. Calculations have been made for the case in which the
beam is left on for a given period of time and then is pulsed
for 10 cycles. It is found that the interstitial concentra-
tion decays away completely (to thermal equilibrium) during
the time that the beam is off, and re-establishes its non-
pulsed beam value during the on-portion of the cycle. While
the beam is cycling the vacancy concentration decreases
slightly (in 10 cycles). Calculations with many more cycles
will have to be done to determine the complete vacancy
behaviour, and the effect of cycling on dislocation climb.

*-i 5!jïï}2ïi£3i_d2âiYëi2 ~ Contribution of SIPA to irradiation
C r e e p ^ Zr-2.5% Nb Pressure Tubes

Strain during irradiation creep can be produced by two
distinct dislocation mechanisms: by dislocation climb (i.e.
loop growth) and by glide of network dislocations, made
possible by flux enhanced climb. In a specimen containing a
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random array of dislocation Burgers' vectors the former is
a consequence of the stress-induced preferential absorption
(SIPA) of interstitials at dislocations whose Burgers'
vectors are aligned close to the applied stress directioni
The point of contention is the contribution that this compo-
nent of the strain rate makes to the overall rate. Bullough
and Hayns, Heald and Speight, and Wolfer (see PR-CMa-40,
4.3.3) have all derived expressions for the SIPA creep rate,
and claim agreement with measured values of irradiation creep
when two important assumptions are made:

(i) there is no vacancy-interstitial recombination

(ii) the point defect production rate is equal to the dpa
rate, that is, there is no recombination within the
damage cascade.

Recent calculations by Woo (WNRE, unpublished
results) which essentially follow the analysis of Bullough
and Hayns, conclude that, if all recombination is ignored, a
SIPA mechanism can explain irradiation creep in Zr-2.5 wt% Nb.
Calculations by MacEwen and Fidleris for a zirconium single
crystal show that the SIPA creep rate is two orders of
magnitude lower than the experimentally observed rate (J.
Nucl. Mat. £5, 250, 1977). Calculations for Zr-2.5 wt% Nb
have been made using the following input parameters:

stress = 117 MPa

T = 573 K

network dislocation density = 3 x 1011*:
- half edge, half screw

- 1/3 of the b vectors in each orthogonal direction

grain size = 0.5 ym x 10 ym x 30 ym

prismatic loop radius: 3.5 x 10~9 m

prismatic loop density = 2 x 10 2 2 m~3:
- half vacancy, half interstitials

- 1/3 of the b vector in each orthogonal direction

vacancy formation energy = 1.2 eV

vacancy migration energy = 1.2 eV

interstitial formation energy = 4.0 eV

interstitial migration energy = 0.3 eV.
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The effect of solute trapping was not included in the calcu-
lation. It was found that, steady state was reached after
2.2 x 103 s, and that at steady state vacancy-interstitial
recombination accounted for 23% of the point defect annihi-
lation. The creep rate resulting directly from dislocation
climb is compared with the SIPA creep rate obtained using
various equations and production rates in Table 4.3.5.1.

Clearly for nearly random distributions of disloca-
tions (f^ % 1/3) and the same value of K there is little
to choose between the Bullough and Hayns, and Woo expressions.
The results from ZEUS are slightly lower ('v- 18%) as a result
of recombination. The SIPA rates from the last two rows
both claim to be representative of Zr-2.5 wt% Nb pressure tube
material, in a power reactor flux, yet there is a factor
of nearly twenty-four between the two. The ZEUS rate is lower
for three reasons : first a factor of two from the choice of
the flux level for the calculations, secondly, a factor of
ten from the assumption that only 10% of the point defects
escape the cascade, and finally a smaller factor, about 1.2,
originating from random-walk recombination. Thus, the
principal difference, for materials with high dislocation
densities, and small grain sizes, is the assumption made
concerning point defect production. With decreasing disloca-
tion density and increasing grain size the other assumption
made in the Bullough and Hayns type of expression, that
random walk recombination is negligible, becomes progressively
worse.

TABLE 4.3.5.1 SIPA Creep Rates

Source of
equation(s)

Bullough-Hayns

Woo

Woo

Woo

present results
(ZEUS)

(n/(m2-

2 x 10

1 x 10

a))

1 7

1 7

(at

1.5

1.5

1.5

3

1.5

K
fr/s)

X

X

X

X

X

io-s

io-9

io-9

io-8

io-9

fA

1/3

1/3

0.43

0.43

1/3

SIPA

6.

