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CHEMISTRY AND MATERIALS DIVISION HIGHLIGHTS

T. A. Eastwood

Solid State Studies

The model we have developed of solute atom vacancy trapping in
irradiated f . c . c . alloys has been put to a detailed and successful test . An
Al-Sn alloy has been irradiated with MeV He ions at low temperature and then
pulse-annealed in fine-scale temperature increments. Ion channeling
measurements have made i t possible to show for the f i r s t time that , when
vacancies become mobile, the tri-vacancy-solute atom defects form f i r s t , i .e .
at s l ight ly lower temperature, followed progressively by te t ra- and hexa-
vacancy-solute complex formation. At higher temperatures, the thermal
ins tab i l i t y of the complexes becomes evident. Differentiat ion is again
apparent, the hexa-vacancy-solute complex dissociating f i r s t . The results
validate in a more specific way the correctness of the vacancy clusteriny
model.

Bombardment of a solid by energetic heavy ions results in rearrangement
of the target atoms, due not only to ba l l i s t i cs but also through radiation
defect-assisted processes. For a target consisting of two adjoining and
dissimilar elements, bombardment therefore can give rise to atomic mixing
across the interface. Our f i r s t experimental results from 1 MeV Xe ion
irradiat ion of Ag/Si and Au/Si bilayers are novel: f i r s t , signif icant mixing
occurs at temperatures as low as 4b K, where vacancy-assisted motion should be
inef fect ive; second, mixing is much more evident for Au/Si although
col l is ional energy transfer should be more ef f ic ient for the equal mass case
(MX^MAQ); and t h i r d , very pronounced crystal l ine texture develops
in the Ag f i lm as a result of the heavy ion bombardment.

Radiation Chemistry

Adsorption coefficients of vibrat ional ly excited NO molecules have been
measured and used to determine concentrations in pulse radiolysis of d i lute NO
in argon mixtures. The yields of vibrationally excited NO in the f i r s t and
second vibrational levels are 16.4 and b.9 molecules/lOU eV respectively
indicating a large fraction <"«f the adsorbed energy appears as vibrational
excitat ion.



(Ti)

Isotope Separation

Research on the redeuteration of fluoroform, a potential target
molecule in a laser isotope separation process, by chemical exchange with
water has shown that strong base anion exchange resins are more effective
catalysts on a per hydroxide ion basis than aqueous hydroxide ion in water.
This advantage is lost when 3U mole percent dimethyl sulfoxide (DMSO) is
added as co-solvent although the exchange rate with either type of catalyst
in 6U mole percent DMSO appears adequate for the CF3H/H20 exchange step of a
laser isotope separation process.

Our uranium isotope ratio mass spectrometer has been fitted with a
turbomolecular purnp, full range electromagnet and a direct insertion probe
for the analysis of volatile solids. Isotope ratio measurements of a
volatile zirconium complex are underway to assess the stability of the vapour
flux and ion source.

Analytical Chemistry

The possibility of significant bias in fuel burnup values determined
by the ll|8Nd method because of neutron capture in 1If7Nd was discovered. A
literature search revealed that the neutron capture cross section of "*7Nd
may be 4bU b, and not 50 b as listed in older nuclear data files, and as used
in the LATREP reactor physics code. Recent correspondence with the
evaluators of the Brookhaven nuclear data file indicates that there is
widespread uncertainty about the value of the cross section. Computer
simulations with LATREP using a 450 b cross section showed that the
llt7Nd(n,Y)llt8Nd reaction would create about 7% of the lltBNd formed in a
highly irradiated Th-U fuel element.

An alternative to lkaHd for the determination of fuel burnup is 139La.
In addition to satisfying most of the requirements for fission monitors, it
is the only long-lived isotope of lanthanum produced by fission, and might
lend itself to chemical instead of mass spectrometric determination.
Preliminary work using a bonded phase high performance liquid chromatographic
column has produced good separations, with detection limits <100 pg.mL"1, and
with a radioactivity level during separations that permits use of a Type C
funiehood. However, burnup values determined were 10-15% higher than with the
llt8Nd mass spectrometric method and the reason for this must be found.

High specific activity CH3
B2Br in the quantities needed by Commercial

Operations can now be produced. Several test runs producing about 1U9 Bq in
about 5 x 10~2 moles of methyl bromide have been done successfully. The
purpose of this development is to start a profitable business using
radioactive tracers to calibrate large gas and liquid flow meters in the
petrochemical industry.



Materials Science

In research on the stress corrosion cracking of zirconium alloys by
fission products, examination of the orientation of the grains which fracture
f i r s t to produce many small transgranular nucleation sites has shown that (in
section) they al l extinguish in polarised light at about the same angle.
This observation supports the hypothesis that they all are grains of similar
orientation, well aligned for easy "cleavage" under the combined effects of
residual and applied stresses.

Irradiation growth of Zr-Sn alloys in the DIDO reactor at Harwell has
shown evidence for solute-vacancy trapping by the t i n . This could explain
the rapid saturation of growth strains after relatively low dose
irradiations.

All studies so far are consistent with the hypothesis that the "hard
particles" responsible for the large size of the tfauschinger effect in
zirconium alloys are ct-Zr grains oriented with their <c> axes parallel to the
applied stress. Deformation in the c-direction is more d i f f i cu l t than in the
a-direction. Residual stresses measured by time-of-fl ight neutron
di f f ract ion, in collaboration with scientists at the Argonne National
Laboratory, are in good agreement with the predictions of this hypothesis.
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1.2 ION PENETRATICU

1.2.1 Dependence of Specific Energy Loss on Target Thickness: -+ C

- W.N. Lennard, D. Ph i l l i p s , I.V. Mitchell and H.R. Andrews (Nuclear
Physics Branch)

We have measured the energy loss of ^ 0 ions in th in carbon f o i l s of
d i f fe ren t thicknesses using the t ime-o f - f l i gh t technique. The measurements
were performed at s l i g h t l y lower veloc i t ies (v /v 0 ^ 0.6) than those for
2uNe (see Progress Report PR-CMa-b9, Section 1 .2 .1 ; AECL-7607) in an
attempt to enhance the thickness dependence of specif ic energy loss , dE/dx,
which appears to increase with decreasing ve loc i ty .

As the ion ve loc i ty decreases, the ef f ic iency of the annular channel
plate detector (see Progress Report PR-CMa-6U; Section 1.2.2; AECL-7692) is
known to decrease. We have measured the detector ef f ic iency for 160 ions
at the ve loc i t ies of in te res t , and made appropriate corrections to the time
spectra.

Our results are shown in Figure 1.2.1.1. The target thicknesses were
obtained by measuring the energy loss of ^He ions at 620 keV and using stopp-
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Figure 1.2.1.1 - Results for the thickness dependence of dE/dx, the specific
energy loss for 1 60 -»• C at v/v0 = 0.60 (v0 is the Bohr velocity). Note
the suppressed zero on the ordinate scale.
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ing powers from the tables of Ziegler (1) . We observe that dE/dx for ^ 0
is % 20% smaller for our thinnest f o i l {% 4 pg-cr.i"2) than for f o i l s of
thickness 20 pg-cm'^. These data are qua l i ta t ive ly similar to results for
the Z^Ue •* C system. We are currently analyzing the data within the
framework of the Meyer-Klein-Wedell theor, (2) .

(1) J.F. Z i e j l e r , Stopping Powers and Ranges in Al l Elements, Vol. 4
(Pergamon Press, 1977).

(2) L. Meyer, M. Klein and Re Wedel 1 , Phys. Stat. Sol. (b) 83 (1977) 4b l .

1.2.2 Search for Pre-Equilibrium Stopping for 4He Ions in Thin Carbon Foi ls

- W.N. Lennard, D. Ph i l l i p s , I.V. Mitchell and H.R. Andrews (Nuclear
Physics Branch)

To investigate further the energy loss of l i gh t ions (Zj = 1,2) in
th in carbon f i lms , we have obtained targets fabricated by crackiny acetylene in
a dc glow discharge. Five targets* of varying thickness (4 ^ pt < 23 ug-
cm"2) were mounted in our t ime-o f - f l i gh t system (1) and the energy losses
of *H and 4He ions were measured in transmission at 0° to tf\e beam direc-
t i o n . Such targets ape known to have a to ta l hydrogen content exceeding 3U
at.X. (2)

Our results are shown in Figure 1.2.2.1. Several measurements were made
for each pro jec t i le - ta rge t combination. The data can be f i t t e d very well by a
straight l ine (x2 ->. 0.12) with a small intercept on the AE(4He) axis of
91 ± 2b6 eV, i . e . equivalent to a (pure) carbon thickness of 'vO.Ob ug-on~2
(-v. 0.2 nm).

Despite possible differences in composition of these carbon f o i l s and
those studied in an ear l ie r experiment (see Progress Report PR-CMa-60, Section
1.2.1; AECL-7692), the energy loss r a t i o , AE(4He)/AE( *H), appears to be
ident ical for both sets of targets.- These new data also confirm our ear l ie r
conclusion that no s ign i f icant pre-equil ibrium stopping effects exist for 4He
ions in carbon, assuming that none exists for *-H in carbon.

(1) W.N. Lennard, H.R. Andrews, M. Freeman, I.V. M i tche l l , D. P h i l l i p s ,
O.A.S. Walker and U. Ward, Nuci. Ins t r . Meth. (1982, in press).

(2) N.R.S. Ta i t , D.W.L. Tol f ree, P. John, I.K. Odeh, M.J.K. Thomas,
M.J. Tr icker, J . I .B . Wilson, J.B.A. England and D. Newton, Nuci. Ins t r .
Meth. 176 (1980) 433.

Obtained from the Arizona Carbon Foil Company, Tucson, Arizona
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AE ( 4 H e ) [ keV]

Figure 1.2.2.1 - Energy loss of *H (ordinate) and 4He (abscissa)
projectiles at 270 keV and 620 keV, respectively, in the same carbon foil
targets (glow discharge fabrication). The dashed line is a linear fit to the
data. The uncertainties are approximately the size of the data points.
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1.2.3 Modified Tirne-of-Flight Apparatus

- W.N. Lennard, R. Hill, D. Phillips and G.A. Sims

In order to improve the time resolution of our energy loss apparatus
(see Progress Report PR-CMa-b8, Section 1.2.1; AECL-7517), we have moved the
time-of-flight section such that its axis is col linear witr the axis of the
High Voltage Mass Separator (HVMS) and eliminated the Au scattering foil. Two
quadrupole focussing elements upstream of the sample foil holder are used to
control ion beam intensity. They are followed by a square aperture of dimen-
sions continuously adjustable in the range 0-2b mm^.

This new beam line arrangement is being pumped by a Leybold-Heraeus
turbomolecular pump (Model TMP 120) which replaces the cumbersome and noisy
Sargent-Welch TM pump (#3102). Tests to date show that the TMP 120 works very
satisfactorily; it will be installed on the new T.O.F. chamber. This chamber
is being fabricated on site with a completion date set for December 1982.

Preliminary results using an 8UU keV ^ uAr + beam indicate a time
resolution, At/t, of 0.00b4. This value is approximately a factor of 5 smaller
than that measured in the previous setup where a Au scattering foil was used to
reduce the beam intensity, thereby introducing significant time straggling.
Figure 1.2.3.1 shows this improved time resolution for 800 keV ^uAr ions.
Initial tests are underway to determine the precision of the new setup for
energy loss measurements. We plan to calibrate the HVMS analyzing magnet over
the working field range, using the present system.

1.3 SURFACE PHENOMENA

1.3.1 Surfaca Pre-Melting in Ge

- H.H. Jorch and T. E. Jackman

Rutherford backscattering measurements along the <111> direction of a
Ge(lll) surface have been made in the temperature range 23b K to 1100 K. The
surface oxide was removed by flashing the sample to 1100 K before measurements
were made. Heating was accomplished by electron bombardment of the back of the
Ta foil upon which the Ge crystal was mounted. Problems with temperature
gradients in the Ge crystal were minimized by using a thick Ta foil, to which
the thermocouple was attached. Because of the high light emission of the Ge
above 8U0 K, a thin Al foil was used to shield the detector.

A sharp decrease in the positron diffusion length near 1020 K is thought
to be due to the onset of an enhanced defect population in the near-surface
region (1). A suspected "surface melting" and subsequent disorder in the near-
surface (2) is not evidenced in the channeling results, Figure 1.3.1.1, which
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Figure 1.3.1.1 - Variation with sample temperature of the intensity of MeV He
ions scattered from the near surface region of a Ge(lll) crystal, under <111>
axial channeling conditions. The circled data were obtained with no Al foil
shield on the detector.

show a simple linear increase in the surface yield well past the transition
temperature.

(1) H.H. Jorch, Ph.D. Thesis, University of Guelph, 1981.
(2) F.F. Abraham, Phys. Rev. B23 (1981) 6145.

1.3.2 Surface Structure of Ga on GaAs

- T.E. Jackman, H.H. Jorch and J.A. Davies in collaboration with
F. Shepherd (Bell Northern, Ottawa) and O.L. Miller (Rockwell -
International, California)

As part of a program to determine the structure of thin epitaxial layers
of Al-doped GaAs on GaAs, we have investigated the applicability of two
different charged-particle techniques for detecting Al. The material under
study was a GaAs single crystal on which a 10 nm layer of Ga., 7Alf, ., (contain-

approximately 7 x 10 1 5 Al atoms cm"2) had Deen molecular beam deposited
at Rockwell International.

The first technique examined was Rutherford scattering of 2.U MeV 4He.
The incident beam was channeled to suppress the background contribution from
deeper lying Ga and As atoms and the scattering was measured at a grazing-exit
angle to enhance the depth resoluton. Under optimum conditions, even if all
the Al atoms were on interstitial sites, the maximum Al signal was calculated
to be only 50% of the GaAs background level. The observed RBS spectrum showed
no step at the 'surface A T position, indicating that less than 2U% of the Al
atoms were non substitutional.
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The second technique examined was nuclear microanalysis, using the nar-
row 27A](p,y) resonance (at 992.0 keV) which eliminates any background con-
tribution from Ga and As atoms. Under these conditions one would expect the
count rate ratio between pure Al and the Ga0 ? A 1 O ^As to be approximately

11:1. However, it is important to remember that the energy instability of the
2.b MV Van de Graaff is considerably greater than the width (̂  8U eV) of the
resonance. Thus, the effective thickness of the analyzed layer is increased by
the accelerator instability and would involve approximately b.O x 1017 Al

atoms cm" in a pure Al target and approximately 4.b x 1U Al atoms an" in a
thick sample of Ga^ ?A1., 3As for an instability of ± 2 keV. Since the entire

15 -'
10 nm Ga ,A1 „ 3As layer contains only 7 x 10 Al atoms cm ", the expected

count rate ratio between the GaQ ,Al 0 oAs sample and pure Al would be approxi-
mately 1/1UU. Using a b" x 5" Nal crystal as a Y-ray detector and an incident
beam energy approximately 1 keV above resonance, we measured 2300 cts/10 PC and
20 cts/10 yC respectively for the two targets, after a background (cosmic rays,
etc.) subtraction of 40 cts. This sensitivity is obviously not sufficient to
detect Al- doped layers much thinner than approximately 10 nm buc might be
enhanced almost 10-fold by utilizing the higher energy stability (comparable to
resonance width) of the 2 MV High Voltage Mass Separator.

Another possibility is the use of ion-induced Auger spectroscopy for
which initial investigations are underway.

1.3.3 Surface Preparation of Faceted (111) Pt Single Crystal

- T.E. Jackman, J.A. Davies, C.W. Sitter and P.R. Norton (Physical
Chemistry Branch)

The damaged, faceted (111) Pt single crystal (see Progress Report
PR-CMa-60, Section 1.3.2, AECL-7692) was annealed for approximately 15 hours
near to its melting point, on the crystal processing manipulator (see Progress
Report PR-CMa-60, Section 1.3.3; AECL-7692). Rutherford backscattering
measurements indicated that the central region of the crystal was still heavily
damaged. Investigations of this system have been postponed until a new crystal
can be cut and prepared.

1.3.4 Phase Transitions in the W(110)-0 System

- T.E. Jackman in collaboration with P.R. Norton (Physical Chemistry
Branch), P. Estrup (Brown University) and W.N. Unertl (University of
Maine)

The surface phase transitions in the W(110)-0 system are possibly the
most intensely investigated transitions in surface science. This is because of
the existence of both order-disorder and two-dimensional dissolution phase
transitions and because the W(110) surface neither reconstructs nor reUves,
thus removing the complication of substrate atom displacements in the interpre-



tation. The rcodels used to interpret the transitions yield information about
i.he relative magnitude and sign of the adatom-adat.om interactions. Basic to
the interpretation of the data, which come mainly from LEED measurements, is
knowledge of the absolute oxygen coverage for at least one particular exposure-
temperature combination. To date, it has been assumed that the maximum inten-
sity of the p(2xl) pattern corresponds to 0.5 monolayers of oxygen. However,
the molecular beam experiments of King at Liverpool (1) suggest that the
assigned coverages (and therefore aU_ interpretations of the phase transitions)
may be wrong by up to a factor of two.

Nuclear microanal>sis measurements will Lie made to determine the abso-
lute oxygen coverage for various exposure-temperature combinations. A prelim-
inary examination of a W(11U) crystal, supplied by Estrup, showed an extremely
high level of bulk carbon. This crystal has been returned to Estrup for fur-
ther cleaning and will be re-exanined at a future date.

(1) O.A. King, unpublished data, 1981.

