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1. EXECUTIVE SUMMARY

Our results for 1995 indicate that:

1. The diffusivity of deuterium in single crystal Be is much lower than the effective

diffusivity in polycrystalline Be. We suggest that in single crystal Be (or within the grains of

polycrystalline Be) the diffusivity is 1.1 x 10"11 (m2/s) exp(-l.l eV/kT), and that in polycrystalline

Be the effective diffusivity (without oxide effects, which would reduce the effective diffusivity) is

the Abramov et al. value [1], 8 x 10"9 (m2/s) exp(-0.36 eV/kT).

2. The solubility of deuterium in Be is still not clear, possibly due to the influence of

high concentrations of hydrogen trapped in the material as it is formed. At the moment it appears

that the Swansiger value [2] of 7 x 1027 {at/m3(Pa)1/2} exp(-l eV/kT) is the best available.

3. The diffusivity of deuterium in BeO is consistent with the values for tritium in

BeO determined by Fowler et al. [3]. They quote a diffusivity in single crystal BeO of 1.11 x 10*6

(m2/s) exp (-2.28 eV/kT), and in sintered BeO (roughly equivalent to thermally grown oxide on Be)

an effective diffusivity of 7.0 x 10"6 (m2/s) exp(-2.1 eV/kT).

4. The solubility of deuterium in BeO is not clear due to trapping effects which we

associate with carbon impurities on or near the surface. However, in pure BeO it appears that the

solubility is consistent with the previously reported [4] value of 1018 {at/m3(Pa)I/2} exp(+0.8

eV/kT).

5. The results on tungsten are preliminary, but appear to be consistent with the

diffusivity and solubility of Frauenfelder [5].

6. Ion-beam induced desorption of surface and near-surface hydrogen and

deuterium was observed in Be and BeO, but not in W. This desorption can be interpreted as
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detrapping followed by quick release, or as radiation-enhanced diffusion. Using the first model, the

data indicates two MeV ''He* ion-induced desorption cross-sections: for single crystal Be, Fi « 4.6

(± 1.4) x 10'19 m2, and F2 » 6.5 (± 1.9) x 10'2' m2; for polycrystalline BeO, Ft » 1.2 (± 0.4) x 1019

m2, and F2 = 3.6 (± 1.1) x 10'21 m2. The hydrogen trap site populations are similar, and of the order

of 1020 at/m2 (areal density); the deuterium populations were about an order of magnitude smaller.

In these experiments, the similarity of the results from Be and those from BeO would seem to

indicate that the desorption from Be is limited by traps in the surface oxide, since Be that has been

exposed to air is always covered with at least 1.5 nm of BeO. Finally, thermally loaded deuterium

appeared to desorb at about the same rate as the near-surface hydrogen, possibly indicating that

much of the deuterium detected does not represent equilibrium solubility, but near-surface trapping.

7. In an alternative interpretation of the desorption data, rough estimates of a

radiation-enhanced diffusivity of deuterium in BeO (at 300K) were derived. The average diffusivity

obtained was 7 x 1O'17 m2/s, with an estimated uncertainty of ± one order of magnitude. This is 1028

times greater than the extrapolated value for the diffusivity of tritium in single crystal BeO at 300 K

[3]. The effect can be viewed as raising the effective temperature of the BeO under irradiation to

1123 K, or as lowering the effective diffusion energy barrier from 2.28 eV to 0.61 eV.

8. Be and BeO samples were annealed for 16 hours at 473 K in the ion-analysis

vacuum chamber. There was no apparent reduction in the surface hydrogen or deuterium, indicating

that the surface hydrogen and deuterium were not merely adsorbed, but trapped with an activation

energy for de-trapping of at least 1.1 eV.
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2. INTRODUCTION

Materials at or near the first wall in a fusion reactor may be exposed to 104 Gy/s of ionizing

radiation, 10"6 dpa/s of elastic (collisional) radiation [6], and high deuterium and tritium fluxes. For

safe and reliable reactor operation it is necessary to be able to predict the resultant tritium

inventories and permeation fluxes through these materials. Some materials being considered are Be,

BeO and W; while publications dealing with these materials are available, the database is

incomplete and the uncertainties large concerning the solubilities, diffusivities, trapping and release

of tritium in these materials, particularly during irradiation.