6.

7.

1.

5.

rate (tr1)

6

6

3

3

5

X

X

X

X

X

io-9

io-9

io-9

10"7

lO"9

Details of the cascade are, therefore, extremely
important when calculating the absolute magnitude of the
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creep rate from loop growth and dislocation network climb;
however, the absolute rate is but one factor to consider when
assessing the importance of SIPA as a strain producing
mechanism, rather than just as a point defect partitioning
mechanism. Of greater importance will be measurements of
the effect of fluence (loop density) on specimens with
differing initial dislocation densities.

4.3.6 Point Defect Annihilation Kinetics and Irradiation Creep in
Ordered Alloys

- E.M. Schulson, M.L. Swanson (Solid State Science Branch)
and S.R. MacEwen

Further to PR-CMa-42, (4.3.6), the magnitude of the
effect of long-range ordering on climb-controlled irradiation
creep has been estimated. For the one vacancy case (i.e.
where the mobility of all vacancies is impeded by ordering)
the ratio of the dislocation climb velocity in the ordered
state to that in the fully disordered state is given by the
expression:

V, 1 +

1 +

1/2

+ 1

1/2

+ 1

where fi, aj_, P^ and Pv were defined previously (PR-CMa-42)
and where rv = 2.5 x 10

1 3 exp(-EmV/kT)-s"
1 and rv'= 2.5 x 10

1 3

exp[-(Emv + AE)/kT]•s
-1; Emv is the migration energy of a

vacancy in an alloy not possessing a superlattice; AE is
the increase in the energy of migration due to ordering,and
k and T have their usual meaning. Assuming that Emv = 1.2 eV
and that AE = 0.2 eV, this equation shows that at 600 K,
V c V v c - 0.16 for Pi < 10"6 for a fast neutron flux typical
of that in a thermal nuclear reactor. For an intermediate
degree of order (i.e. S - 0.5), V C V V C - 0.6, because AE Œ Sz~

Further calculations have also been made on the effect
of ordering on the equilibrium vacancy concentration in a
hypothetical Ll2 alloy (two-vacancy types), on the vacancy/
interstitial (V/I) recombination rate and as the net interstitial
flux to edge dislocation. The results show that, at inter-
mediate temperatures, ordering increases the vacancy concentra-
tion by roughly an order of magnitude for a dislocation density
of 2 x 10ls>/m2 (at 675 K) ; increases the V/I recombination
from ^ 51 to = 25% (at 573 K, for 2 x 10 l s dislocation/m*,
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EmV = .1*2 eV( and AE = 0,2 eV); reduces the net flux of
interstitials to edge dislocations by about 30% for ordinary
dislocations, and by about 70% for superlattice dislocations.

The work has been prepared for publication.

4.3.7 Recrystallization of Zr3Al

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

Further to PR-CMa-40 (4.3.7), the recrystallization
kinetics at 973 K have been measured for Zr3Al cold-rolled
to a true strain of e = 0.18. Figure 4.3.7.1 summarizes
the results and includes data previously reported for
comparison. The form of the f vs t curve satisfies the
Avrami expression, f = 1 - e~ktn, where k and n are constants,
and is independent of the degree of cold-work, implying
similar underlying processes. The rate of the transformation,
however, is strongly dependent on plastic strain, increasing
with increasing strain. -<e latter point is a direct result
of the number of nucleate I sites increasing with the degree
of prior deformation. A kinetic analysis is in progress.
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Figure 4 .3 .7 .1 Curves showing the fraction of recrystallization
against time at 973 K for ZraAl cold-rolled to
true strains of e = 0.29, 0.18 and 0.12. Réf. a
(Gagné and Schulson, Met. Trans. 7A (1976) 1775).
Ref.b (present work) . Ref.c (PR-CMa-40 (4.3.7)).
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4.3.8 Strain Rate Sensitivity of the Yield Strength of 2r3Al
Polycrystals

- E.M. Schulson and J. Duffy (Brown University, Rhode Island)

Experiments are in progress to study the effects of
strain rate on the yield strength of Zr3Al. Theoretically,
there is reason to believe that a negative strain rate sensi-
tivity could exist. Thus, preliminary experiments have been
performed at Brown University, using the incremental strain-
rate-change technique and torsional loading. The results
show that an "instantaneous" increase in strain-rate (at t - .02)
from 10"3 s"1 to ^ 103 s"1 suppresses the extent of Liiders
yielding, thereby changing the flow characteristics to those
of work hardening from yielding. Correspondingly, the strain-
rate-change caused an increase in the flow stress.