1.3.b Progress in Construction of the New Ultra High Vacuum (UHV) System

- C.W. Sitter, T.E. dackman, J.A. Uavies and P.R. Norton (Physical
Chemistry Branch)

The construction and assembly of the new ultra high vacuum (UHV) system
has begun (see Progress Report PR-CMa-59, Section 1.3.4; AECL-7607). The two
level chamber has arrived and tiie initial helium leak tests have been satis-
factory. The design of the low temperature goniometer has now been finished.
The extended vertical motion XYZ platform, which is a basic component of the
new goniometer, has been delivered. In addition, the UHV rotary motion
faedthrough for the goniometer has been constructed and satisfactorily vacuum
tested. Construction of remaining components is underway.

The cylindrical mirror analyzer (CMA) has bee"< installed on the present
UHV chamber. Using the control electronics purchased by J.R. MacDonald of the
University of Guelph, the CMA is presently undergoing initial tests.

1.4 RADIATION DAMAGE

l.'i.l A Channeling Analysis of Vacancy Clustering at Sn Atoms in Al-U.Ub at.%
Sn Crystals

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

Ion channeling can be used to measure the positions of solute atoms when
they have been displaced into interstitial lattice sites by the trapping of
point defects (1,2). Certain high symmetry interstitial sites are particularly
easy to identify because of the flux peaking effect. For example, solute atoms
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which are in the tetrahedral site in a face-centered cubic crystal give a peak
in yield of backscattered He ions for <100> alignment; this position is
associated with a solute atom surrounded by four vacancies in a tetrahedral
configuration.

In the present experiment, we have measured the growth of vacancy-Sn
atom complexes in an A1-0.U5 at.% Sn crystal during annealing from 180-28U K,
following an irradiation at 3u K with 1 MeV 4He+ ions to a fluence of
1.6 x 1016 cm"2. The channeling results for <11U>, <1(JO>, <112:> and <111> axes
are shown in Figure 1.4.1.1. In the temperature range 18U-21U K, where

vacancies were being trapped by Sn atoms, a sharp increase in f1<- > , the
apparent displaced fraction of Sn atoms, was observed for the f i r s t three
cfvinels, and a smaller increase for the <111> channel. In addition, the off-
axis values f.t > Here measured at 0.3° from the <10U> axis.

The data of Figure 1.4.1.1 with the f .„ values were *.,ialyzed using

the model developed previously (1,2), in which the Sn atoms were assumed to
occupy any of five different positions: the substitutional latt ice s i te, a
random s i te , and the centres of trivacancy-solute atom, tetravacancy-solute
atom or haxavacancy-solute atom complexes. The fractions of solute atoms in
these positions are labelled C , CR, C^, C. and C^, respectively. The results

of the analysis, using the <110>, <1UO>, off-<100> and <111> data, are shown in
Figure 1.4.1.2. The off-<lUO> data proved to be more useful than the <112>
data, and enabled the random component Ĉ  to be determined directly from the
data. (Previously, this component had been assumed to increase linearly with
irradiation fluence.) For a check of internal consistency the results were

then used to calculate f..~ values; they agreed with the experimental values
within the error l imits.

Two important new results emerged in Figure 1.4.1.2. (1) The evolution
of vacancy clusters during annealing from 18U-21U K proceeded as expected from
the model: the smallest (C3) clusters appeared f i r s t , then, at successively
higher temperatures, larger clusters, the C4 and subsequently C-6, formed as
more vacancies were trapped. (2) The smaller clusters C3 and C4 were more
stable thermally than the hexavacancy- solute atom clusters. The C4 stabi l-
i ty was also shown by the constancy of the <1UU> axial scan data for Sn atoms,
throughout the temperature range 21U-255 K, with only a slight change through
the 280 K anneal.

(1) M.L. Swanson, L.M. Howe, J.A. Moore and A.F. Quenneville, J. Phys.
F. _U, (1981) L185.

(2) M.L. Swanson, L.M. Howe, T.E. Jackman and J.A. Moore, Nucl. Instr.
Meth. ^94 (1982) 165.
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1.4.i! A Channeling Study of Vacancy-Solute Complexes in Ni(In) Crystals

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

In a previous report PR-CMa-60, Section 1.4.1, experiments on Ni-0.2
at.% In crystals were described which provided evidence for the creation of
vacancy-solute complexes during 3D K irradiations plus 40U K anneals and for
the annihilation of these complexes during subsequent irradiations at. 80 K
where only in terst i t ia ls are mobile. Annealing data is now available for the

apparent displaced fractions f^^.n> of In atoms into <100>, <110> and <111>
channels for the temperature regimes 3U-4U0 K (Figure 1.4.2.1) and 29U-7bU K
(Figure 1.4.2.2). These experiments show that ( i ) no appreciable change in
f!,"n> occurs between 30 and 25U K, indicating that interst i t ia ls are not trap-
ped at In atoms in a strong trapping configuration sucn as a mixed dumbbell
i n te rs t i t i a l , ( i i ) during annealing between 250 K and 400 K, where vacancies
are mobile, vacancy-solute complexes are formed, resulting in quite specific
displacements of the In atoms into the various channels, ( i i i ) the vacancy-
solute complexes remain quite stable up to approximately 600 K, (iv) the vacan-
cy-solute complexes break up in the region 600-7b0 K, and (v) at 750 K v i r tual-
ly al l of the In atoms have returned to substitutional latt ice sites. Note
also in Figure 1.4.2.2 the good correlation between the displacement of the In

atoms (f .. ' ) and changes in the overall defect concentration (as measured by

the fractional change in the irradiation-induced dechanneling increment).

Using perturbed angular correlation measurements (PAC), investioators at
the University of Groningen (1.2) have determined the characteristic electric
f ield gradients produced when ^ 1 In atoms trap vacancies in Ni crystals.
Their measurements revealed the following ^ I n sites: ( i ) substitutional
m i n , ( i i ) an ^ U n site characterized by a complete lack of electric
quadrupole interaction and postulated to be due to a tetravacancy-solute com-
plex in which an In atom is surrounded by a tetrahedron of four vacancies, and
( i i i ) an lH-In atom incorporated in a defect which gives rise to an elec-
t r i c quadrupole interaction directed along <111>. The behaviour of the substi-
tutional component (site 1) is in good agreement with our channeling results
i .e. i t decreases in the region 250-400 K as the vacancy-solute complexes are
formed and increases above 600 K as the complexes break up. The site 2 compon-
ent was observed to increase between 280-400 K, remain constant from 400-600 K
and then rapidly decrease between 6U0 and 650 K. Our channeling results show

similar results. Also, the fact that f ^ U > > f ^ 0 * > f d i U > a n d t h a t t n e r e

is a small peaking in the In yield (peak to valley ratio 1.26) for a <100>
angular scan is consistent with the formation of a tetravacancy-solute complex.
(A hexavacancy-solute complex would also have cubic symmetry, but give a peak
in In yield in a <110> angular scan.) The site 3 component has now (2) been
shown to develop at 280 K and remain stable up to 820 K, at which temperature
i t disappears. At present i t has not been established whether the In atom in
site 3 is surrounded by three nearest neighbour vacancies in a {111} plane
(trivacancy-solute complex), is in the inner region of a faulted loop in the
{111} plane or is associated with a small number of vacancies arranged in the
{111} plane (2).

(1) C. Hohenemser, A.R. Arends, H. De Waard, H.G. Devare, F. Pleiter and
S.A. Drentje, Hyperfine Interactions _3 (1977) 297.

(2) A.R. Arends, H. Hasper, C. Hohenemser, J.6. Mullen, G. Van Opbrock and
F. Pleiter. Hyperfine Interactions 10 (1981) 659.
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1.4.3 Radiation Damage in a Bent Silicon Crystal

- I.V. Mitchell in collaboration with J.S. Forster (Nuclear Ph\.>ics
Branch), S.I. Baker and R.A. Carrigan, Jr. (Fermilab) and W.M. Gibson
(SUNY, Albany)

A rectangular slab of single crystal silicon has been bent through
b mrad in a 3-point bending jig (see Progress Report PR-P-134, Section 2.2;
AECL-7778). Channeling characteristics were then determined for particle beams
of 60 GeV/c momentum. The active end, formed as a surface barrier p-n junc-
tion, was then removed and the bent crystal and jig relocated near the primary
beam target. The assembly was exposed to a total fluence of b x 1U16

protons cm-2 at a momentum of 4U0 GeV/c.

Crystal and end detector were then butted together and aligned to be
plane parallel through the use of a laser. Channeling characteristics were
re-measured, with no evidence for gross degradation of crystal perfection.
Analysis of data is continuing.

The bent crystal has been shipped to CRNL for selected area analysis by
MeV ion channeling techniques, in a search for evidence of (a) permanent damage
in regions contacted by the bending jig posts and (b) radiation damage
associated with the high fluence exposure.

l.b ION BEAM MODIFICATION OF MATERIALS

l.b.l Ion-Beam Mixing of Thin Solid Films: Au-on-Si and Ag-on-Si

- H.H. Jorch and R.D. Werner

Rutherford backscattering of 1.0 MeV 4He + ions has been used to mon-
itor the ion-induced intermixing of 40 nm thick evaporated layers of Au and Ag
on Si substrates. The bombarding species was ^ ^ X e + , at an energy of
1 MeV. A 4 nm thick evaporated carbon overlayer was used to inhibit sputtering
of the Au and Ag. Spectra were taken at several angles of tilt to avoid orien-
tation effects due to channeling of the *He+ ions.

Au/Si: At room temperature, a large degree of mixing was observed.
From the data of Figure 1.5.1.1 we deduce a film composition consistent with
the formation of the Au$Si2 phase, in agreement with results obtained with
rare-gas ions at 300 keV bombardment energy (1). At a target temperature of
4b K, where no comparable data exist, collisional mixing or interstitial motion
is expected to dominate since the mobility of vacancies is too low for long
range atomic motion. We find that Si atoms are able to traverse the entire
40 nm Au layer and reach the surface. We note that both Si self-interstitiels
in pure Si and Au self-interstitials in pure Au are thought to be mobile at
temperatures as low as 4 K. The mobility of Si atoms in pure Au or in Au-Si
alloys is not known.

Ag/Si: Our earliest room temperature results showed, as a function of
Xe dose, a large initial drop in the intensity of MeV He ions Rutherford scat-
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tered from the Ag layer, but then increased with higher Xe dose (<f> > 2.3 x
llA^ cn"2). Examples of scattered He ion energy spectra are shown in
Figure l.b.1.3. These changes in intensity seemed inconsistent with the small
and monotonic changes in the spectra for He ions scattering from the underlying
silicon. Since the scattering from Ag depends on the angle of incidence of the
He beam to the Ag surface we attribute the effect to Xe bombardment-induced
ordering of the Ag atoms. The degree of ordering is high and suggests an
interesting avenue for future investigations.

At low temperature (T = 4b K) the scattering yield from Ag
decreases with increasing Xe ion dose (Figure l.b.1.4) but remains constant
beyond a dose of ^ 2.8 x 1U15 Xe cur2.

As deduced from the He energy spectra, the degree of mixing of Ag and
Si is very limited (compared with Au-Si, for example) and will require careful
analysis of the changes in the low energy portion of the Ag spectral peak.

(1) B.Y. Tsaur and J.W. Mayer, Phil. Mag. A43 (1981) 34b.

1.6 INTERUISCIPLINAKY RESEARCH

1.6.1 Deconvolution of Positron Annihilation Spectra

- H.H. Jorch

Analysis of the Doppler-broadened, positron annihilation energy peak has
shown an enhancement in the temperature dependence of simple lineshape para-
meters near tne melting point which is suggestive of an inadequacy in the sim-
ple trapping model (1). If this lineshape can be decoupled from the instrumen-
tal resolution by deconvolution, a more meaningful analysis and comparison with
theory can be made. Many procedures have been applied to the problem using
numerical convolution/fitting/srnoothing cycles, with success depending on num-
erical precision and degree of complexity of the data.

Previous experience with detector resolution functions (2) has allowed
the simplification of spectrum analysis into a simple, curve-fitting step with
no numerical convolution or cycling. The parameters sought are then only de-
pendent on the quality of the fit (assuming the model is chosen correctly)
rather than on errors propagated and enhanced through many computational
cycles. Verfication and testing of the sensitivity and accuracy of this method
are now in progress.

(1) G.M. Hood and R.J. Schultz, 0. Phys. F1O (1980) 545
(2) H.H. Jorch, M.Sc. Thesis, University o7~Guelph (1977).
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1.6.2 Analysis of Soil Part icles on Ground-Water F i l te rs

- W.N. Lennard, D. Phi l l ips and H.H. Plattner

We have used the PIXE (proton-induced X-ray emission) and RBS
(Rutherford Backscattering) techniques to investigate the elemental composition
of deposits on f i ve Nuclepore polycarbonate membrane samples (supplied by
0. Champ, Environmental Research Branch). Al l targets were bombarded by a 1 nA
beam of 1 MeV *H+ ions, to a total accumulated dose of ^ 1 uC. Character-
i s t i c K X-rays were recorded at 90° to the beam in a Si(L i ) detector of known
absolute ef f ic iency and subtending a sol id angle of 8 msr. The y ie ld of back-
scactered protons was recorded at 14b° to the beam direct ion with a sol id state
counter whose ef f ic iency was also known and which subtended a sol id angle of
40 msr. The RBS technique cannot resolve Al and Si signals for these par t icu-
lar samples; therefore, we have used the X-ray signal to measure the Al and Si
concentrations, since resolution is not a problem for tha PIXE technique.

We have deduced the areal density fo:~ elements with 12 <_ Z <_ 26, assum-
ing matrix self-absorpt ion is not af fect ing the observed X-ray y ie lds . This
assumption is confirmed by the peak widths in the RBS energy spectra. We ob-
served that the pr incipal constituents of the deposits are A l , Si and Fe and
estimate a mean deposit size of ^ 0 . 1 ym for a l l three elements. Al l are d is -
t r ibuted uniformly within ± 10%. The absolute concentration deduced for Fe was
the same for both the PIXE and RBS technique (wi th in 8%) for samples containing
more than l l l lS atoms cm"2.

We have also observed by PIXE methods that very small amounts of P, S,
C l , K, Ca and Ti exist in v i r t u a l l y a l l sanples examined.

1.6.3 Gamma-Ray E2 Transit ion Strengths for s-d Shell Isobaric Tr iplets

- T.K. Alexander, G.C. B a l l , J.S. Forster, W.G. Davies, D. Horn (Nuclear
Physics Branch), H.B. Mak {Queen's University) and I.V. Mitchell

See Progress report PR-P-134; Section 2.5; AECL-7778.

1.6.4 The Transient Magnetic Field for High Velocity 28$i ions Recoiling

in Magnetized Fe

- J.S. Forster, T.K. Alexander, G.C. B a l l , D. Horn (Nuclear Physics
Branch) and I.V. Mitchell

See Progress report PR-P-134; Section 2.6; AECL-7778.
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1.6.5 Bending of High Energy Proton and Pion Beams by Bent Single Crystals of
Silicon

- S.I. Baker and R.A. Carrigan, Jr. (Fermi lab), J.S. Forster (Nuclear
Physics Branch), W.M. Gibson, I.J. Kim, M. Pisharody, S. Salmon and
C.R. Sun (SUNY, Albany), P. Siffert (CRNS, Strasbourg), E. Tsyganov
(Dubria) and I.V. Mitchell

See Progress report PR-P-134; Section 2.2", AECL-7778.

1.6.6 Measured Sensitivities for Detecting Neutrons with CR39, Following
Electrochemical-Etching

- W.G. Cross, A. Arneja and H. Ing (Healtti Physics Branch) and
R.O. Werner

See Progress report PR-HS-12; Section 2.21; AECL-7777.

1.7 COMPUTATIONS

1.7.1 The Scattering of keV Ne Ions From CU3AU

- D.P. Jackson and T.M. Buck (Bell Laboratories)

The face-centred, cubic, ordered alloy, CU3AU, is an interesting
system in which to test ion scattering models since it has surfaces with well
defined atomic arrangements consisting of two atomic species with a large mass
difference. The two species systems previously investigated such as oxygen on
Ni(110) - (see Progress Report PR-CMa-60, Section 1.7.:.; AECL-7692), have the
added complication of an uncertain structure (i.e. the objective of the ion
scattering work was to determine the oxygen atom locations) whereas in CU3AU
there is a known atomic arrangement which permits the unambiguous study of
scattering from a two species system. In particular, the CU3AU (100) surface
has an upper layer with a square geometry consisting of exactly 50% Cu and 50%
Au, each atom of one species being surrounded by 4 atoms of the other species.
The second layer of this surface is an all Cu layer in registry with the first,
and the third layer is identical to the first. This system has been studied
experimentally by Buck et al. (1) using 5 and 9.b keV Ne+ ions in a time-of-
flight system. In particular, azimuthal scans have been done in which the
angle of the incident beam projected onto the surface relative to the surface
principle axes was varied. Thus the ion beam may impinge along directions in
which there are atomic rows consisting of all Cu atoms and all Au atoms, or
mixed rows of alternating Cu and Au in the surface, depending on the choice of
beam azimuthal angle.

These effects, together with the variation of the accessibility to the
beam of the underlying layers with azimuthal angle, makes the resulting scat-
tered ion energy distribution very complex. Computer simulations are underway



- 21 -

to elucidate the structure of these distributions and hence to investigate ion
scattering from a well-specified two species system. The initial calculations
show good agreement with experiment.

(1) T.M. Buck, G.H. Wheatley and L. Marchut, Phys. Rev. Lett, (submitted).

1.8 ACCELERATOR OPERATION

1.8.1 High Voltage Mass Separator

- U.A. Sims

Only two minor faults appeared during accelerator operation in the
second quarter of this year. The first problem was a malfunctioninq source
mode switch and the second was a faulty beam profile monitor. No significant
beam time was lost while repairs were made to these units.