This report contains results of thermal absorption and ion-beam analysis experiments

performed in 1995 for ITER task T227. The materials studied were Be, BeO and W. The Be

samples used are single crystals provided by Dr. H. Kawamura of J.A.E.R.I.; the BeO samples are

polycrystalline semiconductor substrates provided by the Brush Wellman Company (USA); and the

W samples are single crystals and arc-melted polycrystals from the Johnson-Matthey Company

(USA). AU samples are very high purity and 100% density.

The combination of ion-beam analysis and thermal absorption capabilities enable us to load

samples with hydrogen isotopes under differing conditions, and determine the properties of

hydrogen in the solid. In particular, Rutherford Backscattering Spectroscopy (RBS) enables

measurement of the surface oxide and other impurities on the surface of beryllium; these impurities

appear to dominate the dissolution, diffusion and release of deuterium in Be. Elastic Recoil

Detection (ERD) and Nuclear Reaction Analysis (NRA) are two complementary techniques for

measuring deuterium at depths of less than 1 |im from the surface; and ERD is especially good for
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measuring hydrogen. As discussed later, ion-beam analysis can also be used to measure irradiation

effects such as ion-induced desorption.

In 1995 we focussed on three issues: the solubility of deuterium in Be; the diffusivity of

deuterium in Be, comparing new single crystal results to previously obtained results with

polycrystalline Be; and ion-beam induced desorption effects. The first two issues are complicated

by the presence of BeO on all Be surfaces - the surface BeO layer on a single crystal of Be grew to a

thickness of greater than 0.6 \im during the deuterium loading process. For this reason it was

necessary to study BeO samples as well as Be samples. Since we were unable to load deuterium

into Be without a significant acccmpanying oxide growth, we did not progress to the stage of

varying the loading temperatures and D2 pressures.

3. EXPERIMENTAL APPROACH

Three ion-beam analysis techniques were applied to measure the hydrogen and deuterium in

the samples: (i) D(3He,4He)p nuclear reaction analysis (NRA) [7], (ii) forward elastic recoil

detection (ERD) [8,9], (iii) and Rutherford backscattering (RBS) [10]. NRA is most useful for W,

where there is very little background noise, enabling the determination of deuterium at

concentrations lower than 50 appm. The probing depth in these experiments was about 350 nm, and

the depth resolution approximately 25 nm. However, 3He-D NRA is not useful for the study of low

(< 1000 appm) concentrations of deuterium in Be or BeO, as there is considerable background from

3He-9Be nuclear reactions. The detection limit in the absence of background was about 2.5 x 1017

atoms/m2 of deuterium within 125 nm of the surface (i.e. 31 appm. assuming a uniform depth

distribution).
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The ERD measurements used 1.2 - 2.25 MeV ''He ions, incident at a glancing angle of 75° to

die surface normal. This leads to a sensitivity of about 5 appm when background can be eliminated.

A detector is positioned to detect forward recoiled H and D atoms emitted at about 30° to the

incident ion direction. Forward scattered *He ions are largely filtered out by positioning a stopping

foil of aluminized mylar between the sample and the detector. In the experiments reported here,

ERD probes a depth of up to 200 run, with a depth resolution that can be as small as 25 run, but is

generally larger due to surface roughness or porosity.

RBS is used to measure the concentrations of impurities heavier than the substrate, at or near

the surface. The sensitivity increases with the square of the atomic number. The depth probed and

depth resolution are dependent on the rate of energy loss of the ions in the substrate; in the case of

BeO, the depth probed was up to 600 nm, and the resolution was about 30 nm.

Single crystals of Be were loaded in 13.3 kPa of D2 gas at 900 K for 5 days. Similarly,

polycrystalline BeO samples were loaded in 8.4 kPa of D2 at 800 K for 24 hours, and a single crystal

of W was loaded in 13.3 kPa of D2 at 900 K for 90 hours.