4.3.9 Positron-Defect Interactions in Pure Metals

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

PAM on specimens of 99.999% pure Au have been made
following sample annealing in a vacuum of 3.4 pPa, in N2 and
in air. Samples were annealed for periods of one to 48 hours
at 1200 K. Within narrow uncertainty limits (0.2%), the
L parameter is insensitive to the nature of the annealing
atmosphere. This result is not in accord with preliminary
findings - see PR-CMa-42, section 4.3.8.

Analysis of a composite data curve for Al, using
the peak count parameter, L, shows that not only is the
value of h^ - the vacancy formation energy - for Al beyond
the usually accepted range of values - see PR-CMa-42, Section
4.3.8(b), but also that the value of h^ declines somewhat
as the upper temperature limit (appropriate for each set of
included data) is reduced.

4.4 LECTURES, PUBLICATIONS AND REPORTS

4.4.1 Lectures

Strain Contrast from Inclusions Produced by a Shear Transfor
mation

- G.J.C. Carpenter
Presented at the Materials Research Society Annual Meeting
(Session on Materials Characterization Using Transmission
Electron Microscopy), Boston, Mass.
November 14-16, 1977.
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The Disordering of Zr3Al by 1 MeV Electron Irradiation

- G.J.C. Carpenter and E.M. Schulson
Presented at the TMS-AIME Fall Meeting
Chicago, 111.
October 24-27, 1977.

Electron Irradiation Damage in Beryllium in a High Voltage
Electron Microscope

- G.J.C. Carpenter and R.G. Fleck
Presented at the Fourth International Conference on Beryllium,
sponsored by the Metals Society, London, England
October 4-7, 1977.

4.2.2 Publications

An Atom Size Effect in Tracer Diffusion

- G.M.Hood
Submitted to Journal of Physics F: Metal Physics

Diffusion in VA Group Metals

- J. Pelleg1

Submitted to Reviews on High-Temperature Materials

Electron Irradiation Damage in Beryllium in a High Voltage
Electron Microscope

- G.J.C. Carpenter and R.G. Fleck
Submitted to the Metals Society (Proceedings of the Fourth
International Conference on Beryllium)

Point Defect Annihilation Kinetics and Irradiation Creep in
Ordered Alloys

- E.M. Schulson, M.L. Swanson and S.R. MacEwen.
Submitted to: Philosophical Magazine

Random Walks on Three-Dimensional Lattices: A matrix method
for calculating the probability of eventual return

- Masahiro Koiwa2

Published in: Philosophical Magazine, Vol.36, #4, 1977,
pp.893-905.

'Visiting professor, terminated September 30, 1977
2Attached staff from University of Sendai, Japan, July 23,
1976, to September 22, 1976.
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Some Systematics of Positron-Vacancy Internations in Metals

- G.M. Hood and B.T.A. McKee
Submitted to: Journal of Physics F: Metal Physics

The Strengthening of Ordered Zr3Al by Fast Neutron Irradiation

- E.M. Schulson
Submitted to: Acta Metallurgica

Young's Modulus and Thermal Expansion Coefficient of Ordered
Zr3Al

- R.B. Turner, G.A. Wolgemuth and E.M. Schulson
Submitted to: Journal of Nuclear Materials
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5. REPORT OF UNIVERSITY OF TORONTO

J.C. Polanyi

5.1 Isotope Separation by Vibrational Enhancement of Reaction
Rates

In our last report (PR-CMa-42, AECL-5971) we
outlined our reasons for applying the CDMS (Chemilum-
inescence-Depletion with Mass-Spectrometry) approach in
the first instance to the reaction system

. ^?Y + H D Endothermic by 142 kJ-mol"1 (2a)
HF (v) + D ̂

+ DF Thermoneutral ^ 0 kJ-mol"1 (2b) '

(we use the same reaction numbering as in our prior
report, for ease of cross reference). In brief, our
rationale was (a) relevance to laser-induced isotope
separation, and (b) theoretical tractability. In
regard to (a) both these reactions ((2a) and (2b)) could
have vibrational thresholds, and as regards (b) both
are amenable to fundamental ab initio computation, and
hence classical trajectory studies of a revealing sort.