There was a scheduled shut-down from May 10-27 in order to relocate and
align the Time-of-Flight arm (see Progress Report PR-CMa-61, Section 1.2.3;
AECL-778U).

The de-conditioning of the acceleration tube is not presenting any
problems at present, as the requests for terminal voltages exceeding 1.5 MV
have been minimal.

The total "beam-on" time during the previous three months was 161
hours.

1.8.2 2.b MV Van de Graaff

- 6. Kyle

The accelerator ran well during the second quarter of 1982, with six
days down time for regular maintenance.

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

V V 3He+ 4He+ Total

April 5 36 11 103 lbb
May 54 6 - 6b 125
June 14 36 : 73 123

Total 73 78 11 241 403

Of these, eight hours were used to generate neutrons of energies up to 700 keV.
These were required for calibrating the neutron response of the plastic CR-39,
a candidate material for film badge neutron dosimeters (see PR-HS-12; Section
2.2.1; AECL-7777).
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1.8.3 70 kV Low Voltage Mass Separator

- O.M. Westcott

New casing was installed on the accelerator chamber diffusion pumps. The
ion source magnet power supply was repaired, the ion source fore-pump was
overhauled and the new compressor was installed on the cryomechanical
refrigerator.

The following implants were accomplished during this quarter.

Isotope Implant Energy Time
(keV) (days)

Experimenter Branch No. of
Targets

\
4He
9Be

i2C

15NN2
15N

2 U N e + +

5 1Cr

56Fe

b9Fe

209Bi

30

50

40

30

40

30

50

40

40

40

50-30-20

1

12

2

1

2

1

3

5

1

5

3

M.

R.

M.

M.

I.

M.

d.R

E.

M.

E.

0-T

Swan son

Zee

Swan son

Swanson

Aitchison

Swanson

. Parsons

McAlpine

Swanson

McAlpine

. Woo

SSS

Mat.

SSS

SSS

Syst.

SSS

Mat.

Syst.

SSS

Syst.

Mat.

Sci.

Mat.

Sci.

Mat.

Mat.

Sci.

2

29

2

2

2

2

4

12

6

4

4b

1.9 PUBLICATIONS, REPORTS AND LECTURES

1.9.1 Publications

The Depth and Angular Dependence of the Mid-Channel Flux of He Ions in A1
Crystals
by M.L. Swanson, T,F. Jackman, L.M. Howe and A.F. Quenneville
Nucl. I ns t r . Meth. iM (1982) 139; AECL-7498.

Channeling Studies of Defects
by M.L. Swanson, L.M. Howe, T.E. Jackman and J.A. Moore
Nucl. Ins t r . Meth. _l£i (1982) 165; AECL-7b54
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Temperature Dependence arid the Surface Peaks in HeV Ion Backscatteriny
Spectra
by D.P. Jackson, J.A. Davies, T.E. Jackman, P.R. Norton and W.N. Unertl
Nucl. I ns t r . Meth. 194 (1982) 143; AECL- 7556

Surface Phases of Clean, CO and NO Covered Pt( l lO)
by W.N. Unert l , T.E. Jackman, P.R. Norton, D.P. Jackson and J.A. Davies
J . Vac. Sci. Technol. 20 (1982) 607

Ultrahigh Vacuum Apparatus for Combined Low-Eneryy Electron D i f f rac t ion ,
Auyer Spectroscopy, MeV Ion Scatteriny and Nuclear Microanalysis
by C. S i t t e r , J.A. Davies, T.E. Jackman and P.R. Norton
Rev. Sci. Ins t r . 53 (1982) 50; AECL-7626

The Scatterin9 of keV H and He Ions from Tunysten and Tunasten Oxide
by D.P. Jackson and W. Eckstein
Nucl. Ins t r . Meth. 194 (1982) 671; AECL-7557

The Study of Lat t ice Defects by Channeling
by M.L. Swanson
Reports on Proyress in Physics ^5 (1982) 47; AECL-7478

Round Robin Comparison of Low Eneryy Ion Scatteriny by ESA, Time-of-Fl ight,
Str ipping Technique and Computer Simulation
by T.M. Buck, G.H. Wheatley, D.P. Jackson, A.L. Boers, S. Lui t jens,
E. Van Loenen, A.J. Alyra, W. Eckstein and H. Verbeek
Nucl. I ns t r . Meth. 194 (1982) 649

A DBLA Measurement of the Lifetime of the f i r s t excited Level in 18g anc |
a C r i t i ca l Comparison of Lifetime Results by Di f ferent Methods
by G.C. B a l l , T.K. Alexander, W.G. Davies, J.S. Forster and I.V. Mitchell
Nucl. Phys. A377 (1982) 268-280; AECL-7493

Quadrupole Moments of Yrast Isomers in 144,147,1482(1
by 0. Hausser, H.E. Mahnke, T.K. Alexander, H.R. Andrews, J.F. Sharpey-Shafer,
M.L. Swanson and D. Ward
Nucl. Phys. A379 (1982) 287-312; AECL-7567

Lifetime Measurements of Levels in 2^Si and the Ratio of Neutron to
Proton Transition Amplitudes for Mirror Nuclei
by T.K. Alexander, G.C. Ball, W.D. Davies, J.S. Forster, I.V. Mitchell and
H.B. Mak, Phys. Lett. 113B (1982) 132

1.9.2 Reports

2.5 MV Positive Ion Van de Graaff Accelerator
by I.V. Mitchell
Unpublished Atomic Eneryy of Canada Limited Report AECL-MISC-232

High Voltage Mass Separator
by I.V. Mitchell
Unpublished Atomic Energy of Canada Limited Report AECL-MISC-233



1.9.3 Lectures

Composition Analysis using Rutherford Backscattering
by I.V. Mitchell
Presented at the Division of Chemistry, NRC Ottawa, 1982 May 28

Steering of High Energy Particle Beams by Channeling in Bent Crystals
by W.M. Gibson, 1.0. Kim, M. Pisharody, S.M. Salmon, C.R. Sun, G.H. Wang,
J.S. Forster, I.V. Mitchell, E.N. Tsyganov, V.V. Avdeichikov,
R.A. Carrigan Jr., S.I. Baker, C. Crawford, I.E. Toohig, J.A. Ellison and
P. Siffert
Presented at the XII All-Union Conference on Interact ion of Charged Particles
with Crystals, Moscow, U.S.S.R., May 31-June 2, 1982

The fol lowing lectures were presented at the 8th Canadian Seminar on Surfaces,
Gueiph, Ontario, 1982 June 2-4

(a) A Study of Pt(llCI) and Au(llO) Using MeV Ion Beams
by T.E. Jackman, J.A. Davies, W.N. Uner t l , D.P. Jackson and P.R. Norton

(b) The Use of MeV Ion Beams in Surface Analysis
by J.A. Davies, T.E. Jackman, P.R. Norton and D.P. Jackson

Absolute Coverage and Isoster ic Heat of Adsorption of Deuterium on P t ( l l l )
Studied by Nuclear Microanalysis
by P.R. Norton, J.A. Davies, T.E. Jackman
Presented at the 42nd Annual Conference on Physical Electronics, At lanta,
Georgia, 1982 June 14-16

Ion Channeling Studies of Defect-Solute Atom Interactions in Metals
by L.M. Howe, M.L. Swanson and A.F. Quenneville
Presented at the Canadian Metal Physics Conference, Kingston, Ontario,
1982 June 23-25
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2.2 ANALYTICAL CHEMISTRY

2.2.1 Inductively Coupled Plasma/Atomic Emission Spectrometry (ICP-AES)
- J.P. Mislan, K.D. Wright, P.l.J. Faught, G.J. Jarbo,

M.T. Hurteau

2.2.1.1 Instrument Automation

Development and testing of the automatic sequential ICP-AES is
being continued. Recent developments are listed below:

1) Interfacing of a high resolution graphics board to the mother board of
the microcomputer. Programming has been completed to permit display of
analyte emission signals (analog display over d 0.2 ni.i spectral rejiji)
and calibration plots. The analog display routine automatically scales
peak intensity and shows peak apex and background points via cursor
symbol s.

2) Installation of a,mercury cold vapor lamp to provide a steady source of
light for wavelength calibration and for verification of automatic wave-
length selection and photomultiplier tube stability.

3) Testing of software for fast, slew scan, peak intensity measurements.
A total of 30 data points are taken at a rate of 4 per second; 14 across
the analyte peak and 8 on each side of the peak for background determina-
tion. A sliding average smoothing algorithm is applied to determine the
background and peak intensity.

4) An algorithm for acquiring data from over-lapping peaks has been tested
for hafnium in zirconium determinations. Initial results show agreement
to within +li# of results acquired manually.

5) An inert nebulizer-torch assembly, constructed by Workshops, Estimating
and Planning Branch, is being tested for stability and sensitivity. The
nebulizer is a cross-flow, Babington type, to minimize sample tube
clogging.

2.2.2 Determination of Hafnium in Zirconium

Analytical measurements of hafnium in zirconium have been made at
3b6.1 nm, the line giving the greatest sensitivity. However, the presence of
a neighboring zirconium line requires that an interelement correction be
made. To determine whether hafnium determinations using the 356.1 nm line
were biased, several analyses of standards were repeated using the less
sensitive 264.1 nm line, for which spectral interferences are minor.

Table 2.2.2.1 shows that results obtained for both emission lines
are comparable.
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Table 2.2.2.1
ICP-AES ANALYSIS OF HAFNIUM IN ZIRCONIUM

Sample^ Expected Hf Content^ ICP-AES Results0

1234
123b
1236
1237
1238
1239

aNBS Standard Reference Materials (zirconium and zirconium alloys).
^Analysis by neutron activation and spark source mass spectrometry by NBS.
^Average of two determinations.
^Average of six determinations and standard deviation.

2.2.3 Determination of H and D in Metals

The following modifications and improvements have been made to
the automatic analyzer for isotope dilution-mass spectrometric determination
of H and U in metals:

1) Enhanced operation of the vacuum pick-up sample changer. The use of an
enlarged sample pick-up probe and rotary vacuum pump (200 L/min*"1) has
resulted in a significant increase in reliability of operation, even for
samples having unusual shapes (e.g. coiled wires).

2) Modified operation of the resistance furnace. This allows the sample
equilibration temperature of 900°C to be reached in 3 minutes compared
with 8 minutes. Tests are in progress to determine the minimum sample
equilibration time required with the faster heating rate.

3) A small volume pressure transducer has been interfaced to the equilibra-
tion chamber to monitor the absorption of equilibration gas by the
sample. The pressure transducer is interfaced to the microcomputer
which displays the pressure as a function of time. The pressure drop
parameter serves as in indirect indicator of the progress of isotopic
equilibration.

2.2.4 Determination of Oxygen Isotope Abundances

- J.P. Mi si an, W.A. Lockhart with W.J. Olmstead

Development work on the mass spectrometer has been limited to
cleaning the mass filter and electron multiplier and replacing electronic
components to increase instrument signal stability.

A microcomputer acquired for automatic data acquisition has been
received and tested. Interface development is in progress.
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2.2.b Mass Spectrometry of Biological Samples

- J.P. Mislan, W.A. Lockhart, H.D. Herrington in cooperation
with P. Unrau and J. Chi Ids of Radiation Biology Branch

A quartz direct insertion probe that has high temperature
capability (90U°C) and internal coolant tubes, has been acquired to provide
more reliable and versatile sampling for organic compounds. The gate valve
for the original probe has been modified to accept the new quartz tube.

2.2.6 Chromatography

2.2.6.1 Col urn Development

S. Elchuk, R.M. Cassidy

Studies have continued of the behavior of pseudo-ion-exchangers
prepared from the interaction between hydrophobic ionic modifiers and
hydrophobic stationary phases. Recent efforts have been focused on
"permanently" coated systems. In these coated systems the modifier is first
dynamically coated onto the support with a suitable mobile phase, and then
the mobile phase is changed to one which will not remove the sorbed
modifier.

The "permanently" coated column and the dynamic systems (see
PR-CMa-6O) were compared in a study of the variation of retention of test
soljtes with changes in the concentration of the modifier. Equations that
could be used to predict the general retention behavior of solutes as a
function of modifier concentration were derived from the equations that
described the fundamental chemical reactions occurring in these systems.
These derived expressions gave good agreement with experimental results, and
showed that the "permanently" coated systems behaved similarly to
conventional ion-exchangers.

Retention times obtained with "permanently" coated columns could
be easily changed to suit analysis requirements, and the use of hydrophobic
eluents such as tetramethylammonium salicylate permitted the sensitive
detection of eluted anions by conductivity. With direct injection, analysis
in the mid ng.mL"1 concentration range was possible. The coated columns were
stable (longest period of use was three weeks), and could be easily
stripped and recoated.

Trace enrichment was examined briefly with the coated columns and
an example separation for a sample containing 50 ng.mL"1 of F", Cl" and N02,
and 15U ng-niL"1 of Br" and NOJ is shown in Figure 2.2.6.1.1. The column
efficiencies for this 2 mL sample were essentially the same as that obtained
for 20 ;iL injections, and recovery studies showed that quantitative results
could be obtained for sample sizes up to 10 mL (the largest studied).

Further details on these studies are given in two papers, one
accepted for publication in Analytical Chemistry, and the other to be
submitted soon.
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I I I I I I 6 I

Figure 2.2.6.1.1

AilAUDndNCO

Separation of anions after trace enrichment.
Experimental conditions: 2 mL of sample containing
50 ng.nt"1 of F", Cl" and NO2 and 150 ng.mL"1 of
Br" and NO2 enriched on C18 cartridge and then
switched in- l ine for separation on a coated column.
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Some of the dynamically coated columns have been used to solve
analysis problems at CRNL. Several samples obtained from aqueous extraction
of Xe have been analyzed for NO3 and NOJ, and water samples suspected to be
responsible for fouling of reverse osmosis membranes have been analyzed for
Cl", NÔ ", and S0%~. A comparison of these latter results with classical
analysis techniques (colorimetric and turbidimetric) showed good agreement
between the two methods.

2.2.6.2 Metal-Ion Separations

- K.M. Cassidy

A neutral styrenedivinylbenzene packing was briefly examined for
the separation of metal ions. This reversed phase was dynamically coated
with two different modifiers, a C6 sulfonate and naphthalene sulfonate.
Column efficiency studies with a series of metal ions in a tartrate eluent
showed that both modifiers gave good separations, but the
naphthalenesulfonate system was superior, possibly due to a closer match
between its molecular structure and that of the packing.

2.2.6.3 Determination of La

- R.M. Cassidy, C.H. Knight

High performance liquid chromatographic determination of La in
(Th, U)02 fuels was studied because of interest in 139La as a fission monitor
(see Section 2.6.3). A number of columns were tested and the most suitable
was a bonded-phase column that was dynamically coated with a Ce sulphonate to
form a pseudo-ion exchanger. The mobile phase contained a buffered solution
of a-hydroxyisobutyric acid. The metal ions were detected with a variable
wavelength detector after post-column reaction with arsenazo I I I .

Preliminary results have been good for standards and ar t i f i c ia l
fuel solution; detection l imits for La and other rare-earths were less than
1UU yg-mL"1. This system has recently been installed in an active (Type C)
fumehood and irradiated fuel samples from BDL-41? AAX have been examined.

The results showed good separation of the components but high
burn-up values (lO-lb% high) compared to the 148Nd method. The cause of the
high values is being investigated. The Y-activity of the samples was <U.b mK
and the quantities of radionuclides used were within safe limits for a Type C
fumehood.

The chromatograms obtained have also shown that other fission
products can be quickly separated, and possibly determined quantitatively by
this technique.