4. RESULTS

4.1 Single Crystal Beryllium

4.1.1. Ion Beam Analysis of Be

Figure 1 compares the hydrogen depth profiles obtained from ERD for a vacuum-annealed,

polished Be sample and a sample loaded with D2. The peak at zero depth corresponds to hydrogen

adsorbed or trapped at the surface. The high apparent concentrations of hydrogen at greater depths

are at least partly the result of background counts from the scattered 4He ions. Energy and

ITER T2271995, McMaster University 6



I

O—O (a) Hydrogen in vacuum-annealed, polished sample
• — • (b) Hydrogen in deuterium loaded sample
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4.Figure 1 : Hydrogen depth profiles in single crystal Be determined from 1.6 MeV He
ERD spectra. Lines are arbitrary fits, drawn to guide the eye. Note that the hydrogen
signal in (b) does not peak at the surface because of resolution broadening,
associated with surface roughness in the corrosion layer.

angular straggling of the hydrogen signal results in some overlap into the deuterium region. In the

case of the loaded sample there is also a broadening of the resolution due to the roughness and

porosity of the surface corrosion layer, which grew during the deuterium loading process. RBS

indicated that the corrosion layer was much thicker than the region probed by ERD, and that its

thickness was non-uniform, resulting in increased broadening of the hydrogen peak. What appears

to be hydrogen signal at negative depths is primarily due to resolution-broadening of the profile,

caused by the finite width of the detector and ion-beam, and by energy losses in the stopping foil. In

the D2 loaded sample shown in figure l(b), the D signal at greater depths overlaps with the leading

hydrogen signal.
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O (a) Annealed, polished (unloaded) sample

D (b) Deuterium loaded (corroded) sample
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Figure 2: Deuterium depth profiles in single crystal Be determined from 1.6 MeV He
ERD spectra. Note that the ERD spectra contain both hydrogen and deuterium
recoils, and that there is some overlap of these signals.

Figure 2 shows deuterium depth profiles determined from the same ERD spectra as the

hydrogen profiles in figure 1. Here, the primary background signal is from hydrogen recoils.

Averaging the apparent deuterium yield in Figure 2(a) up to a depth of 125 nm, it appears that this

unloaded sample contains about S appm: this is an indication of the noise level.

Figure 2(b) is the apparent deuterium profile determined from ERD of the loaded sample.

The sharp rise at about 75 nm is background signal due to hydrogen recoils; the estimated H-

background is shown in figure 2(c). Figure 2(d) shows the net deuterium profile after subtracting

(c) from (b). The net amount of deuterium indicated by figure 2(d) is 1.4 x 1018 al/m2, or an average

of about 117 appm over 85 nm. The uncertainty in the net deuterium profile is large: it depends
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O (a) after D« loading
D (b) after first polish
O (c) after second polish
A (d) after third polish

Oxygen edge

50 100 150 200 250 300 350 400 450 500 550 600 650
backscattered energy, keV

Figure 3:160 degree Rutherford backscattering spectrum of Be after loading in
D2 gas for 125 h at 900 K, 13.3 kPa, before and after polishing to remove oxide.

strongly on the scattering angle and the assumed shape of the hydrogen background. In this case,

the uncertainty in the deuterium yield is estimated as ± 60 appm, and the uncertainty in the location

of the surface as ± 25 run, due to uncertainty in the angles.

RBS spectra of a D2 loaded sample are shown in figure 3. Figure 3(a) shows an RBS

spectrum taken immediately after loading with deuterium. Comparing this spectrum with figure

3(d), where the oxide layer had been removed, it can be seen that the oxygen signal extends from

550 keV to less than 100 keV, which indicates an oxide layer with a thickness of > 600 nm. After
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Figure 4: Hydrogen profiles from He ERD in single crystal Be, after loading with
D^ before and after polishing to remove oxide grown during the loading.

lightly polishing the sample, the oxide thickness was reduced, but the shape of the spectrum

indicates that the oxide was non-uniform, i.e. probably highly porous. Two additional polishing

steps were required before the oxide was completely removed.