In the latter connection a further major ab initio
investigation of (2b) has appeared since the last
reporting period(^). This sustained theoretical
activity in the absence of any experimental data regarding
(2b) is evidence of the high degree of interest. Reaction
(2b) is predicted in this new computation, as in earlier
ones^2"4 ', to have a high activation barrier, in the
neighbourhood of ^ 200 kJ-mol"1 Cv 50 kcal-mol"1). CDMS
results constitute the first experimental data. They
confirm the theoretical prediction.

The method has been previously described. In the
work that we report here the pre-reaction used as a
source of HF"*" (v) was

F + HI •* HF+(v = 1 - 6 ) + I
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The HI entered by way of the central tube of the
pre-reactor, from which i t emerged as lateral jets
directed into a concentric flow of F coming from an 80 W
continuous microwave discharge in CFK. The central
tube of the pre-reactor was withdrawn approximately 2 mm
into the concentric tube. The flows of pre-reactants
were approximately 60 ymol-s"1 of HI and 10 ymol'S"1 of
CF*.

The second reagent of reaction (2), atomic D, was
introduced through the wide outer tube which surrounds
the pre-reactor. The atomic D was formed intermittently
by a ^ 13 Hz modulated 80 W microwave discharge, in a
50 pmol-s"1 flow of D2.

Two spectral records were recorded concurrently.
Both came from a single grating spectrometer. One
channel recorded the total emission, i . e . the population \
distribution N(v) over the six vibrational levels of '
HF+. The other channel (termed the 'depletion channel1) i B
passed through a phase - sens i t ive ampl i f ie r locked t o ]
the pulsing frequency of the atomic D; this 'depletion
channel' displayed only the changes in population of
states v, i . e . AN(v). (In fact both the total-emission
channel and the depletion-channel gave the full
vibrotational information; N(v,J) and AN(v,J); we
shall return to this in a later report)

Figure 5.1.1 shows a plot of AN(v)/N(v), i . e . the
fractional depletion of HFT(V) in all v-states from
v = 1 - 6, by thermal (300 K) D-atoms. As noted above,
no comparable data has existed prior to the present
time.

The fractional depletion is nil (within experimental
error) for v = 1 and v = 2. This is to be expected if
depletion is due to reaction, since the endothermicity
of reaction 2(a) corresponds to an energy between v = 2
and v = 3 and the barrier to reaction 2(b) (provided
the ab initio computations are correct) lies between
v = 4 and v = 5.

In the light of the ab initio prediction i t is
significant that we observe a second 'threshold1, i .e .
an increase in the rate of change of fractional-depletion
with v, between vibrational levels v = 4 and v = 5.
The anticipated approximate thresholds for reaction
paths 2(a) and 2(b) are indicated by arrows in the
figure.



- 94 -

The CDMS method allows us not only to detect these
heretofore inaccessible reaction thresholds, but also
to identify them by monitoring the reaction product
mass-spectrometrically. The procedure involves using
several pre-reactions, and/or pre-reactor geometries,
to populate the HF̂ Cv) vibrational manifold to a varying
extent. The yield of HD and DF is monitored for each
case. Work is now proceeding on this. Preliminary
results permit us to identify the two thresholds, quali-
tatively, as corresponding to the reaction paths indicated.
These and further results, obtained using a variety of
experimental conditions, will be reported in the coming
quarter.

(1) W.R. Wadt and N.W. Winter, J. Chem. Phys. 67, 3068
(1977).

(2) C F . Bender, B.J. Garrison and H.F. Schaefer II,
J. Chem. Phys. 62_, 1188 (1975).

(3) P. Botschwina and W. Meyer, Chem. Phys. 2jD, 43 (1977).
(4) W.R. Wadt and N.W. Winter,"Ab initio Potential

Surface Calculations for the H + H2O and H + HF
Hydrogen Atom Exchange Reactions", 12th International
Symposium on Free Radicals, Laguna Beach, California,
January, 19 76.
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Figure 5.1.1 - Dependence of Fractional Depletion of Reagent
Molecules on Vibrational Energy
(a) The points are experimental; the numbers
beside them indicate the vibrational quantum
number, v. The points correspond to relative
rate constants, k(v). (b) The arrows are
theoretical thresholds for the reaction paths
indicated. (c) The solid line is drawn so as
to be consistent with both (a) and (b).
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