2.2.7 Analysis Requests

Received From

System Materials

Fuel Materials

Type of Sample

Bruce 2
Douglas Point

Cleaning Solutions
Zr and Nb
Zircaloy
Bldg.2O2 Main Service

In le t Water

Bldg.2bO Boi ler Chem.
Loop

NPD Steam Drum Water
Yittr ium Solutions
X-5 Loop Crud
N02

"Mo Experimental
Solutions

Autoclave Deposit
Powder Oeposit -
Pt. LePreau

D is t i l l ed Water
Brazed Joint Leach
Water

Zirconium Alloy
(Zr 2.5% Nb)

Zr Alloy (Zr Z.b% Nb)
Zr Alloy (Zr-4)
Fission Gas

No. of
Samples

198
84

72
46

5

27

2
2
1
2
3

1
1

1
1

16

17
12
17

No. of
Determinations

198
194

72
46
5U

27

14
10
7
6
3

3
4

2
2

16

17
12
89

Technique*

MS
ICP.FAA

MS
MS

ISE,S,FAA

FAA

FAA,S
ICP
FAA
MS
FAA

FAA.S
FAA

ISE.S
ISE.S

MS

MS
MS
MS

Elements Determined or
Type of Analysis

Dz ,H2

Si.Cu.Fe.Al

H2

H2.D2
C1-,F-,P0^3-,SO^-,
NO; ,Fe,Cu,Cr,Mn,
Na.K.Ca.Mg.Al.Si
Na

Na,Ca,Mg,Si,S0^-,P03-

Fe,Cu,Cr,Ni ,Co,Mn,Al
Gas Composition
Mo

Si.Cl ,P0t
Na,K,Ca,Mg

C1,F
Cl.F

Dz

H2

H2
Gas Composition
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Received From

Environmental
Research

Chemical
Engineering

Metal lurgical
Engineering

Chemical
Operations

Type of Sample

Chromatography
Fractions

Ground Water
Samples

Girdler-Sulphide
Mobile P i lo t Plant
Water

Girdler-Sulphide
Mobile P i lo t Plant
Water

Test Loop Water
Hydrogen Source Gas
Deuterium Source Gas
Process Gas

Reactor Fuel
Experimental Alloy
Excel Alloy
Zr Alloy (Zr-2)
Zr Alloy (Zr-4)
Cuttings from Steel
Cylinder

Test Loop Coolant
Si l icon Reference
Material

Test Solution

No. of
Samples

15

13

b6

40

2
1
3

12

6
2

3U
6

3b
2

1
1

1

No. of
Determinations

120

104

56

180

20
5

12
35

72
6

210
6

3b
4

2
1

1

Technique*

FAA

FAA

S

ICP

ICP
MS
MS
MS

ICP
ICP
ICP
MS
MS
ICP

FAA,S
FAA

FAA

Elements Determined or
Type of Analysis

Na,K,Ca,Mg,Al,Si,Fe,Mn

Na,K,Ca,Mg,Al,Si ,Fe,Mn

UV
251*

Fe.AI

Metal Impurities
Impurity Content
Impurity Content
Impurity Content

Metal Impurities
Alloy Composition
Alloy Composition
H2

H2
Na.Si

A1.C1
Si

Sr

GO

1



2.2.7 Analysis Requests (Page 3)

Received From

Chemical
Operations Cont'd

General Chemistry

Physical Chemistry

NPD (Rolphton)

Reactor Loops

Reactor Physics

Type of Sample

Test Loop Decontam-
ination Solutions

133Xe Product Gas
Strontium Reference
Solution

Mixed Oxide Fuel
Ion Exchange Resin
Process Gas

Process Solutions
Pt Catalyst
Wire Component
Process Water

Process D2O
Turbine Blades
Process D20

Thread Lubricant
Cutting Oil
He Process Gas

Process Water
Process Water
Solid Deposits

No. of
Samples

3

10
1

6
2
6

4
2
1
2

4
4
2

1
7
4

1
1
1

No. of
Determinations

• 9

52
1

180
14
17

4
2
lb
2U

56
48
4

2
14
4U

3
10
15

Technique*

FAA

MS
FAA

ES
ES
ES

S
FAA
ICP
ICP

ES
ICP

ISE,S

XRF
XRF
MS

GCA.S
ICP
ICP

Elements Determined or
Type of Analysis

Na.K.Mn

Impurity Content
Sr

Impurity Content
Qualitative
Gas Composition

Cl
Pt
Impurity Content
Impurity Content

Impurity Content
Alloy Composition
Cl.F

Cl
Cl
Impurity Content

pH.Conductivity.Cl
Impurity Content
Composition



2.2.7 Analysis Requests (Page 4)

Received From

Radiation and
Industrial
Safety

Materials
Science

Radiochemical
Co.

Workshops,
Estimating,
and Planning

Engineering
Research

Type of Sample

Millipore Filters
Transformer Oil

Process H^

133Xe and 127Xe
Process Gas

Al & In Single
Crystals
High Purity Al

Oemineralized
Water

TOTALS

(PR-CMa-6U)

No. of
Samples

3
2

1

1

13

3

824

810

No. of
Determinations

10
• 4

2

38

8

70

6

2285

3117

Technique*

ICP
XRF

MS

MS

ICP

ICP

GCA

Elements Determined or
Type of Analysis

Impurity Content
Cl

Impurity Content

Impurity Content

Impurity Content

Impurity Content

pH, Conductivity

*FAA - Flame Atomic Absorption, ISE - Ion Selective Electrode, MS - Mass Spect.-ometry (Gas),
ES - Emission Spectrography, S - Spectrophotometry (UV/VIS), ICP - Inductively Coupled Plasma Atomic

Emission Spectroscopy, GCA - Gravimetric Chemical Analysis, XRF - X-Ray Fluorescence
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2.3 RADIOACTIVITY MEASUREMENTS

2.3.1 Gamma Spectrometry Laboratory

- L.P.V. Corriveau

A total of 216 samples were analyzed during this period.

Nal spectra
GeLi spectra

The distribution of samples was as

X-2 X-3
6 11

Envir. Res.
36

Delay Tanks
14

Preparation

X-4 X-5 U-2
~5~ ~V ~

Met. Eng. Mat. S<
3 117

Sp. Ana l .
7

o f Methyl Bromide w i t h

12
bO7

fo l

NRX

lows:

NRU CPD
2b9 ~

Phys. Chem.
21

a 8 2 Br Label

NPD
~T

Bldg. 37b
11

2.3.2

- L.P.V. Corriveau, W.J. Edwards

The modifications to equipment and procedures required
(PR-CMa-b9) to prepare high specific activity CH3

82Br have been completed.
Several test runs producing about lU9Bq in -vb xlO"2 moles of methyl bromide
have been carried out and the quantities required by Comnercial Operations
can now be produced.

2.3.3 Production of High Purity Zirconium

- P.M. Ryan, W.J. Edwards

At the request of R. Zee (Materials Science) slices of zirconium
rod have been analysed by neutron activation and Y-spectrometry to measure
the effect of electro-current techniques for sweeping trace impurities from
the material. Results to date show a high tantalum concentration of about
1OUU ppm at one end of the rod, dropping smoothly to 700 ppm at the other.
The presence of so much tantalum appears to be the result of diffusion from
the tantalum clamps holding the hot zirconium rod, while the gradient in the
tantalum concentration may result from the sweeping action of the current in
the purification process.
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2.4 DEUTERIUM ANALYSIS

2.4.1 Deuterium Analysis
- W.M. Thurston, M.W.D. James
The following is a summary of deuterium analyses for the period.

No. of Analyses
1U00

3000

Group
General Chemistry

General Chemistry

General Chemistry
Chemical Co, PHHWP

Physical Chemistry

Program
Superupgrader H2 and uz

on- l ine analyses
Absolute U20 measurement
program
D20 standard cal ibrat ions
Inter lab comparisons and
standardization
H2-H20 exchange on- l ine
H2 analysis

2.4.2 Heavy Water Analysis
- W.M. Thurston, M.W.D. James

2.b ELECTROCHEMISTRY

2.5.1

2.5.2

Laboratory Demonstration of
- M.

D20
- M.

Hammer! i

Analysis
Hammerli.

, A.

on
, A.

S.

the
S.

Denovan

Noranda
Denovan

the CECE-HWP Superupgrader

CECE-HWP P i l o t Rig

2.5.3 Performance of the G.E. Solid Polymer Electrolyte (SPE) Cells
- M. Hammerli, A.S. Uenovan

2.5.4 Preparation of Hydrogen of Low Deuterium Content
- M. Hammerli, W.J. Olmstead, A.S. Denovan, M.W.D. James
An accelerator experiment planned by Nuclear Physics Branch

requires a large supply of hydrogen with a very low (<1 ppm) deuterium
concentration. The following methods were used to try to produce this gas,
1) Electrolytic hydrogen generation using the bE solid polymer electrolyte

cell. This cell had previously contained high concentrations of U20 and
the deuterium concentration in the gas produced could not be reduced to
low enough levels after several weeks of continuous operation and flush-
ing with low deuterium water.

2) Electrolytic hydrogen generation in a conventional electrolysis cell with
KOH electrolyte. The several specimens of Ag-Pd tubing used as the
cathode could not pass enough hydrogen through the walls to make this
method practical for producing large quantities of hydrogen.



- 40 -

3) Hydrogen generation by reaction of Ca metal with low D20 content water
( <1 ppm). The Ca and the stainless steel reaction vessel were condi-
tioned by adding successive aliquots of water to the system, tquilibra-
tion proceeded slowly, and five successive additions produced hydrogen
containing 12 ppm D, 7 ppm D, b ppm D, 4 ppm D and 3.5 ppm D.

A quantity of low deuterium hydrogen which had been produced in a
Ag-Pd tube hydrogen generator by R. Johnson was obtained and found to contain
'*- 2.b ppm D. Nuclear Physics Branch will determine if this deuterium concen-
tration is low enough for their needs. If lower deuterium concentrations are
necessary, a new Ag-Pd tube hydrogen generator will be required.

The deuterium content of the hydrogen gas was determined mass
spectrofnetrical ly.

2.b.b Photoionization Detector for NU2

- M. Hammerli, W.J. Olmstead in "cooperation with J.P. Mislan
A photoionization detector is being assessed for its suitability

as a detector for low levels (< 100 ppm) of N02 in
 1 3 3Xe. The detector

response to N02 standards (104 ppm and 22 ppm in nitrogen) and NO standards
(b2 ppm and 4.4 ppm in nitrogen) was linear with good sensitivity over this
concentration range.

Previously analysed samples of 133Xe have contained high concen-
trations (in the 1 to bO% range) of other gases such as N2, H2, 02, H 20, and
C0 2. It was determined that these gases show varying degrees of response
with the photoionization detector, and thus varying degrees of interference:
H 2 < He << Ar % 0 2 ^ H20. Detector response to a standard consisting of
273 ppm N0 2 in air was compared to 100 ppm NO in nitrogen; the response to
the former was only bO% of the response to the latter.

It appears evident that the NO2 should be separated from these
interferences using an appropriate chroinatographic column. A literature
survey is being carried ou+ and promising column packing materials are being
considered.

2.b.6 Response of the Copper-Selective Electrode
- J. Gulens, P.K. Leeson, E.F. Hopkins
The study of the response of the copper-selective electrode in

air-saturated solutions of varying pH has been successfully completed. The
conclusion (1) that the electrode responds not only to Cu2* ions but also to
cationic copper complexes such as Cu(OH)+, Cu2(OH)f

+ and Cu(HC03)
+ has been

shown to be in error; the electrode responds only to Cu 2 + ions. We have
shown that the electrode response, both in the presence and absence of
atmospheric carbon dioxide, is dominated by the formation in solution of
colloidal copper hydroxide and that copper carbonate complexes are not formed
under these conditions, contrary to thermodynamic predictions. However, in
solutions containing high constant concentrations of total carbonate, copper-
carbonate complexes are formed and good agreement is obtained between
observed and predicted electrode response. A manuscript describing this work
is being submitted for journal publication.

TT] R. wagernann, J. Phys. Chem., 84, 3433 (lt'80).
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Anomalous response of the copper-selective electrode has also
reported (2) in the presence of various organic complexing agents,

including humic and fulvic acids which are of major importance in complexing
metal ions in natural waters. Since the copper-selective electrode is widely
used for the direct and indirect determination of various metal ions by
complexometric titration (e.g. Th determination by EUTA titration) and for
metal speciation in natural waters, we have started an investigation of the
factors affecting eletrode response when it is exposed to such complexing
agents.

2.b.7 Sulfide Determinations in Ground Mater
- J. Gulens, P.F. Henshaw
A portable field monitor for sulfide determinations was shown

previously (PR-CMa-bb) to give results in reasonable agreement with results
of analyses of grab samples. Because of the limited number of sites studied
previously, evaluation of the portable monitor is being continued with an
enlarged sampling program.

2.b.8 Influence of High Radiation Fields on the Response of Ion-
Selective Electrodes
- J. Gulens

2.6 FUEL ANALYSIS

2.6.1 Analytical Support for (Pu, Th)O2 Pellet Production
- F.C. Miller, B.W. Hildebrandt, L.G. Shurrock, R.M. Cassidy

2.6.1.1 Routine Analysis
Two bundles of (Th, U)02 fuel were fabricated as part of campaign

W-1012, and a further two bundles of (Th, Pu)02 fuel (part of the same
campaign) are in process. In support of this program, the following analyses
were carried out:

Analysis
Moisture
Metallic Impurities
Hydrogen
0/M Ratio
Nitrogen
Fluoride
Carbon
Uranium Isotopic
Plutonium Isotopic
Quantitative Uranium
Quantitative Thorium
Quantitative Plutonium

Number of Analyses
4
4
7
3
1
2
2
1
2
3
1
2

(2) J. Gulens, Ion-Selective Elect. Rev., 2, 117 (1981).
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2.6.1.2 Deuterium Analysis on Zr-2j% Nb Specimens
As part of an on-going program to check the capability of the

Leco RH-1 hydrogen analyser for the analysis of a broad spectrum of
materials, an attempt was made to analyse three specimens of Zr-2i% Nb for
deuterium. These specimens had been prepared under controlled conditions by
the Metallurgical Engineering Branch and analysed by Isotope Dilution - Mass
Spectrometry (ID-MS) by the Analytical Chemistry section of General
Chemistry. Because the thermal conductivity of deuterium is 30% less than
hydrogen, the detectors were calibrated using a deuterium gas standard.
Also, as the analyser cannot differentiate between hydrogen and deuterium, a
correction was made for the background hydrogen content of the zirconium. A
comparison of the nominal value, the ID-MS value, and the Leco RH-1 value are
given in Table 2.6.1.2.1. Although the aggreement between the ID-MS method
and the inert gas fusion method used in the Leco RH-1 are reasonable, the
inability of the Leco to distinguish between hydrogen and deuterium and its
higher sensitivity for hydrogen makes it of limited value in analysing
unknown specimens, especially if they might contain mixtures of the two
gases.

Nominal Value
ug.g-1
34
61
118

2.6.1.3 Reduction

Leco

of U(VI)

Table 2.

Analyser

ng.g-1

19 ± 4
83 ± 6
147 ± 9

to U(IV)

6.1.2.1

Value ID-MS

for

23 i
93 i
148 i

Co-precipitation with

Value

g-i
: 0.5
: 2
: b

Thorium
Work continued on the program outlined in PR-CMa-b9 and 6U to

develop an electrolysis system capable of reducing 3UU g quantities of U(VI)
to U(IV) for co-precipitation with thorium by the oxalate procedure. The
areas which received further study included the following:
1) Anode-Cathode Barriers - Nafion "120" perf 1 uorosulfonic acid cation-mem-

brane was effective for preventing the migration of the uranium ions from
the cathode to the anode compartment during the electrolysis. A new
polyethylene two-compartment cell has been fabricated with a 10 cm2

Nafion cell separator. Initial runs have been successful in reducing
better than 99.b% of the U(VI) to U(IV).

2) Cell Geometry - although a possible method for reducing U(VI) to U(IV)
was achieved, the current necessary to reduce 300 g of uranium in one
eight hour shift has not been obtained with the present cell geometry.
Stirring efficiency and the effective surface area of the working elec-
trode, which are the two major variables affecting the maximum current
achievable, are still being studied.

2.6.1.4 Analysis for Outside Groups
Several analyses for nitrogen, hydrogen, and carbon on depleted

uranium and thorium metal samples have been carried out for the Neutron and
Solid State Physics Branch to help find material of sufficient purity for
their program of growing crystals of these materials.
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2.6.2 Hot Cell/Glove Box Chemistry
- C.H. Knight, B,M. Recoskie, R.M. Cassidy
Three irradiated UO2 fuel pellets and two U/Al fuel samples were

dissolved, and the uranium was separated and purified for mass spectrometric
analysis. The results will be used to calculate fuel burnup by the U-23b
depletion method.

Four (Th, l))02 fuels were dissolved by the method outlined in
PR-CMa-60. Separation of Th, U and Nd from eight irradiated fuels has been
carried out, and the fractions were sent for mass spectrometric analysis.

A study of the undissolved residue obtained after dissolution of
(Th, U)U2 fuels has continued. Analysis by emission spectrography showed
that the residue contained mainly Si, Mg, Al and B, plus some Zr, Ku and kn.
The first four elements in this list probably arose from the attack of the
13M HNO3/U.C15M HF on the glass dissolver flask. Analysis by gamma spectro-
metry showed that the major radionucl ides were 1!tl*Ce, 106Ru, 1 3 MCs, 1 3 7Cs,
9 5Nb, 154£u and 1 2 5Sb. It was determined that loss from the solution of
elements used in burnup determinations was not significant.

As outlined in PR-CMa-6U, 252Cf spontaneous fission fragment
sources were prepared in thj glove boxes and shipped to L.R. Kilius at the
University of Toronto. Count rates were measured and showed that the 252Cf
was spread over the disc surface. Furthermore, the collimated count rate
measured by the time of flight detector system used for the weak decay mode
being studied was very low, <(J.3 counts per hour.

Two more sources have been prepared and shipped to the University
of Toronto; these sources contain larger quantities of 2 5 2Cf (1.1 x 1U5 to
2.0 x ID5 Bq/source). A deeper depression in the center of the disc was used
to concentrate the source in the center of the disc. Count rates have not
yet been established on these sources.

2.6.3 (Th, U)U2 Fuels
- L.W. tireen, C.H. Knight, T.H. Longhurst, B.M. Recoskie,

N.L. Elliot
Studies of methods for determining the extent of fission in

(Th, U)02 fuels continued.

The possibility of significant bias in the fission values deter-
mined by the llt8Nd method because of neutron capture in 11<7Nd was discovered.
A literature search revealed that the neutron capture cross section of 147Nd
may be 9 times greater than the value listed previosly. A value of 50b is
listed in the older nuclear data files and in the data file of the computer
code LATREP. A value of 450b has been measured (1) and listed in some of the
newer nuclear data files (e.g. 2). Recent correspondence with the evaluators
of the Brookhaven nuclear data file has indicated that there is widespread
uncertainty about the value of the cross section.

(1) V.D. Heck, H. Borner, J.A. Pinston, R. RoussiUe, Atomkern energie, 24,
141 (1974).

(2) S.F. Mughabghab, M. Divadeenam, N.E. Holden, Nuclear Cross Sections,
Vol. 1, Part A, Academic Press, 1981.



Computer simulations of the irradiation of BDL 417 AAX fuel were
performed using LATREP after increasing the 147Nd cross section to 4bub.
Results showed that ll47Nd (n, y) lk8Hd created ^7% of the 11)8Nd formed in the
outer ring of fuel. This would cause fission values determined by the J1*8Nd
method to be biased high by ^7% in the outer ring. The error would be less
in the other rings in which the fission was less.