Figure 4 shows the hydrogen profiles determined from ERD spectra taken after each

polishing step. Figure 4(a), calculated using the stopping powers (rate of energy loss by the incident

and recoiled particles) for stoichiometric BeO, indicates a relatively uniform hydrogen concentration

of about 1700 appm in the BeO layer up to a depth of 250 nm. Note the lack of a large hydrogen

surface peak in this sample, which was not polished after loading; by contrast, all of the samples

which were polished just before analysis (using alumina powder in water), exhibit a large hydrogen
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surface peak. In figure 4(b) the hydrogen peak reaches 5000 appm at the surface and slowly tails off

to about 1700 appm at depths > 330 nm. In figure 4(c), after the oxide had been polished off, most

of the hydrogen is concentrated in the surface peak, and the bulk concentration is down to 370

appm. It appears that the polishing process introduces considerable hydrogen into the near-surface

and suggests that future polishing should be done with a non-aqueous medium.

The stopping power used in the determination of depth profiles depends upon the

composition of the target material. In figure 3(a) the RBS spectrum indicates that the region of

interest is almost purely BeO for the sample immediately after loading, and figure 3(d) indicates that

Be stopping is appropriate for the sample after the third polish, when there is very little surface

oxide. For the sample after the first and second polishes, figures 3(b,c) seem to indicate a mixture of

Be and BeO, with the average oxygen concentration decreasing with increasing depth. In figure

4(b), the Be stopping power was used as an approximation. The depth profile was similar in shape

to that obtained using BeO stopping, but the depth per channel was about 50% higher for Be

stopping. It is not clear that using an averaged stopping power would be any more physically

meaningful, given the porous nature of the oxide.

Figure 5(a) shows the deuterium depth profile (plus background) calculated from the same

spectrum as used in figure 4<a). After subtracting the background due to hydrogen recoils, the net

deuterium spectrum is similar to the spectrum in figure 2(c), for the same sample but analysed with

lower energy 4He ions. The differences in the net deuterium profiles are thought to be largely due to

the uncertainty in estimating the background, although there may also be some variation across the

sample surface, caused by trapping.
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Figure 5: Deuterium profiles from ERD in single crystal Be, after loading with D _,
before and after polishing to remove oxide grown during the loading. l

Figure 5(c) shows a net deuterium concentration as large as 300 appm. In comparison, the

solubility of deuterium in BeO is thought to be about 28 appm under these loading conditions

[4],although it has been observed to increase in the presence of carbon impurities [4]. The

integrated(net) deuterium is approximately 3.6 x 1018 at/m2, or an average of 226 appm over 110

nm. This is about twice the yield calculated from figure 2(d), but the agreement is reasonable given

the uncertainty of ± 50%.

4.1.2. Ion-Induced Desorption in Be

By repeated ERD analysis on the same spot, it was clear that the analysis ions were reducing

the amount of hydrogen and deuterium present The damage deposition rates of the various ion
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8E+20-3 O (a) normalised data points from 6 sets of spectra
(b) fit to: a exp(-bx) + c exp(-dx)

OE+00 1E+19 2E+19 3E+1S 4E+19 5E+19
Fluence, ions/m

4
Figure 6: Hydrogen desorption by 1.95 MeV He analysis ions during ERD of Be.
Hydrogen yields from 6 sets of spectra have been normalised and plotted together.

beams are: (a) ionization and excitation, near 3 x 106 Gy/s, and (b) elastic displacements near 2 x

10"6 dpa/s. This is not too far from the first wall damage rates estimated by Zinkle [6], 10^ dpa/s for

elastic displacements. However, the MeV ion-beam ionization rate is about 300 times higher than

the HER rates estimated by Zinkle, 104 Gy/s. Typical analyses lasted 60 s.