Because of the above problem and the problem caused by the
unequal 148Nd yields from 2 3 3U and 2 3 5U, other fission monitors are being
considered. Two of these which have nearly equal yields from 2 3 3U and 2 3 5U
and satisfy the other requirements for fission monitors are 139La and lk0Ce.
Studies with lk0Ce are discussed in section 2.6.4.

La is the only long-lived isotope of La produced in the fuel
and thus its concentration can be determined chemically. High performance
liquid chromatography is being used and initial results show good separations
but high values (see Section 2.2.6.3).

2.6.4 Thermal lonization Mass Spectrometry
- L.W. Green, T.H. Longhurst, N.L. Elliot
Studies of the factors governing the measurement efficiencies for

I), Th, and Pu a.*e continued. The anion-exchange papers covered with
starch-rhenium slurry continued to be the best sample form for U and Th,
yielding efficiencies of ^2 x 1U"3 and 2 x 10'h respectively. However, when
U and Th were simultaneously adsorbed onto the paper disc, the efficiency for
U decreased to 4 x 11T1*. The reason for the decrease is not known at
present.

Direct equilibration of the anion paper disc with the fuel
solution was considered, but the 40/1 ratio of Th to U in the fuel plus the
higher affinity of the anion paper for Th would have resulted in an
unacceptable excess of Th on the anion paper disc. Other adsorbents were
studied to find one that had at least a ten-fold higher distribution
coefficient for li(VI) than for Th(IV}- Of the adsorbents studied,
polystyrene beads (0.3 m radius) impregnated with tributylphospnate appeared
to be the most suitable. In 6M HNO3 the distribution coefficients were 8b
and 35 for U(VI) and Th(IV), respectively, and decreased to bb and 2.b,
respectively, in 1 x 10"2 M HF/6M HNO3 solution. The F~ ion apparently
greatly suppressed the formation of Th(NOs)it, which is the species extracted
by tributyl phosphate.

Quantitative mass spectrometry of U and Th adsorbed on the
polystyrene beads was attempted but the ion beams were too erratic to obtain
good precision. Thus a two-stage equilibration procedure was considered.

The first stage of the procedure involved equilibration of a
tributylphosphate impregnated polystyrene bead with the fuel diluted with
1 x 1U'2 M HF/6M HNO3 solution. The second stage involved a transfer of the
bead to a microvial that contained 2U yL of 0.05 M HF/8M HNO3 and 3 anion
paper discs. Most of the U and Th desorbed from the polystyrene bead into
solution, from which nanogram quantities were adsorbed by the anion paper
discs. A paper disc was then transferred to the mass spectrometer filament.
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The two-stage equilibration procedure proved to be quick and
simple to perform in the hot cell/glove box facility, and provided paper
discs that had a Th/U ratio of. <3/l. Mass spectrometry of the discs showed
good signals for U and Th, however significant ion beams of Pu were evident
and caused an interference at mass 238. The Pu interference could be avoided
by omitting the starch-rhenium deposit, in which case the Pu rapidly burned
off. Studies of the two-stage equilibration procedure are continuing.

Mass spectrometry of Ce was studied because of interest in ll+0Ce
as a fission monitor. Fission product Ce contains significant amounts of
i41*Ce and thus sample quantities are limited to a few nanograms to avoid
radioactivity contamination in the mass spectrometer. Experiments showed
that the background Ce signals from the rhenium ionizing filament were too
high to permit accurate Ce measurements on nanogram quantities. The
background Ce signals were much lower when a Ta ionizing filament was used,
but the signals were too noisy for quantitative work. Work is continuing to
determine suitable operating parameters and materials for Ce.

2.6.b Controlled Potential Coulometry
- B.M. Recoskie, C.H. Knight
Two natural uranium standards used by the Medical Research Branch

were analyzed for their uranium content. The results were in agreement with
the certified values.

1.1 PUBL1CATIUNS AND REPORTS

2.7.1 Publications

Determination of Metals in Ground Waters by Trace Enrichment and
Liquid Chromatography
- R.M. Cassidy, Steven Elchuk and J.O. McHugh; Anal. Chem. b4,
1982, 728-731

2.7.2

Hydrogen Production Methods: A Critical Assessment. AECL-7b82
- M. Hammerli

Automated Controlled-Potential Coulometric Determination of
Uranium. AECL-7696
- C.H. Knight, D.E. Clegg, K.D. Wright and R.M. Cassidy
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2.8 LECTURES, MEETINGS AND COURSES

2.8.1 Lectures

Canada's R&D Contributions to the Advanced Water Electrolysis
Programs of the International Energy Agency - M. Hammerli
- presented at the Spring Symposium of the Ontario-Quebec Section
of the Electrochemical Society in Montreal on May 07.

Prospects for the Hydrogen-Electric Economy - M. Hammerli
- presented at the Local CiC Section in Sudbury on May 20.

Overview of Canada's Contributions to Annex IV & V of the IEA's
Hydrogen Programs - M. Hammerli
- presented at the Pasadena Workshop on June 10-11.

Some Recent Advances in the Liquid Chromatography of Inorganic
Cations and Anions - R.M. Cassidy and S. Elchuk
- presented at the Chemical Ins t i tu te of Canada, 6bth Canadian
Chemical Conference and Exhibit ion in Toronto on May 3U-June 02.

Ion-Selective Electrodes, Nernstian or Satanic Devices? - Janis
(iulens
- presented at the Chemical Ins t i tu te of Canada, 6bth Canadian
Chemical Conference and Exhibit ion in Toronto on May 3u -
June 02.

2.8.2 Meetings

M. Hammerli - discussions with Dr. J.B. Taylor and his colleagues
regarding the Federal Hydrogen Program and with CPDL regarding
patents under the IEA Hydrogen Program in Ottawa on Apri l 07.

W.M. Thurston - discussions at the Oniversity of Waterloo
regarding isotope meaasuretnent technology pertinent to providing
a D/H Mass Spectrometer System to I.M.P. Mexico, April 12-14.

M.W.D. James - discussions at PHHWP regarding mass spectrometer
maintenance on Apri l 18-24.

R.M. Cassidy - attended meeting between group involved in a study
of the Gloucester Landf i l l Site on Apr i l 19.

R.M. Cassidy - attended 1st meeting of the Organizing Committee
for the 1983 Workshop on Analyt ical Chemistry Related to Canada's
Nuclear Industry in Winnipeg on May 02-03.

J . Gulens - attended executive meeting of Electrochemical
Society, Ontario-Quebec Section and the Electrochemical Symposium
on May 06 in Montreal.



- 47 -

M. Hammerli - attended formation meeting of the Canadian Chapter
of the International Association for Hydrogen Energy at Montreal
on May 06.

M. Hammerli - attended meeting of the National Organizing
Committee for the 5th World Hydrogen Energy Conference in
Montreal on May 08.

M. Hammerli - attended the 1982 Spring Meeting of the
Electrochemical Society in Montreal on May 09-14.

M. Hammerli - discussions witn Ur. Guy Bel anger and tour of IRLQ
labs at Varennes on May lb.

R.M. Cassidy - attended meeting of Canadian Uranium Mining and
Producers Association and presented invited seminar in Bancroft
on May 17-18.

M. Hammerli - assisted in commissioning the Life Systems (Inc.)
Water Electrolysis System at NRC, May 16-18.

M. Hammerli - addressed the Sudbury Section of the CIC and
visited Laurentian University on May 20-21.

M. Hammerli - discussions with Department of Supply and Services
regarding the unsolicited proposal from Noranda-Electrolyser and
discussions at NRC regarding the Life Systems Water Electrolysis
System, Ottawa, May 27.

W.M. Thurston - reviewed 020 analytical techniques, instrument
performance and training requirements at GBHWP and PHHWP,
June 06-11.

M. Hamnierli - visited the Los Alamos National Laboratories and
discussed their Magnetic Refrigeration and High Pressure Hydrogen
Research Programs on Jun. lfc-08.

M. Hammerli - attended and participated in the 1EA Annex IV
Meeting in Pasadena on June 09-11.

M. Hammerli - attended the 4th World Hydrogen Energy Conference
in Pasadena on June 13-17.
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3.2 RADIATION CHEMISTRY

3.2.1 Pulsed Electron Radiation Chemistry

- R.G. Macdonald and O.A. Mil ler

(a) Vibrational Energy Transfer in NO

A stepper-motor scan drive has been attached to the 0.75 meter Spex mono-
chromator. This allows any region of the spectrum from 200 nm to 1000 nm to
be scanned at speeds ranging from 0.01 nm/min to 5 nm/min. Using this equipment
the absorption coefficients of the NO X-*A (0,0) and (1,0) transit ions, at
226 nm and 236 nm respectively, were measured. These measurements were
necessary in order to check that the Beer-Lambert law could be used to relate
absorbance to concentration in the pulse radiolysis experiments of the vibrational
relaxation of NO diluted in Ar (PR-CMa-56 and 59, AECL-7332 and 7607). Also,
the determination of the absorption coefficients for vibrationally excited NO
can be used to measure the y ie ld of vibrationally excited NO under pulse
radiolysis conditions.

The absorption coefficients were measured in a White, multi-pass, cell
with an effective path length of 122 cm. A 1000 watt Hg-Xe arc lamp was used
as a l ight source. The absorption coefficients were measured with a spectrometer
band pass of 0.2 nm. The spin-orbit components of the NO X-+A transition were
well separated; however, rotational lines were not resolved. Under these conditions
the measured absorption coefficient is very sensitive to linewidth parameters (1).
In the present experiments the lines were pressure broadened by Ar up to a total
pressure of 106 kPa. The measurements carried out at 22 + 2°C are summarized in
Table 3.2.1.1.

Table 3.2.1.1

Absorption Coefficients for the X-*A Transition of
NO. The measurements were made at a total pressure
of 106 kPa with Ar and at a temperature of 22±2°C.

Wavelength
nm

226.0

226.6

236.2

236.9

Spin-Orbit
State

1/2

3/2

1/2

3/2

Vibrational
Level

0

0

1

1

Absorption Coefficient
kPa-cm-1
(base e)

0.601±0.040

0.324±0.03

0.795+0.080

0.485+0.030
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The relative values of the absorption coefficient for N0(v=0, 1, 2.. .)
etc. can be calculated from the mean transition frequencies and Franck-Condon
factors (2). The results presented in Table 3.2.1.1 are in good agreement
with these relative values. The population of the two spin-orbit states,
determined by the absorption coefficient is in good agreement with the thermal
population of these states. From the absorption coefficient measurements the
concentration of NO was found to be linearly related to optical density, i . e . ,
the Beer-Lambert law was obeyed, as long as the product of the pressure of NO
times the path length was less than 1.3 kPa-cm. The concentration of
vibrationally excited NO, created under pulse electron irradiation of NO
dilute in Ar, was well within this l imi t .

The yield of vibrationally excited NO was also measured. The G value for
v=l, G(NO(1)), was found to be 16.4 ± 3.2 and the G-value for v=2, G(N0(2)),
was found to be 5.9 ± 2.6. The yield of NO in v=l was proportional to the
absorbed dose within the scatter of the data. The G(N0(2)) value should be
considered a lower l imit because of d i f f icul t ies in determining the kinetics,
(PR-CMa-59, AECL-7607) of this state. The total amount of energy per 100 eV
absorbed which ends up as vibration is 6.5 eV, a surprisingly large amount
since the mole fraction of NO in these mixtures was less than 5 x 10-3.

(1) H. Okabe, "Photochemistry of Small Molecules", Wiley-Interscience, New York,
1978.

(2) R.J. Spindler, J r . , L. Isaacson and T. Wentink, Jr . , J. Quant. Spectrosc.
Radiat. Transfer 10, 621 (1970).

3.2.2 Radiolysis of Liquid Systems

(a) Radiolysis of Liquid Water at Low Dose Rates

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

Computer calculations described in PR-CMa-60, AECL-7692 have been continued
in order to define better the radiolysis of aqueous solutions containing hydrogen
(H2), hydrogen peroxide (H2O2) and oxygen (Oj). These calculations indicate
a chain reaction should occur in aqueous solutions containing H? and H2O2 and
this has been experimentally demonstrated. However the observed chain length
was less than one-tenth the calculated chain length. Further experiments
and calculations are planned to determine the source of the discrepancy.

(b) Radio!vtic Decomposition of CAN-DECON Reagent

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

(c) Determination of In i t ia l G-Vaiues in Water Irradiated at 118°C

- A.J. E l l io t and F.C. Sopchyshyn

( i ) Radiolysis of Solutions Containing Sodium Nitrate and Sodium Formate

As an extension of the work described in the last progress report
(PR-CMa-60, AECL-7692), solutions containing 0.5 mol-L"' sodium formate and



- 53 -

2.5 x 10 mol-L" cdium nitrate were irradiated at room temperature
and at 118°C. The hydrogen and hydrogen peroxide yields did not
change signif icantly between the two temperatures but GfNO?") rose from 3.5
at room temperature to greater than 12 at 118°C. This last value is unreasonably
high and implies reactions other than those l isted ( [3]- [8]) in the progress
report PR-CMa-59, AECL-7607. The value G(NO2") for solutions irradiated at
room temperature and then heated to 118°C for 15 minutes did not change from
the unheated value so this eliminates the possibil i ty that an end product of
the irradiation is reducing nitrate to n i t r i t e .

( i i ) Radiolysis of Solutions Containing Sodium Nitrate and 2-Propanoi

When 0.5 mol-L"^ sodium formate was replaced by 0.5 mol-L"! 2-propanol as
a hydroxyl radical scavenger, G(N02") for 2.5 x 10-3 mol-L"1 and 2.5 x 10"2 mol-L"1

sodium nitrate increased only 8% and 15% respectively, on changing the irradiation
temperature from 23 to 118°C, (see Table 3.2.2.1). This is far less than the
60% and 250% increase for the corresponding formate solutions and is more in line
with previously published data employing other scavengers.

Table 3.2.2.1

Yield of Ni t r i te Ions, G(N02~), from y-Irradiation of Aqueous Solutions
Containing Sodium Nitrate and 0.5 mol-L-1 2-Propanol

Irradiation
Temperature

(°C)

23

118

[NaN03] ( m o l - L - 1 )

2.5 x 10~3 2.5 x 10-2

2.55 2.90

2.75 3.30

( i i i ) Reaction of CO?" and (CHACON With Ni t r i te Ions

Previous studies on aqueous nitrate solutions (PR-CMa-60, AECL-7692) have
shown G(N02") decreases with radiation dose when either formate ion or 2-propanol
are present as the hydroxyl radical scavenger. The possible reactions of n i t r i te
ions with both Q.^' and (CHŝ COH radicals have been studied at room temperature.
First ly , nitrous oxide saturated solutions containing 0.5 mol-L"l sodium formate
and 3-20 x 10"^ mol-L"' ?odium n i t r i t e and, secondly, nitrogen saturated solutions
containing 0.26 mol-L"! acetone, 0.26 mol-L 1 2-propanol and 3-20 x 10~5 mol-L"'
sodium n i t r i t e were irradiated. In both cases G(nitrate loss) was ^ 1.9. This
indicates n i t r i t e ions react with the C02* and (CH3J2COH radicals. Hence i t is
possible that the n i t r i t e ions formed in the radiolysis of nitrate solutions also
react with these radicals and lead to the observed decrease in G(N02") with dose.
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(d) Radioiysis of N?0 Saturated Aqueous Solutions Containing Oxidized
Di th io th re i to l and Sodium Formate

- A.J . E l l i o t and A.S. Simsons

Nitrous oxide saturated solutions containing 0.1 mol-L"^ sodium formate and
1 x 10~3 mol-L~T oxidized d i t h i o th re i t o l (DTT-ox) have been i r rad ia ted . The
concentrations of DTT-ox and d i t h i o th re i t o l (DTT) have been measured over the
pH range 1 to 9. The G-values for DTT-ox loss and DTT formation are shown in
Table 3.2.2.2.

The expected value of G(DTT) (= G(-DTT-ox)) of ^ 2.6-3.7 was only found to
hold above pH = 6. Below this pH, a chain reaction is occurring with a maximum
in chain length near pH = 4.5. The reaction scheme below accounts for the
observed y ie lds .

N20

,S . ,SZ

[2] R I + CO," -»• R I + CO,
* 2 X 2

[3] R / + H

xS / S " M+ vSH yS
[4] R I + R ' - i—> R + R |

NS NS NSH NS

^S- / S ' H+ ^SH yS
[5] R + R I -2—> R + R I

v SH N S v SH s S

x-S- /S - ^SH ,S
[6] R + R •+ R + R I

^SH ^SH NSH SS

[ 7 ] R + HCOO" ->• R + CO?"
\ CIJ "̂  CLJ

[8] R + HCOOH -* R + CO,' + H
\ N SH i
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[9] R + CO ~ ->- R + HCOO"
^ SH s SH

The pK of equ i l ib r ium [3] is ^ 5.2 and the pK of formic acid is 3.75.
Above pH i/ 7 only reactions [1] to [4] are involved so G(DTT) = 1/2 G(C02i)
from reaction [ 1 ] , i . e . ^ 3.6. Below pH 'v- 7, the t h i y l radical formed in [3]
must react with the formate ion (react ion [7]) at a rate s u f f i c i e n t to compete
against reactions [4] to [ 6 ] . The drop in G(DTT) below pH = 4 indicates that
reaction [8] must not be as fast as [ 7 ] . Reaction [9] is required as the G(DTT)
versus dose curves indicate a back reaction is also occurring at long i r r a d i a t i o n
times. Computer modelling calculat ions w i l l be performed to evaluate the rate
constants fo r react ion [7] and [ 8 ] . The rate constant f o r reaction [9] w i l l be
measured from pulse rad io lys is experiments. The remainder of the rate constants
are known.

Table 3.2.2.2

Yields, G(DTT) and G(-DTT-ox), from I r rad iated N20 Saturated Solutions
Containing 0.1 mol-L"1 Sodium Formate and 10"3 mol-L"1 DTT-ox

£H

1.0

2.5

3.4

3.7

4.2

4.9

5.8

6.8

7.4

9.0

G(DTT)

19-30

26

182

162

304

246
94

2.7

3.8

3.9

G(-DTT-ox)

t

28

188

165

232

242

104
*

*

*

* Too small to measure

+ Could not measure due to i n te r fe r ing absorption
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3.3 LASER PHOTOCHEMISTRY

3.3.1 Photochemical Isotope Separation

- R.D. McAlpine, D.K. Evans, K.M. Adams, J.W. Goodale and I.M. Waller

(a) The Multiphoton Absorption (MPA) and Decomposition (MPD) of Methanol

In PR-CMa-60 (AECL-7692), a preliminary account of CO2 laser-induced MPD
studies of methanol was given. MPA studies, and further MPD studies have been
carried out by varying methanol pressure, laser line and laser intensity. I t
was fe l t that a small molecule such as methanol (1) would show a dependence of
MPA and MPD on laser pulse intensity at a fixed fluence.

The results of MPD experiments conducted using 6 or 50 ns pulses at 80 J/cm2

for the C02 laser lines 9P(18) and 9P(20) and 60 ns pulses of the 9P(34)
line are shown in Fig. 3.3.1.1. Even for the very low number of collisions
occurring in these experiments the decomposition probability changes dramatically
with coll ision number. This behavior was thought to arise from rotational
relaxation making a larger fraction of the ground state rotational levels
interact with the laser, as pressure increases, rather than just those having
energies within the effective linewidth determined by the power of the laser.
However investigation of product yields shows that decomposition channel ratios
change, and more methanol molecules are decomposed, as collisions occur. The
reason for this effect is not currently understood. By plotting the decomposition
yield (methanol molecules decomposed per pulse per kPa) versus coll ision number
(Figure 3.3.1.1) we can see that both gas pressure and laser pulse intensity
affect the MPD process. I f there were no intensity dependence, then both the
6 and 60 ns results would fa l l on the same pressure-determined curve. This is
not the case and one sees for both the decomposition yield as shown, and for
individual product yields, that the CO2 laser-induced MPD of methanol depends
on laser pulse intensity.

Results from MPA experiments for methanol absorbing 6 and 60 ns 9P(34) CO2
laser pulses show a very unusual pressure dependence. As pressure increases
the low fluence absorption is decreased by several orders of magnitude. At this
time, we feel that this might be due to pressure broadening in competition with
power broadening by the laser pulse.

(1) D. Anderson, R.D. McAlpine, D.K. Evans and H.M. Adams, Chem. Phys. Letters
79_, 337 (1981).

(b) Multiphoton Absorption in NH3/N? Mixtures

MPA studies of CO2 laser radiation, by NH3/N2 mixtures, have commenced this
quarter. The addition of N2 was observed to increase the absorption cross section
of NH3 by a factor of 3-4 in certain cases. These studies are continuing.

(c) Construction of a CO? Laser

A K920 laser k i t purchased from Lumonics was delivered. This provides the
discharge electrodes, controllers and power supply as the basis of a new multi-
purpose laser.
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1 2 3 4

KINETIC COLLISIONS DURING PULSE

Figure 3.3.1.1 - Dependence of Methyl Alcohol Decomposition on laser line, int
and collisions during pulse; CO? laser with 6 (filled) and 60 ns
(open) pulses at 80 J/cm2 with ( # , O )-9P(18), (•.•)-9P(20)
lines ?nd the 9P(34) line at 60 ns (/J.

intensity
ns
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A gas purification system (2) has been constructed so this system can be
operated on a closed cycle, which wi l l allow operation with l^cc^. This laser
may also be used to pump an NH3 laser and complementary absorption measurements
on NH3 and NH3/N2 mixtures have begun. Acoustic and electrical noise shields
are now being installed and characterization of the laser should begin next
quarter.

(2) C. Wi l l is , M. Dosi and D.J. James, Rev. Sci. Inst. 50., 622 (1979).

3.3.2 Laser Magnetic Resonance

- J.S. Geiger, D.R. Smith and C. Brown

The 133.12 ym 2n3/2(J=13/2)-^ni/2(J=ll/2) and 145.66 ym 2n3/2(J=15/2)+2ni/2(J=13,
spectra of OD have been remeasured and the weak line components, not seen in the
original scans (PR-CMa-59, AECL-7607), identi f ied.

The free radical NHD has been produced by the reaction of atomic deuterium,
produced in a microwave discharge, with N2H4. In some cases, e.g. , 129.5 urn, the
spectrum observed with this source shows significantly fewer lines from other
species than the similar spectrum observed using the in-cavity discharge which
produces the NHD by the dissociation of NH2D (1).

Most of the metal components of the FIR laser, located within the magnet gap,
have now been replaced with plastic components in an attempt to eliminate coherent
modulation noise on the FIR laser output. No significant reduction in this noise
was in fact observed.

The accumulation of spectra was severely curtailed during the quarter by our
inabi l i ty to obtain the l iquid helium required to cool the FIR laser detector.

(1) A. Carrington, J.S. Geiger, D.R. Smith, J.D. Bonnett, and C. Brown, Chemical
Physics Letters (in press), 1982.

3.3.3 Volatile Molecules of Heavy Elements: Approaches to Laser Separation of
Zirconium Isotopes

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



- 59 -

3.4 HYDROGEN-WATER EXCHANGE

3.4.1 Kinet ic Studies of the Isotope Exchange Between Hydrogen and Mater

- J.P. Bu t le r , J . den Hartog, F.W.R. Molson, J.H. Rolston, L.M. Paterson
and K.L. Gale

3.4.2 X-Ray and UV Photoelectron Spectroscopy

- P.R. Norton, P.E. Bindner and E.B. Selk i rk

A problem wi th the present Kelvin work funct ion (A<j>) probe is tha t the resonance
frequency of the reed is a funct ion of temperature. Since the v ib ra t ing reed is
driven by a c rys ta l con t ro l led o s c i l l a t o r , s h i f t s in the resonant frequency during
the measurement of Ac|> on a heated sample produce phase s h i f t s in the detected AC
s igna l . U l t imate ly , the signal i s los t since the reed stops v i b ra t i ng . This is
a p a r t i c u l a r l y severe problem during prolonged high temperature measurements or at
pressures higher than ^ 0.1 Pa when convection or conduction become important.
We have developed a method o f detect ing both the phase and frequency of the
natural resonance and o f using t h i s to produce feedback to a voltage con t ro l led
o s c i l l a t o r which can then track any s h i f t in the resonance frequency. This
ensures constant phase and amplitude of v i b r a t i o n , both important parameters in
a phase sens i t i ve measurement. Further improvements in sh ie ld ing have also been
incorporated in the new Kelvin probe. A second probe is being constructed fo r
the Rutherford Backscattering chamber on the Van de Graaff accelerator .

Modif icat ions to the gas i n l e t system on the ESCA-3 spectrometer w i l l allow
us to admit two gases independently. This has proved essent ia l f o r the successful
observation o f the k i ne t i c o s c i l l a t i o n s in the c a t a l y t i c oxidat ion of CO over
plat inum. We have made prel iminary observations o f i n s t a b i l i t i e s in A<f) which are
re lated to the o s c i l l a t i o n s and we hope to estab l ish t h e i r pressure, temperature and
composition dependences before attempting to measure the helium ion backscatter ing
y ie ld during the osc i l la t ions.

3.4.3 Surface Preparation of Faceted (111) Pt Single Crystal

3.4.4 Phase Transitions in the W(110)-0 System

3.4.5 Progress on Construction of the New Ultra High Vacuum (UHV) System

- P.R. Norton in collaboration with T.E. Jackman, J.A. Davies, C.W. Si t ter
(Solid State Science Branch), P. Estrup (Brown Universi ty), and W.N. Unertl
(University of Maine)

See Solid State Science Branch, sections 1.3.3 to 1.3.5.
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3.5 ISOTOPE CHEMISTRY

3.5.1 Deuterium Exchange Between Fluoroform (CF3H) and Water

- E.A. Symons and J.D. Bonnett

3.5.2 Equil ibr ium Deuterium Dist r ibut ion Between Water and Dimethyl Sulfoxide
(DMSO)

- J.D. Hal l iday, M.L. Martins and E.A. Symons

As part of a possible deuterium separation process based on IR- laser-act ivated
multiphoton dissociat ion of f luoroform (CF3D in CF3H), base-catalyzed redeuteration
of CF3H by contact with natural abundance HOD in H2O is required. The presence of
DMSO is needed to achieve an acceptably high HOD/CF3H exchange rate constant (1) .
Unfortunately, under such basic conditions some deuterium w i l l also be t ransferred
in to the DMSO. L i tera ture data are available fo r the rate of base-catalyzed
t r i t i u m exchange between water and DMSO at 25°C (2 ) . The h a l f - l i f e fo r deuterium
transfer w i l l be less -than 2500 s above 60 mole % DMSO and therefore deuterium
w i l l become d is t r ibu ted between the water and DMSO. Since knowledge of the
overal l deuterium-protium separation fac tor , a, fo r th is equ i l i b ra t ion is
important for process design, an experimental project employing 'H and 2H nuclear
magnetic resonance spectroscopy has been star ted to obtain a fo r equation [1] over
a range of temperature, solvent composition and D/H ra t i o in the system.

[1] CH3SOCH3 + D20 ^C(H ,D) 3 S0C(H,D) 3 + (D,H)2O

NMR is a pract ical analyt ica l technique for th is system since the concentrations
of the various species at equi l ibr ium can be determined d i rec t l y in so lu t ion . The
base catalysis of reaction [1] is s u f f i c i e n t l y fas t that equi l ibr ium can be
reached in < 24 h, but also slow enough to maintain adequate resolut ion of the
water and DMSO resonances. At very high exchange rates these would coalesce in to
a single l ine from which no analyt ical concentration data could be obtained.

(1) R. Stewart and O.R. Jones, J . Am. Chem. Soc. 89_, 5069 (1967).
(2) E.A. Symons, M.J. Clermont and L.A. Coderre, J . Am. Chem. Soc. 103, 3131 (1981)

and references there in .

3.5.3 Isotopic Exchange Reactions in Prot ic Solvents

- J.D. Hall iday and S. Padamshi

Effects on ^ N Quadrupolar Spin Relaxation in Protonated and Free Amines

^H NMR measurements of the e f fec t of ^ N coupling to ammonium and amino protons
in methyl-substituted amines as a function of temperature have been completed. Data
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obtained for the ammonium sal ts are shown in Figure 3 .5 .3 .1 . The '4N spin- l i fe t imes
T , and the calculated 14N linewidths and T-j values fo r the amines studied are
given in Table 3 .5 .3 .1 . Also included are the Arrhenius act ivat ion energies
determined from the plots of 2.n T VS. 1/T. The act ivat ion energies in Table 3.5.3.1
are those for molecular reor ientat ion in these solut ions. There is a much broader
range for Efl in the free amines than for the ammonium salts where the same
solvent (6 P[ HC1) is used.

Table 3.5.3.1

Effect of Methyl Substituents on 14|\| Spin Lifetimes of Selected Amines at 25°C

Species

NH ( a )

(CH3)3NH 16.51

r(ms)

162.50

49.66

35.04

19.72

15.39

16.51

T-[14N(ms)

32.51

9.932

7.009

3.943

3.078

3.302

Av1/2
14N(Hz)

9.79

32.05

45.41

80.73

103.35

96.40

Ea(kJ-moH)

7.59±0.23

10.63±0.9;:

8.82±0.10

10.60+0.52

13.82+0.25

11.16±0.39

Calculated from data in ref. 1.

The calculation of lineshape functions I(v) for spin 1/2 nuclei coupled to
spin > 1/2 nuclei have been investigated by Sack (2), Pople (3), and discussed by
Abragam (4). The lineshape equation is

[1] re(W-A"1-l)

where re denotes 'real part of' ; W = (1,1,1) is a vector containing the
probabilities of the lines of the multiplet; 1, is the unit matrix; and A is
a matrix for the 14N case where I = 1 and i t includes a linewidth correction
factor,

[2] A =

Bl

1
T

2
T

1
T

B2

1
T

2
T

T

B



\

- 62 -

METHYL SUBSTITUTED AMMONIUM IONS QUADRUPOLAR RELAXATION STUDY

10"'
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.0038

Figure 3.5.3.1 - Temperature Dependence of Spin Lifetimes for Methyl-Substituted
Ammonium Ions (6 M) in 6 M HC1: Q - methyl; A - dimethyl;
O - trimethyl
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The diagonal elements of A are defined by equations [3-5].

[3] B, = i2ir(v - V + J U ) - 3/T - 1/L,

[4] B2 = i27r(vo-v) - 2/T - 1/T2

[5] B., = I2TT(V - v - J n . ) - 3/T - 1/T,
J O I 4 N H 2

The calculated spectra for the free amines gave very good f i t s to the
experimental spectra. However, the f i t s for the methyl-substituted ammonium salts
were not as good. The central l ine of the multiplet was consistently narrower
than the calculated l ine. Consequently there was a range of spin-lifetimes
determined at each temperature by f i t t i n g individual lines in the spectra. This
inab i l i t y of the Pople equation [1] to f i t certain 14NH spectra has been noted
by other authors (6) and is attr ibuted to second order effects in the spin coupling.

Correlation times for molecular reorientation, T , may also be calculated
from our data through equation [6] . q

[6] ^-=!<e2qQ/h)2Tq

2
This requires values for the quadrupole coupling constant x = e qQ/fi. These
have been measured for the free amines and a l i terature search for the x i'n

the ammonium salts is underway. The values of t q for the free amines are in the
10~13 s range.

(1) T.J. Swift, S.B. Marks, and W.G. Sayre, J. Chem. Phys. 44, 2797 (1966).
2) R.A. Sack, Mol. Phys. 1 , 163 (1958).
3) J. Pople, Mol. Phys. 1 , 168 (1958).
4) A. Abragam, "The Principles of Nuclear Magnetism", Oxford University Press,

1961.
(5) J.P. Kintzinger, J.M. Lehn, and R.L. Williams, Mol. Phys. V7, 135 (1969).
(6) N.C. Pyper, "Band Shape Studies in High Resolution NMR", Ph.D. Thesis,

Univ. of East Anglia, 1971.

3.5.4 Separation Factors for Deuterium Exchange Between Hydrogen and Acetic Acid

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

The magnitude of the deuterium-protium separation factor afa = (D/H)LIQ^(D/H)GAS]
between hydrogen and acetic acid at 25°C has been reported (1) as 3.10 + 0.03 for
deuterium enriched acid and normal abundance hydrogen. A second determination
with acid of normal abundance gave 3.08 ± 0.01. Both these determinations disagree
considerably with an ear l ier value, a = 3.82/ ± 0.02, given in reference (2).
Since no attempt has been made to reconcile these measurements i t was of interest
to repeat the measurements and to extend their temperature range using the
techniques described for the methanol-hydrogen separation factor (PR-CMa-45,
AECL-6327). Use of ei wetproofed platinum catalyst shortens times for equil ibrat ion
to hours compared to several days used in reference (1). A least squares analysis
of the data obtained so far indicates a can be calculated to within ± Vi from
equation [1] in which T is the absolute temperature.
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[1] = -1.105
009 8

At 25°C this equation gives afC^CC^H) = 3.76 which strongly favours the value
quoted in reference (2) and suggests the prolonged equil ibration times used in
reference (1) may have produced some undetected scrambling of the isotopes
between the methyl and carboxyl groups.

(1) F.J. Torre, M. Czuczak and C .U. Monse, J. Chem. Phys. 58, 1804 (1973).
(2) M.L. Eidinoff , J.E. Knoll , D.K. Fukushima and T.F. Gallagher, J. Am. Chem.

Soc. 74, 5280 (1952).

3.5.5 Chemical Methods for Zirconium Isotope Separation

- E.A. Symons, J.H. Rolston, E.B. Selkirk and J.D. Bonnett

There are f ive stable isotopes of zirconium, each of which has a dif ferent
cross-section forcapture of thermal neutrons. The isotope *^Zr has by far the
highest cross section (1.6 Barns = 160 fm2) and a reduction of this isotope
(11.23% natural abundance) in the zirconium used for CANDU pressure tubes and
calandria tubes could result in substantial savings in fuel costs. Since there
is no known process for the separation of zirconium isotopes an experimental
program has been started to examine possible chemical exchange methods.

I n i t i a l work has been directed to the modification of an old Varian Mat
UF-5 uranium isotope rat io mass spectrometer (PR-CMa-53, AECL-7094). A f u l l
range electromagnet has been added and the analyzer vacuum system operation
improved with a turbomolecular diffusion pump. Following the recent successful
insta l la t ion of a direct insertion probe (DIP) for the analysis of volat i le
sol id samples, the practical upper m/e l im i t of the instrument is being
determined using t r i (perf luoroheptyl)-s-tr iazine. At the highest current
sett ing for the electromagnet the range from about 175 to 1200 m/e can be
monitored.

A batch of zirconium tetra (trifluoroacetylacetonate) chelate has been
synthesized and pur i f ied. Samples of this complex are being run in the DIP
to optimize instrument settings for observation of the zirconium isotope peaks.