Figure 6 shows a hydrogen desorption curve compiled from six sets of spectra collected

using multiple 1.95 MeV 4He ERD analyses on a polished, loaded single crystal of Be. The yields

have been normalised in order to display all of the data sets simultaneously. The initial rate of

hydrogen desorption is about 10 H atoms/4He ion, dropping to 2 H atoms/ ion at a fluence of about

HER T2271995, McMaster University 13
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Figure 7: Ion-induced desorption of hydrogen in deuterium loaded single crystal
Be after third polish (oxide removed), comparing the rates at different depths.

10I9/m2. In contrast, there was no measureable desorption of near-surface hydrogen or deuterium

when a deuterium-loaded sample was annealed in vacuo for 16 hours at 473 K.

Figure 7 shows the results of a more detailed analysis of hydrogen desorption from single

crystal Be. Here the total rate of desorption is compared to the desorption of the surface peak and to

desorption from the "bulk". The data is from a series of analyses of the loaded sample after the

oxide was polished off (one of which is shown as figure 4(c)). The "peak" region is defined as the

integral from -50 nm to +50 nm depth, and the "bulk" region defined as the integral from 130 to 270

nm depth. Figure 7 shows that there is little or no desorption from below 130 nm: essentially all of

the desorption occurs at or very near the surface.
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Figure 8: Deuterium depth profiles in polycrystalline BeO, from 1.6 MeV He ERD.

4.2. Polycrystalline BeO

4.2.1. Ion Beam Analysis of BeO

ERD analysis of Brush Wellman BeO samples produced spectra similar to those from Be

samples. Figure 8 shows the deuterium depth profile of a deuterium-loaded sample.

4.2.2. Ion-Induced Desorption in BeO

The desorption curves determined for BeO were similar to those for Be, except that, since

the surface was not altered during the loading, the deuterium desorption curves were more reliable

than was the case for Be. In contrast, there was no measureable desorption of near-surface

hydrogen or deuterium when a D2-loaded sample was annealed in vacuo for 16 hours at 473 K.
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4.3. Tungsten

A single crystal sample was loaded in 13.3 kPa of D2 gas for 90 hours at 900 K, long enough

to saturate the sample if Frauenfelder's diffusivity [5] is correct. When the sample was removed

from the loading chamber the surface was still bright and shiny, indicating that it was clear of the

thick oxide layer that grows on Be under similar conditions. BeO is very stable and does not

evaporate from Be at 900 K, but because of the high vapour pressures of tungsten oxides at 900 K,

the tungsten surface remained clean.

Figure 9 shows the hydrogen depth profiles determined from ERD analysis of an unloaded,

polished sample and the loaded sample. Both show surface hydrogen peaks of 1 - 2 atomic per cent

on a background of forward-scattered incident ions (*He particles). There is more *He forward

scattering background because of the 350 times greater scattering cross-section from the heavy I85W

atoms, as compared to ''He scattered from 9Be. ''He ions also have about 200 keV greater energy

when scattered from W as compared to those scattered from Be, which shifts the background further

into the deuterium region. Because of the background from the forward-scattered incident ions, and

the resolution broadening of the hydrogen signal, both the bulk hydrogen concentration and the

deuterium signal are highly uncertain. Spectra were taken using ''He energies of 1.6 - 2.25 MeV and

either 6, 8 or 10 fim stopping foils, in an attempt to minimize the background to the deuterium

signal; figure 9 shows the best of these spectra. Further attempts to reduce the background will be

made in 1996 by varying other system parameters.

NRA measurements of deuterium in the loaded single crystal indicated only 2.5 x 1017 at/m2

over the depth probed. The data derived from the NRA spectrum are shown in figure 10.
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Figure 10: Deuterium depth distribution from 0.82 MeV He NRA
of deuterium loaded single crystal of W.
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5. CALCULATIONS AND DISCUSSION

5.1. Solubility

5.1.1. Single Crystal Be

Figure 4 indicated a minimum hydrogen concentration of 370 appm, much greater man the

reported solubility (which is of the order of 10 appm, [2]). This can probably be attributed to

trapping at defects during crystal growth. The large hydrogen concentration is consistent with

previously reported results [4] from thermal desorption of deuterium-loaded Be: large amounts of

HD as well as D2 were observed in the desorbed gas, which could not be accounted for without

assuming trapped hydrogen in the bulk of the sample, at concentrations of the order of 500 appm.