3.6 REPORTS, PUBLICATIONS, PATENTS AND LECTURES

3.6.1 Publications

Observation of a Photocataiytic Effect in the Oxidation of CO Adsorbed on Pt(lOO)
and P t ( l l i ) Surfaces
- P.R. Norton, J.W. Goodale and D.K. Creber
Surface Science (in press) (1982)
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Surface Phases of Clean, CO and NO Covered Pt( l lO)
- W.N. Uner t l , T.E. Jackman, P.R. Norton, D.P. Jackson and J.A. Davies
Proceedings of the American Vacuum Society, Anaheim, Ca l i fo rn ia , 1981 November 2-6
J. Vac. Sci . ( in press) (1982)

The Pt ( l lO) Phase Transi t ions: A Study by Rutherford Backscattering, Nuclear
Microanalysis, LEED and Thermal Desorption Spectroscopy
- T.E. Jackman, J.A. Davies, D.P. Jackson, W.N. Unertl and P.R. Norton
Surface Science ( in press) (1982)

Absolute Coverage and Isoster ic Heat of Adsorption of Deuterium on P t ( l l l )
Studies by Nuclear Microanalysis
- P.R. Norton, J.A. Davies and T.E. Jackman
Surface Science Letters ( in press) (1982)

The Mechanism of an Adsorbate-Induced Surface Reconstruction: CO on Pt(lOO)
- P.A. Th ie l , R.J. Behm, P.R. Norton and G. Er t l
Surface Science ( in press) (1982)

The Multiphoton Absorption and Decomposition of Fluoroform-d: Laser Isotope
Separation of Deuterium
- D.K. Evans, R.D. McAlpine and H.M. Adams
J. of Chem. Phys. ( in press) (1982)

Far Infrared Laser Magnetic Resonance Spectrum of NHD
- A. Carrington, J.S. Geiger, D.R. Smith, J.D. Bonnett and C. Brown
Chem. Phys. Le t t , ( in press) (1982)

The fol lowing two papers w i l l appear i n :

Proceedings of the Internat ional Symposium on the Synthesis and Applications of
Iso top ica l ly Labeled Compounds, 1982 June 6-11 in Kansas Ci ty , Missouri

Research on the Separation of Hydrogen Isotopes by Catalyt ic Exchange
- J.H. Rolston

Catalysis of Deuterium Exchange Between Fluoroform (CF3H,D) and Water (The Feed
Step for a Potential Deuterium Separation Process)
- E.A. Symons, J.H. Rolston, L.A. Baldisera, J.D. Bonnett, J.C.G. Drover and
L.M. Paterson

3.6.2 Lectures

HF and C02 Laser Induced Decomposition of Methanol
- D.K. Evans, R.D. McAlpine, J.W. Goodale and H.M. Adams
Conference on Lasers and Electro-Opt ics, Phoenix, Arizona, 1982 Apr i l 14-16

Laser Isotope Separation
- D.K. Evans
University of Maine, Orono, Maine, 1982 May 5; Brandeis University, Waltham,
Massachusetts, '982 May 6; and AVCO Everett Research Laboratories, Everett,
Massachusetts, 1982 May 7
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The following two lectures were presented at a short course "Introduction of
Surface Analysis" held at the University of Western Ontario, 1982 May 21-26

High Resolution Electron Energy Loss Spectroscopy
- P.R. Norton

Fundamental Studies of Monolayer Film Reactions
- P.R. Norton

Protiurn-Deuterium Isotope Exchange Between Fluoroform (CF3H) and Water
- E.A. Symons, J.H. Rolston, L.A. Baldisera, J.C.G. Drover and L.M. Paterson
8th Canadian Symposium on Catalysis, Waterloo, Ontario, 1982 May 26-29

Laser Photochemistry Studies at the Chalk River Nuclear Laboratories
- R.D. McAipine
Second Laser Workshop, University of Toronto, Toronto, Ontario, 1982 May 28

The fol lowing two lectures were presented at the 65th Canadian Chemical Conference
of the Chemical I ns t i t u t e o f Canada, Toronto, Ontario, 1982 May 31-June 2

14N Nuclear Quadrupole Relaxation in Methyl-Substituted Amines
- J.D. Hal l iday, P.E. Bindner, and S. Padamshi

The Role of Surface Structure in Catalysis: Osci l lat ions in the CO Oxidation
Reaction
- P.R. Norton

The fo l lowing three lectures were presented at the 8th Canadian Seminar on
Surfaces, Guelph, Ontario, 1982 June 2-4

Fast Video-LEED Techniques in Surface Science
- P.R. Norton, P.A. Th ie l , R.J. Behm and G. Er t l

The Use of MeV Ion Beams in Surface Analysis
- J.A. Davies, T.E. Jackman, P.R. Norton and W.N. Unertl

A Study of Pt( l lO) and Au(llO) Using MeV Ion Beams
- T.E. Jackman, J.A. Davies, W.N. Uner t l , D.P. Jackson and P.R. Norton

The fo l lowing two lectures were presented at the Internat ional Symposium on the
Synthesis and Applications of Isotop ica l ly Labeled Compounds, Kansas Ci ty ,
Missour i , 1982 June 6-11

Research on the Separation of Hydrogen Isotopes by Catalyt ic Exchange
- J.H. Rolston

Catalysis of Deuterium Exchange Between Fluoroform (CF3H.D) and Water (The Feed
Step for a Potential Deuterium Separation Process)
- E.A. Symons, J.H. Rolston, L.A. Baldisera, J.D. Bonnett, J.C.G. Drover and
L.M. Paterson
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Absolute Coverage and Isosteric Heat of Adsorption of Deuterium on P t ( l l l )
Studies by "'(dear Microanalysis
- P.R. Noru , J.A. Davies and T.E. Jackman
Physical Electronics Conference, Atlanta, Georgia, 1982 June 14-16

Intensity Effects in Infrared Multiphoton Absorption and Decomposition
- O.K. Evans and R.D. McAlpine
15th Informal Conference on Photochemistry, Stanford, California, 1982 June 27-July 1

The above lectures may not be available in pr int.
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4.2 SURFACE CHEMISTRY

4.2.1 Environmentally-Induced Cracking

(a) Gaseous Hydrogen Cracking

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

Initiation of cracks in hydrogen gas has continued to be very erratic,
with often long incubation times. Experience showed that these cracks had a
very high probability of initiating during the night, or weekends, so that by
the start of the next working day the useful range of stress intensities had
been passed. We decided, therefore, to suspend further experiments until an
electronically operated solenoid valve could be developed, which could be actua-
ted by the acoustic emission signals heralding the start of cracking, and would
pump-out the system and stop the cracking before the useful stress intensity range
was used up. A preliminary model of such a device is now available for testing,
and its effectiveness will be tested shortly. A more sophisticated model is on
the drawing boards, but we hope soon to be in operation again with the prototype.
In the meantime, the results obtained so far were written up and presented at
the 6th International Conference on Zirconium in the Nuclear Industry.

(b) Stress Corrosion Cracking by Fission Products

- B. Cox and R. Haddad

Evidence that the primary initiation sites in both iodine and cesium/
cadmium induced cracking were transgranular, and involved neither second phase
particles, nor localized impurity concentrations (PR-CMa-59 and 60, AECL-7607
and -7692), led us to conclude that the local metallurgical condition controlled
crack initiation. Thus, it was inferred that the first grains to crack were
those most favourably oriented for 'cleavage' under the applied stress. However,
although large numbers of initiation sites are apparent (particularly in iodine),
their total number appears to be much less than the expected numbers of grains
with such orientations. Thus, some other factors must be involved as well. One
of these may be the effect of the fission product species on the surface energy,
and hence the ease of 'cleavage' (1). However, local residual stresses operating
on the critical grain by virtue of the orientations of the surrounding grains
may also be important (2). Thus, because of the anisotropy of thermal expansion
of zirconium the prior thermal, as well a mechanical treatments, can induce large
local residual stresses depending on the relative orientations of adjacent grains.

To investigate this phenomenon, we will attempt to orient grains,
adjacent to that which cracks first,by electron channeling patterns. In prepara-
tion for this study, we are examining the initiation sites by optical microscopy.
A combination of measuring the extinction positions in polarized light and the
biaxial interference pattern of the metal should be sufficient to orient each
grain. So far, the examination of sections containing many small transgranular
initiation sites has shown that all such sites extinguish plane polarized light
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at about tho same angle. The extinction minima are very shallow, however, so we
are trying to instrument the process so as to get a better measure of the extinc-
tion angle than the +_ 10° possible by eye. Despite the low accuracy presently
achieved, i t appears that the results support the hypothesis that all the grains
which 'cleave' f i r s t , at various in i t iat ion sites, have the same orientation
relative to the specimen surface.

(1) A.R.C. Westwood and R.M. Latanision, Mat. Sci. and Eng., 1976, 2£, 225.
(2) S.R. MacEwen, J . Faber Jr . , and A.P.L. Turner, Measurement of Grain Inter-

action Stresses in Zircaloy-2 Using Time-of-Flight Neutron Diffraction. To
be published.

4.2.2 Oxidation of Zirconium Intermetallics

(a) ZrCu

- B. Cox (with R. Davidson, System Materials Branch)

Thermal oxidation of ZrCu has shown that relatively thick oxide films
can be grown. The results (Figure 4.2.2.1) show oxidation rates were approxi-
mately linear and much higher than those for unalloyed zirconium, or Zircaloy-2,
at the same temperature. Particularly after oxidation at 500oC the specimens
showed a change in colour on standing in the laboratory, from dark grey to a
bronze colour (typical of the CuO -* CU2O colour change) suggesting that in this
instance outward diffusion of Cu through the ZrO2 f i lm may have occurred. SAM
analysis has not yet been performed.

(b) Group VII I Intermetallics

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

Four zirconium alloys were made with the intent of approximating the
composition of precipitates seen in Zircaloy-4 and Zircaloy-2. These were
submitted for Energy Dispersive X-ray (EDX) analysis to check composition with
the following results

TABLE 4.2.2.1 ANALYSIS OF ALLOYS

ALLOr

Zn,Fe
ZrFe2
ZrCr2
Zr2Ni

EXPECTED WEIGHT %

Zr

87 13 Fe
45 55 Fe
47 53 Cr
76 24 Ni

MEASURED WEIGHT %

Ir

87.9 12.1 Fe
46 54 Fe

46.1 53.9 Cr
76.4 23.6 Ni

All four alloys are very b r i t t l e .
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Thin fo i l specimens of the four alloys were made for TEM examination.
The ZrjNi and Zr(>2 were single-phase. Electron diffraction patterns from the
Zr£Ni and ZrO? materials were consistent with tetragonal (a=6.499, c=5.270 ^*)
and hexagonal ta=5.079, c=8.279 K) crystal structures, respectively. The
intended Z^Fe and ZrFej materials were both two-phase and have yet to be
identif ied. The Zr^Ni and Zr(>2 have been prepared for oxidation at 573 K.

Second-phase particles in Zircaloy-2 having a composition of
Zr2Ni'o.A^e0.6 a n d ZrCrj.iFeo.g have recently been suggested. Alloys having these
compositions have been made and are being homogenized.

4.2.3 Nodular Gxide Growth on Zircaioys

- N. Ramasubramanian

Cross-secticns of the nodular oxide grown on regular and platinum-coated
Zircaloy-4 fuel sheathing tubes were examined on the scanning electron
microscope. Particles ^ 0.25 pm in size lodged inside the cracks were observed
in the nodules which were just emerging underneath the sputtered platinum
coating and those which were ful ly developed on the uncoated surfaces of the
alloy. X-ray analysis revealed the presence of iron in many of these particles.
Peaks for chromium and nickel were very much weaker than for iron. A few of the
particles showed an enrichment in t i n , indicating a slight segregation of this
alloyine element. The mechanical and final chemical polishing steps in the
preparation of the cross-sections of the samples seem to have etched out the
intermetallic precipitates diminishing their size and hence the intensity of
their X-ray peaks. Nevertheless, these results support the conclusion that
intermetallic precipitates in the alloy are associated with the occurrence of
nodular oxide growth in high temperature, high pressure steam.

4.2.4 Cathodic Reduction of Zirconium Ions from Aqueous Solutions

- N. Ramasubramanian

I t was claimed in a paper published recently (A.S. Fouda and
M.M. Elsemongy, J . Electroanal. Chem. 122, 279, 1981) that zirconium could be
cathodically deposited from a number of aqueous solutions containing the metal
salt and a complexing agent. The experimental details given in the paper were
sketchy. However, a detailed investigation of the cathodic reduction of zirco-
nium grown from the various solutions l isted in the paper was undertaken. No
evidence was found for the cathodic deposition of zirconium.

In another set of experiments, a procedure given for the cathodic
deposition of amorphous sil icon from aqueous solutions (T.R. Rama Mohan and
F.A. Kroger, Electrochimica Acta, 27, 371, 1982) was tr ied for depositing
zirconium. Zirconia was dissolvedTn hydrofluoric acid; ethylene glycol and
formamide were added to the solution for obtaining good deposits. No evidence
of zirconium deposition was found.

*1 A = 0.1 nm
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4.2.5 Oxidation of a-Zr

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

Further to PR-CMa-60 (AECL-7692), Section 4.2.4, long-term oxidation of
zone-refined and crystal -bar zirconium at 573 K in dried oxygen has continued to
about 8200 hours exposure. Three addit ional weighings have been made and the
previously noted upturn in the k inet ics has, in fac t , turned into a downward
trend. For instance, the crystal-bar and zone-refined Zr have gone from an
implied f i lm thickness of 376.1 and 344.4 nm at 320 days exposure to 370.2 and
320.1 nm at 341 days, respect ively. The downward trend is more pronounced for
the zone-refined mater ia l . The reason for th is phenomenon is unknown and cannot
be due to water absorption on a humid spring day since other materials have not
shown the same tendency (Z i rca loy-2, e t c . ) . Current thoughts are that the
weight loss may be due to oxide spal l ing and specimens are being pulled for SEM
examination.

4.2.6 Oxidation of Low Alloyed Zr

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

Further to Section 4.2.5 of PR-CMa-60 (AECL-7692), oxidation has
continued to 114 days exposure with no radical change in the k ine t ics .

4.3 ELECTRON MICROSCOPY

4.3.1 Displacement Damage Cascades in Group IV B Metals

- O.T. Woo, with CD. Cann (Materials Science Branch, Whiteshell Nuclear
Research Establishment), and G.J.C. Carpenter (Physical Metallurgy
Research Laboratories, CANMET, Ottawa, Ontar io).

Continuing experimental work in th is study has produced the fol lowing
results :

( i ) T.E.M. examination of a-Zr and a-Ti fo i ls irradiated with 20 keV 3i'2+

ions revealed unexpected interst i t ia l- type loop contrast. This prompted
a detailed examination of the loop character in 100 keV Bi+-ion irradia-
ted a-Ti, as the loops would be expected to spread over a much greater
depth (> 20 nm) than for 20 keV Bi'2+ i rradiat ion, which would produce
loops at the oxide-metal interface. Using bright f ie ld stereomicroscopy
and dark f ie ld techniques, i t was confirmed unambiguously that most of
the loops were of vacancy-type. Experiments are now in progress to



\

- 76 -

apply the same techniques to fo i ls irradiated with 20 keV and 60 keV
Bi+-ions.

( i i ) Stereomicroscopy also revealed the presence of a small number of loops
on the originally unirradiated face, placed at the electron entrance
side of the f o i l . This raised the question of whether a significant
number of loops was produced by the ion beam in the electron microscope
(1). Since Ti and Ir are l iable to hydride formation with beam heating,
control experiments were conducted on 99.99% copper fo i ls irradiated
with 100 keV Bi+-ions to a dose of 1 x 1015 ions.m"2. The fo i l was
coated with gold islands on the irradiated face before being examined in
the T.E.M, Stereopairs were obtained in suitable areas after 0, 7, 15
and 22 hours of ion-beam bombardment in the microscope. Comparison of
these stereopairs revealed no loop formation on the uncoated electron
entrance surface of the f o i l . On the other hand, a control unirradiated
copper fo i l similarly examined on a Monday iiiorning after a weekend shut-
off period was found to contain a large number of loops on the electron
entrance surface. These results suggest that as long as care is exercised
to warm up the microscope before examination, ion damage in-situ is
insignif icant.

h"ii) In PR-CMa-57 (AECL-7416), Section 4.3.2, i t has been noted that loops
positioned at the electron exit surface (usually the case in all our
fo i ls) must be imaged with positive s (the deviation from the Bragg
condition) for both bright (B.F.) and dark fields (D.F.) to give the
correct sign for their character (2). This has been confirmed experimen-
ta l ly and theoretically in our work. I t would thus be advisable to use
only thick areas of the fo i l for imaging, so that che black-white
reversal does not occur on reversing s. In practice, we have found i t
impractical to examine thick areas (? 100 nm) when the loop contrast
becomes very weak. In fact, in a-Ti, the loop contrast is already quite
weak in B.F., even in thin areas. Recently, fo i ls have been examined
with the damage layer at the electron entrance surface. In this cases
i t was found necessary to use positive s for B.F. but negative s for
D.F. imaging. This result was confirmed with computer simulation, again
in agreement with Katerbau's work (2).

(iv) Comparison of experimental images with computer-simulated images shows
that one of the loops has a Burgers vector of x[1010], where x = h or 1,
with loop normal [2130], about 20° off the pure edge orientation. This
suggests very strongly that the loop is perfect (x=l) rather than
faulted (x-5g) as a faulted loop would find i t energetically unfavourable
to orient in a non-edge coi ^'

(!) M. Milkens, Electron Microscopy in Materials Science, Third Course of the
International School of Electron Microscopy, Part I I (1975) p.647.

(2) K.-H. Katerbau, Phil . Mag. A 43 (1981) 409.
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4.3.2 Oxidation of the aZr(lOlO)

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

Further to Section 4.3.3 of PR-CMa-60 (AECL-7692), i t was found that a
large number of the monoclim'c aZrO2 crysta l l i te orientations in the oxide
f i lm could be explained by a martensitic type transformation between tetragonal
and aZrO2- In this instance, however, the tetragonal transformations were
applied to the cubic ZrO2 phase and then, only to one of the cubic crysta l l i te
orientations present.