Presently, it appears that Swansiger's [2] solubility is the most reliable value available for

Be: S = 7 x 1O27 at/m^a)"2 exp(-1.0 eV/kT). The intrinsic solubility may be somewhat lower,

since the hydrogen isotope content appears to be dominated by trapping at defects and impurities.

Even in well-annealed samples (65 hours in a vacuum at 973 K) the hydrogen content determined

by ERD was always » the deuterium content loaded in following the anneal, indicating deep

traps. The presence of this much hydrogen explains the wide range of the results of deuterium and

tritium solubility measurements reported in the literature, since the hydrogen can be expected to

affect the deuterium and tritium absorption and desorption behaviour.

The amount of hydrogen present at or near the surface is several orders of magnitude greater

than expected from the solubility [2]. Therefore most of this hydrogen (and probably some of the

deuterium) must be either adsorbed or trapped at the surface. Since neither hydrogen nor deuterium

appeared to desorb during the anneal at 473 K, the activation energy for desorption must be > 1.1

eV. This implies trapping rattier than adsorption.
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5.1.2. Polycrystalline BeO

The peak concentration of deuterium in figure 8(c) was approximately 380 appm, five times

the value of 69 appm predicted using the solubility mentioned above [4]. This is attributed to

surface adsorbed deuterium and/or deuterium trapped at surface impurities such as carbon - since the

total amount of deuterium detected is only 1.4 x 1018 m"2, a tenth of a monolayer of surface

deuterium could account for the difference. Analysis at various other locations on the samples

showed that the hydrogen and deuterium concentrations varied by about a factor of ten, indicating

that this factor is probably quite significant. However, in all of the analyses the deuterium

concentration at the peak never dropped below 30 appm. By comparison, the bulk hydrogen

concentration observed (at depths > 80 run) never appeared to be less than 700 appm. This is

similar to the observations in single crystal Be, where trapped hydrogen was also present at levels

much greater than the deuterium levels.

As with the single crystal Be, the lack of any observed desorption during the anneal at 473 K

implies that surface hydrogen and deuterium are trapped with an activation energy for desorption >

1.1 eV.

5.1.3. Single Crystal Tungsten

In the NRA spectrum shown in Figure 10 there were only 6 alpha particles detected, and

therefore the statistical uncertainty is ± 40%. With this small signal there is no useful depth

information except that the data is consistent with a small amount of deuterium (2.5 x 1017 /m2)

trapped on or near the surface. By comparison, the expected solubility [5] is only 0.005 appm (4 x

1013 D/m2 over 125 nm), which would not be detectable by NRA. Because of the relatively high

diffusivity [5] and long loading time, the diffusion-loaded distribution was expected to be uniform.
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Note that Frauenfelder [5] observed 103 times more hydrogen than he could attribute to hydrogen

solubility, and quoted Moore and Unterwald [11] as having seen 100 times more again.

Frauenfelder called this "residual" hydrogen, and distinguished it from intersu'tially dissolved

hydrogen by permeation measurements. It seems likely that this residual hydrogen (and in our case,

deuterium) can be attributed to impurity and defect trapping, primarily at the surface.

(One point worth noting is that, in the frequently quoted review paper by Tanabe et al. [12],

the values of the activation energies for hydrogen diffusion and solution in tungsten are high by a

factor of two, when compared to the original paper by Frauenfelder [5]).

5.2. Diffusivity

5.2.1. Single Crystal Be

After the oxide was removed, the deuterium level was no more than about 10 (± 3) appm,

just above the background level of 5 appm estimated from the data in figure 2(a). For comparison,

the solubility equation for Be derived from Swansiger's [2] data predicts the deuterium

concentration to be about 17 appm for the loading conditions used.

The diffusivity of deuterium through the oxide is very low, about 1.2 x 10"16 m2/s [3], and so

the growth of the oxide would have created a growing permeation barrier to deuterium loading of

the bulk. However, the oxide barrier effect is not enough to account for the low observed deuterium

concentration. If the diffusivity in the single crystal Be were much lower than the accepted value in

polycrystalline Be [1] (i.e. if the diffusivity in polycrystalline Be is dominated by grain boundary

diffusion), the loading could have resulted in a shallow region of deuterium-saturated Be beneath the

oxide. This might have been largely removed along with the oxide in the last polish. A lower
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diffusivity in single crystal Be is consistent with the results of Wampler [13], who determined a very

low permeability in single crystal Be. Dividing Wampler1 s permeability by Swansiger's solubility

gives a value of the diffusivity of deuterium in single crystal Be of 1.1 x 10"" (m2/s)'

exp (-1.1 eV/kT), considerably lower than that of Abramov et al. [1] for polycrystalline Be: 8 x 10"9

exp(-0.36eV/kT).

5.2.2. Polycrystalline BeO

The depth profile of a diffusant in these loading conditions is expected to follow the form of

the error function complement curve [15]. The difference between figure 8(a) and an erfc curve

may be due to isotope exchange of near-surface deuterium with hydrogen adsorbed or trapped on

the surface, plus the effects of resolution broadening. Using the simple diffusion approximation C

= Cderfc{x/2(Dt)m} (where: C is the deuterium concentration, Q, is the surface (peak)

concentration, x is the diffusion depth; D is the diffusion coefficient; and t is the time), the

approximate diffusion coefficient of deuterium during the loading can be determined First it is

necessary to estimate the original deuterium profile by estimating an erfc curve to match the

observed deuterium profile, as in figure 8(c). Then, at x = (Dr)"2 {where erfc(0.5) = 0.48}, C =

0.48Co. From figure 8(c), x « 26 run, and since / = 24 h, D = 8 x 10'21 m2/s. By comparison, Fowler

et al. [3] predicted D = 5.0 x 10'21 m2/s for single crystal BeO at 800 K, a smaller value but well

within experimental uncertainty. Given that the depth of the deuterium is much less than the grain

size (estimated as > 10 \m), the single crystal diffusivity is a more appropriate comparison than the

value for sintered BeO. Note that the value of x is = the depth resolution of the system, hence the

uncertainty is very large: the data could be interpreted as consistent with a fraction of a monolayer
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of deuterium trapped on the surface. In this case, it might be better to say mat the value of x is no

greater than 26 nm, and therefore that D is no greater than 8 x 10"21 m2/s.

5.3. Desorption Cross-Sections

The single crystal Be desorption data from Figures 6 and 7, as well as similar data for

polycrystalline BeO, were fitted to the desorption equation used by Scherzer et al. [12], where the

amount of retained hydrogen (or deuterium) is: N = Niexp(-<JiN)+ Nzexpf-^N)- If N\ and N2 are

taken as the populations of hydrogen (or deuterium) in two kinds of trapping sites, then a, and G2

are the de-trapping cross-sections. (The deuterium desorption curves could not be reliably

determined for the single crystal Be samples, because of the large background signals due to

hydrogen recoils)

Table 1 shows the desorption cross-sections, G] and O2, for hydrogen in Be, hydrogen in

BeO, and deuterium in BeO. Also included is the more detailed analysis of the desorption as a

function of depth in Be, as discussed at the end of section 4.1.2. Note that the values of the

desorption cross-sections for Be are only slightly larger than those for BeO. This is not surprising if

the release processes are dominated by surface effects, since the surface of the single crystal Be will

always have 1.5 nm or more of BeO.
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Table 1: Desorption Cross-Sections