4.3.3 Crystal Lattice Imaging of Grain Growth in Amorphous Germanium

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

Much to our surprise, crystal la t t ice images of Ge crystall ized from i ts
amorphous matrix have interplanar angles which are not characteristic of the
expected diamond cubic la t t i ce . Interplanar spacings, as determined from poly-
crystal l ine ring patterns, are as expected for a diamond cubic la t t ice . This
enigma has not yet been solved.

4.4 METAL PHYSICS

4.4.1 Irradiation Creep and Growth - LAMPF Program

- F. Santone and S.R. MacEwen

(a) The Ti irradiat ion experiment, as described in PR-CMa-57 {AECL-7416),
has completed one cycle. One canister received 1 x 1022 n/m2 and the other two
received a fluence of 1.5 x 1022 n/m2. Two of the canisters have been
re-inserted to receive a higher fluence.

(b) The irradiat ion growth experiment, which fai led as described in PR-CMa-
57 (AECL-7416), has been redesigned. Al l pneumatic components have been removed
and a Linear Variable Differential Transducer (LVDT) has been introduced. This
was possible because the LAMPF beam was not turned on again unti l May 1982. The
new growth r ig is scheduled for insertion at LAMPF in early 1983. Bench calibra-
tions are continuing.
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4.4.2 Irradiation Growth of Zirconium-Tin Alloys

- R.H. Zee, J .F . Watters, R-A. Murgatroyd* and A. Rogerson*

We have received a new series of data from our growth experiments at
AERE, Harwell. The results can be summarized as follows:

(1) The Zr-1.5% Sn specimen irradiated at 353 K had an in i t i a l high growth
rate followed by a rapid saturation at ^ 4 x 10"^ strain. The in i t ia l
transient is most l ikely due to a volume change from vacancy trapping at
the oversized t in atoms. At higher doses, these trapped vacancies cause
massive recombination resulting in the observed rapid growth attenuation.

(2) The Zr-0.1% Sn specimen irradiated at 353 K had a lower in i t i a l growth
rate than the lr-1.5% Sn specimen. The fast transient observed in the
1.5% Sn alloy was absent in this specimen and growth continued to higher
doses and gradually decreased to a steady state value. This phenomenon
is due to a combination of solute trapping and growth of dislocations
with <a>-type Burgers vectors.

(3) At 553 K, the Zr-1.5% Sn alloy grew twice as fast as the Zr-0.1% Sn
alloy at low dose. The growth rates in both alloys then decreased to
similar steady state values. This difference in growth behaviour in the
two alloys is again due to different degrees of solute-defect interaction.

A detailed analysis of the ir.icrostruct'ire of these materials is now in
progress. Preliminary results show that these specimens are al l strongly
textured in the longitudinal direction with Fi % 0.04 and an average grain size
of ^ 20 ym. We are continuing these irradiations to see i f ths breakaway growth
observed in Zircaloy-2 is also present in these alloys.

4.4.3 Ion Simulation of In-Reactor Creep

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

Deflection of a cantilever beam specimen, ion irradiated on one side,
was shown during the last quarter to

(1) vary as t"2 where t is i ts thickness, and

(2) vary erratically i f thermally cycled to 600 K for irradiation at that
temperature and then cooled to room temperature for deflection measure-
ment.

*United Kingdom Atomic Energy Authority, Risley, United Kingdom
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The former effect was tested by tht. simultaneous room temperature
irradiation of three specimens of longitudinal Zr-2.5 \nt% Nb which were
respectively 0.07, 0.14 and 0.21 mm thick. The latter effect was avoided by a 2
hour, stress-relieving, anneal at 650 K prior to ion irradiation.

4.4.4 Effect of Helium Ion Irradiation on Zirconium and Zr-2.5 wt% Nb

- R.H. Zee, J.F. Watters and O.M. Westcott (Solid State Science
Branch)

We have now successfully irradiated zirconium and Zr-2.5 wt% Nb (both in
the annealed and the 40% C.W. conditions) with 50 keV helium ions from 100 K to
773 K.

In annealed zirconium, the cr i t ica l dose for blistering increases drama-
t ica l ly when the temperature is changed from 300 K to 573 K. This increase is
probably due to the increase in helium mobility. In cold-worked zirconium, the
cr i t i ca l dose remains relatively constant at temperatures below ^ 600 K and then
drops above this temperature. The structures introduced by the plastic deforma-
tion provide trapping sites for the implanted helium atoms. This effect reduces
the effective helium mobility and allows the helium concentration to build up,
resulting in a constant cr i t ica l dose. The rapid drop in cr i t ica l dose at 600 K
is due to the reduction of yield stress by thermal recovery.

In both annealed and cold-worked Zr-2.5 wt% Nb, the cr i t ica l dose is
also relatively constant but has a sl ightly inverse temperature dependence. The
niobium atoms in the material can serve as trapping sites for the diffusing
helium. Similar to the cold-worked zirconium, this trapping phenomenon results
in a cr i t i ca l dose independent of temperature. The slight decrease in cr i t ica l
dose with increasing temperature is probably due to the thermal dependence of
y ie ld stress. A manuscript describing this work has been prepared for
publication.

4.4.5 Preparation of High Purity Zirconium by Electrotransport

- R.H. Zee and .J.F. Watters

The 15.2 cm all metal right angle valve used to isolate the ion pump
from the working chamber was found to be defective. I t was sent back to the
manufacturer (Huntington Inc., Mountain View, Cali f .) for reconditioning. A
titanium sublimation pump has been installed in the system with a set of stain-
less steel shields around i t to prevent any titanium contamination in the
working chamber. The necessary f i t t ings for mounting the specimen inside the
vacuum chamber were machined. A radiation shield made of thin zirconium sheet
was spot welded on the internal wall.

A zirconium rod, 16 cm long and 0.25 cm in diameter, was loaded. Because
of the absence of the right angle valve, the working chamber has to be bolted
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directly on to the ion pump with the specimen rod mounted in the vertical
position. The zirconium rod was threaded into two zirconium couplings at both
ends. Similar experiments at Ames Laboratory used tantalum at the cathode end.
But we found contamination of tantalum in the zirconium el ectrotransported in
these experiments. After baking the chamber at ^ 550 K for a week, the vacuum in
the working chamber as measured by the ion gauge is ^ 1 x 10~8 Pa. We are
presently waiting for the installation of a 230 V three-phase line for the high
current power supply.

4.4.6 Mechanical Testing

(a) Instron

- T.P. Trottier and F. Santone

A new way to measure strain was introduced to the INSTRON TESTING appa-
ratus. The strain gauge has been replaced by two Linear Variable Differential
Transducers (LVDT). These LVDT's provide three ways of measuring the resultant
strains: (a) with LVDT (A), (b) with LVDT (B), (c) from the average (A+B/2).
The software has been altered to accommodate the new system. Tests are being
conducted to measure tbe sensitivity of the LVDT's.

Using the new measuring system, i t wi l l now be possible to go to strains
of 50 to 75% instead of 10% previously attainable. A new furnace is being
developed to take advantage of this added feature. The furnace wi l l be longer
and thus we wi l l be able to control the specimen temperature precisely even
though the specimen elongates 1.25 cm or more. This wi l l allow us to run tests
at high strain rates.

fb) MTS-a

Bauschinger Effect in Zircaioy-2

- O.T. Woo, J.F. Mecke and S.R. MacEwen

Annealed specimens of Zircaloy-2, whose axes are along the transverse
(T) direction and also along the short-transverse (ST) direction of a rolled
slab, have been tested in tension followed by compression at a strain rate of
1 x 10~4 s~i. Figure 4.4.6.1 shows the stress-strain curvi of a ST specimen
strained in tension to 0.52% plastic strain and then in compression to ^ 1.2%
plastic strain. Contrary to the stress-strain curve for a L specimen where
permanent softening is observed (PR-CMa-59 (AECL-7607)), the ST specimen shows
evidence of a Bauschinger effect up to 0.35% compressive strain, after which the
flow stress is increased to above that for tension only. A similar stress-strain
curve was also observed for a T specimen. Since i t is well-known that the
deformation modes are different for all the L, ST and T specimens, an attempt is
being made to relate permanent softening to prismatic slip which is predominant
in L specimens.
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4.4.7 Positron Annihilation Spectroscopy (PAS): Doppler Broadening

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

(A) Hydrogen Effects

( i ) Zirconium-Hydrogen System

A. i .1 Continuous Annealing Experiment

Further to the experiment described in PR-CMa-6O (AECL-7692), Section
4 .4 .5 .A . I . ( i i ) , a continuous annealing experiment on quenched Zr-0.44 at%
hydrogen has been performed over the range 295-800 K. The principal results of
this experiment are:

(1) Continuous recovery of the S parameter - almost linearly with tempera-
ture - from 350-540 K, and

(2) The occurrence of a well-defined break in the annealing behaviour at the
solvus temperatures for Zr-0.44 at% hydrogen (545 K).

These results are an excellent complement to a previous similar study on
Zr-0.9 at% hydrogen reported in PR-CMa-60 (AECL-7692) - see above. Extraction
of further detail from the present and previous work has been frustrated by
extraneous interference effects on the operation of the spectrometer - see
4.4.7.C.

A. i.2 Effect of Quench Bath Temperature

A sample of Zr-2.0 atl hydrogen has ieen quenched in air from a tempera-
ture of 500°C into aqueous quenching baths at 373, 345, 320, 273 and 202 K. The
results show no variation - within experimental uncertainty - in the quenched-in
signal for bath temperatures 202 _< T _< 320 K. From 320-373 K, the quenched-in
defect signal decreases with increasing bath temperature.

( i i ) Titanium-Hydrogen System

A . i i . l The Effect of Hydrogen Additions to Ti on the S Parameter

Measurements of the effect of hydrogen on the S parameter have been made
for a series of Ti-H alloys quenched from 770 K into water at 273 K. The results
are qualitatively similar to results found for the Zr-H system. Two evident
differences are:

(a) the magnitude of the quenched-in defect signal is smaller than for
a-Zr/H - for parallel hydrogen contents, and

(b) the response of S to hydrogen content is relatively much diminished at
low hydrogen contents compared to the Zr/H system.
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A.ii.2 The Effect of the Quench Bath Temperature

It has been determined that the response of S to hydrogen at low hydro-
gen contents may be very significantly enhanced by lowering the quench bath
temperature - from 273 to 200 K. This is in accord with expected effects of the
degree of supersaturation which can be attained by quenching. It is generally
expected that a higher degree of supersaturation will lead to a finer hydride
distribution and a greater positron response to the hydrogen content.

The difference in the rate of response of S to hydrogen content for a-Zr
and a-Ti is probably primarily related to the relatively higher solid solubili-
ties of H in a-Ti at a given temperature.

(B) Irradiation Damage Effects

Effects of both neutron and electron irradiation damage on a-Zr, a-Ti
and Al are being studied by PAS.

(i) Neutron Damage in a-Ti

The samples are annealed Marz grade Ti which have been irradia^d to a
fluence of 6.7 x 10^3 n/m^ at 373 K. (The irradiation of these samples was
arranged by J. van der Kuur for S.R. MacEwen - the specimens used here were
sectioned from tensile specimens by J.F. Watters.)

The results to date are:

(1) The changes in S and W parameters, with respect to pure well-annealed
Ti, are almost double those observed for electron irradiated a-Ti (see
PR-CMa-60 (AECL-7692), Table B.I), and

(2) The temperature dependences of S and W (from data at 78 and 295 K) are
also much larger than found for the electron irradiated material. This
result is similar to effects found recently (1) for vacancy clustering
in quenched Al-Si.

TABLE 4.4.7.B.I

Changes in S (AS) and W (AW) wrought in well-annealed a-Ti by exposure to a fast
neutron fluence of 6.7 x lO2^ n/m2 at 373 K and values of the temperature

dependence coef f ic ients of S and W (gg and py) for the neutron i r rad ia ted str+<:

AS (%) AW (%) Be; ( IT1) 3w (K"1)

+8.0 - 18.5 68 x 10"6 -140 x 10"6
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( i i ) Electron Irradiation Damage in a-Zr and Al - in conjunction with
J.R. McKeown (Accelerator Physics Branch)

Effects of electron damage on Ir and Al are being studied by PAS - the
prime aims are to extract information about the nature of vacancy defects and
their interactions with positrons.

Well-annealed single crystals of Al and a-Zr were irradiated at a
nominal temperature of 78 K to a fluence of 6 x 1()19 electrons/m^ at electron
energy of 4.0 MeV. A damage signal was discernible in the Al samples, but not in
the a-Zr samples. These results suggest that the irradiation was sufficient to
induce an effective vacancy density of ^ 10~5 atom fraction in Al and < 10~*> atom
fraction in Zr. Measurements of the temperature dependence of S for the damaged
Al were made. The result was

8S = 20.5 + 4 x 10"6 (K"1)

This result is somewhat lower than the value for pure well-annealed A l ,
05 = 24 + 3 x 10"6 (K"1). The notations a and 6 refer, respectively, to wen-
anneal ed~and damaged state samples.

(C) Experimental Equipment

During the course of measurements over the past four months, two sources
of spectrometer interference have been detected. One relates to vibrations from
equipment in the building - this is a new effect and suggests that vibrations
from sources originally in the building have worsened recently and/or that new
sources have been installed - e.g. pump and fan motors. The other relates to a
f ie ld interference effect from SCR temperature controllers - this latter e ffect
becomes very significant for situations where the detector, furnace and
rontrol ler are physically close to each other.

Remedial measures have been adopted to avoid these problems - or to
reduce them to insignificant levels. These are (1) to instal l the detector in a
sound-proof box on vibration dampers and (2) to replace the SCR controllers with
alternative models using solid state on/off switching devices. Both measures
have been found to be completely successful.

(1) G.M. Hood and R.J. Schultz, J . Phys. F, to be published.

4.4.8 Diffusion and Defect Properties of Al

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

Single crystal samples of Al have been cut, polished, annealed and
X-rayed prior to their use for tracer diffusion experiments. Experiments are
planned to study tracer diffusion of Co and Be - these are of particular
interest from their potential size-effect properties *" Al .
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4.5 PUBLICATIONS, LECTURES AND REPORTS

4.5.1 Papers and Publications

CRACKING ZIRCONIUM ALLOYS IN HYDROGEN
- C.E. Coleman and B. Cox
To be published in the Proceedings of the Sixth In ternat iona l Conference on
Zirconium in the Nuclear Indust ry , Vancouver, B.C., 1982 June 28-30.

ELECTRON DIFFRACTION ANALYSIS OF Zrt>2 ON ALPHA-Zr(1120)
- R.A. Ploc
Submitted to Journal of Nuclear Mater ia ls

A POSITRON ANNIHILATION STUDY OF RECOVERY OF ALPHA-Zr FROM ELECTRON IRRADIATION
DAMAGE
- G.M. Hood and R.J. Schultz
Submitted to Radiat ion Ef fects

To be published in the proceedings of the 9th Annual Meeting of the
Microscopical Society, Edmonton, A lber ta , 1982 June 11-13
(1) ENHANCEMENT OF MICROGRAPH FEATURES BY OPTICAL FILTERING

- C.W. Hoelke and J.R. Parsons
(2) INDEXING SUPERIMPOSED SAD PATTERNS BY COMPUTER

- R.A. Ploc
(3) SEQUENTIAL CRYSTAL LATTICE IMAGES OF GRAIN GROWTH IN AMORPHOUS GERMANIUM

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

MEASUREMENT OF GRAIN-INTERACTION STRESSES IN ZIRCALOY-2 USING TIME-OF-FLIGHT
NEUTRON DIFFRACTION
- S.R. MacEwen, J. Faber, Jr., and A.P.L. Turner
Submitted to Acta Met.

4.5.2 Lectures

STUDIES OF QUENCHED-IN DEFECTS AND THEIR RECOVERY IN SINGLE CRYSTALS OF A l - A l ,
1.5 x l O - 2 aW Mn, A l - 1 . 3 x 10"2 a t t I n , A l - 1 . 0 x 10"2 a t t S i AND Au BY POSITRON
ANNIHILATION
- G.M. Hood
Presented at the 6th International Conference on Positron Annihilation,
Arlington, Texas, 1982 April 3-6.

Presented at the 9th Annual Meeting of the Microscopical Society, Edmonton,
Alberta, 1982 June 11-13
(1) ENHANCEMENT OF MICROGRAPH FEATURES BY OPTICAL FILTERING

- C.W. Hoelke and J.R. Parsons
(2) INDEXING SUPERIMPOSED SAD PATTERNS BY COMPUTER

- R.A. Ploc
(3) SEQUENTIAL CRYSTAL LATTICE IMAGES OF GRAIN GROWTH IN AMORPHOUS GERMANIUM

- J.R. Parsons and C.W. Hoelke
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Presented at the Canadian Metal Physics Conference, Kingston, Ontario, June
23-25, 1982
(1) EFFECTS OF LATTICE DEFECTS ON RADIATION GROWTH OF Ir

- R.H. Zee
(2) MEASUREMENT OF BULK RESIDUAL STRESSES IN Zr-2 USING NEUTRON DIFFRACTION

- S.R. MacEwen
(3) PURIFICATION OF ZIRCONIUM BY ELECTROTRANSPORT

- R.H. Zee

CRACKING ZIRCONIUM ALLOYS IN HYDROGEN
- C.E. Coleman and B. Cox
Presented at the Sixth Internat ional Conference on Zirconium in the Nuclear
Industry, Vancouver, B.C., 1982 June 28-30.
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