Initial (a, ) Final (o2) Portion of Signal Used

Hydrogen in Be: 4.6 (± 1.4) x 1049 m2

"Surface" H in Be: 3.1 (± 1.5) x 10'19 m2

"Bulk" H in Be: 5.7 (± 2.8) x ÎO'19 m2

Hydrogen in BeO: 9.3 (± 2.8) x 10"20 m2

Deuterium in BeO: 1.4 (± 0.7) x 10"19 m2

5.4. Radiation-Enhanced Diffusivity

An estimate of a radiation-enhanced (ion-beam-induced) diffusivity can be calculated in a

similar manner to the diffusion loading calculations on page 22. erfc profiles were approximated to

match two deuterium depth distributions in the surface oxide on Be (figures 2(d) and 5(d)), resulting

in estimated values of the diffusion depth x of 50 nm (± 20) in the first case and 70 nm (± 30) in the

other. Similarly, from figure 8, x is 26 nm for deuterium in polycrystalline BeO. Then if t is the

analysis time required for the analysis ions to desorb half of the deuterium, x = (Df)l/2. In all three

cases of interest here, the deuterium is in BeO near the surface, so the diffusivity derived will be a

radiation-enhanced diffusivity for deuterium in BeO.

In the first case, x « 50 nm, the analysis time to reduce the deuterium to one-half of the

original amount was 44 s (± 15); then D ^ = x2/t ~ 6 x 10"17(± l) m2/s. Similarly, in the second case,

the analysis time was 30 s (± 10), and D^ « 1.6 x 10"16<± n. In the case of the loaded BeO profi1».
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shown in figure 8, the analysis time is 120 s (± 40), x = 26 run, and D ^ = 6 x 10"l8(± n mVs. The

average of these three diffusivities is 7 x 10"17(± !) m2/s, which is much greater than the Fowler et al.

[3] value for the diffusivity of tritium in a single crystal extrapolated to 300 K, 6.3 x 10"45 m2/s. The

radiation-enhanced diffusion can be viewed as raising the effective temperature to 1123 K, or

lowering the effective diffusion energy barrier from 2.28 eV to 0.61 eV.
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6. SUMMARY

Ion-beam studies of Be and BeO indicate that the analysis ions can have a large effect upon

the surface concentration of hydrogen and deuterium. In contrast, this effect has not been seen in

W. Large amounts of hydrogen adsorbed and/or trapped at the surface of all three materials made it

difficult to measure the deuterium accurately with ERD. It was determined that the deuterium

concentration in single crystal Be (below the surface oxide) was less than expected, possibly

because of the permeation barrier effect of the BeO grown on the Be surface during the deuterium

loading. Another factor is that the diffusivity of deuterium in single crystal Be is probably much

less than the Abramov et al. [1] value, and closer to the value indicated by Wampler's [13] work,

with the discrepency attributed to grain boundary diffusion. The deuterium concentration in BeO

was larger than predicted by the results of M?caulay-Newcombe and Thompson [4], but this could

be due to deuterium trapped on the surface. The deuterium in the near-surface of W was measured

by NRA, and found to be much larger than predicted by the solubility determined by Frauenfelder

[5]. Again, this could be due to surface trapping of deuterium.

An effective diffusivity was determined for deuterium in BeO at 300 K under analysis-ion

irradiation, at about 6 x 106 Gy/s and 6 x 10"6 dpa/s. This radiation-enhanced diffusivity was

estimated as 7 x 10 l7(i l) m2/s, about 1028 times greater than the value predicted by extrapolating the

Fowler et al. [3] equation for the diffusivity of tritium in single crystal BeO. Heating for 16 hours at

473 K did not desorb surface hydrogen and deuterium, indicating that it was trapped with an energy

> 1.1 eV.
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7. FUTURE WORK

In 1996 we will (a) continue ion-beam analysis of irradiation effects on diffusion and

desorption of hydrogen isotopes from Be, BeO and W; and (b) analyse redeposition regions of some

JET tiles. By varying the energies, fluxes and fluences of the ion beams, we expect to be able to get

a better understanding of the irradiation effects, and reduce background levels. By varying the

deuterium loading temperatures and pressures, we expect to improve estimates of deuterium

solubilities in these materials. For comparison, some samples will be deuterium implanted before

analysis, rather than thermally loaded.

We will also perform TMAP-4 [16] diffusion calculations in order to improve data analysis,

particularly for the interpretation of desorption data.
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