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1. EXECUTIVE SUMMARY

Our results for 1995 indicate that:

1. Thermal diffusion loading of deuterium (at 900 K, in 13.3 kPa of D2 gas) into

WESGO alumina is surface limited: the apparent diffusivity was less than the value determined by

Fowler et al. [1] for tritium in single crystal sapphire, 3.26 x 10^(m2/s) exp(-2.2 eV/kT).

Furthermore, a sample which was diffusion loaded for 10 days contained less deuterium than a

sample loaded for 2 days in apparently identical conditions: this leads to the conclusion that the

surface kinetics are probably determined by surface impurities such as carbon.

2. Thermal diffusion loading of deuterium (at 800 K, in 8.4 kPa of D2 gas) into BeO

is consistent with the diffusivity determined by Fowler et al [1] for tritium in single crystal BeO,

1.11 x 10*(m2/s) exp(-2.28 eV/kT). However, the amount of deuterium observed near the surface

appears to be strongly influenced by surface (or near-surface) trapping.

3. The concentration of deuterium in WESGO-995 is approximately 1400 appm

after diffusion loading for 2 days in 13.3 kPa of D2 at 900 K. Assuming that the dissolution is

controlled by the O-H bond energy of 0.8 eV, as appears to be the case in BeO, then E s = -0.8 eV,

and S « 5 x 1019{at/m3(Pa)1/2}exp(+0.8 eV/kT).

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

be associated with carbon impurities on or near the surface. In pure BeO it appears that the

solubility is consistent with the previously reported [2] value of 1018{at/m3(Pa)1/2}exp(-i-0.8 eV/kT).

5. Ion-beam induced desorption occurred during ion-beam analysis of all A12O3 and

BeO samples. This can be interpreted as detrapping or as radiation-enhanced diffusion. If treated as

de-trapping, there appear to be two cross-sections, Gi and G2, which are of the order of 10"19 m2 and
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3 x 10"' m , varying with the nature of the material and the hydrogen isotope distribution. If the

desorption is treated as radiation-enhanced diffusion, the effective diffusivities during irradiation at

300 K range from 9 x 1019 m2/s to 1.6 x 10"15 m2/s. These diffusivities are comparable to thermal

diffusivities at much higher temperatures, about 1000 K (± 100 K). The various forms of irradiation

cause energy deposition rates of about 0.5 - 1.4 x 107 Gy/s (ionization) and 0.5 - 4 x 10"5 dpa/s; the

variation is not wide enough to detect any trends. Note that in the worst case, D^r = 1.6 x 10~15m2/s,

the diffusion length (2Dt)1/2 is = 0.3 mm for an irradiation time of 1 year. This might result in a

small amount of permeation of tritium from the plasma through a thin ceramic window. However,

seals and cracks are much more likely sources for significant tritium leakage.

6. Deuterium-loaded and unloaded WESGO alumina samples were annealed in

vacuum for 18 hours at 700 K. The surface and near-surface hydrogen and deuterium were reduced

by about 50%. After another 6 hours at 900 K, the hydrogen and deuterium were again reduced by

about 50%.

7. BeO samples were annealed for 16 hours at 473 K in vacuum. There was no

apparent reduction in the surface hydrogen or deuterium, indicating that the 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

Ceramic insulators are integral parts of numerous components essential for the heating,

control and diagnostic measurement of fusion plasmas [3]. 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 [3], and high deuterium and tritium fluxes. For safe and reliable reactor operations it is

necessary to be able to predict the resultant tritium inventories and permeation fluxes through these

materials. Some materials being considered are A12O3 (both as single crystal sapphire and

polycrystalline alumina) and BeO. 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 irradiatioa

This report contains results of ion-implantation, thermal absorption (diffusion loading) and

ion-beam analysis experiments performed in 1994 and 1995 for ITER task T26/28. The materials

studied were: single crystal and polycrystalline AI2O3 from Cerac, Inc. (USA); polycrystalline

WESGO-995 alumina donated by Dr. R. Stoller at ORNL; and BeO polycrystalline semiconductor

substrates provided by the Brush Wellman Company (USA).

The combination of implantation and thermal absorption capabilities enable us to load

samples with hydrogen isotopes under differing conditions. Elastic Recoil Detection (ERD) and

Nuclear Reaction Analysis (NRA) are two complementary ion-beam techniques which have been

used to measure deuterium concentrations at depths of less than 1 : m from the surface. ERD is also

good for measuring hydrogen. As discussed later, ion-beam analysis can also be used to measure

irradiation effects such as ion-induced desorption.
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In 1995 we focused on the solubility and diffusivity of deuterium in the various grades of

A12O3 and BeO, and on ion-beam induced desorption effects.

3. EXPERIMENTAL APPROACH

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

the samples: (i) DC^e^eJp nuclear reaction analysis (NRA) [4]; and (ii) forward elastic recoil

detection (ERD) [5,6]. NRA is most useful for A12O3, where there is very little background noise.

The probing depth in these experiments was up to 350 nm, and the depth resolution approximately

25 nm. However, ^e -D NRA is not useful for the study of low (< 1000 appm) concentrations of

deuterium in 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).

The ERD measurements used 1.2 - 2.25 MeV ̂ e ions, incident at a glancing angle of 70 or

75° to the surface normal. A detector is positioned to detect forward recoiled H and D atoms

emitted at about 30° to the incident ion direction. This leads to a sensitivity of about 5 appm when

background can be eliminated. Forward scattered ''He ions are largely filtered out by positioning a

stopping foil of aluminized mylar between the sample and the detector; non-uniformities in the foil

thickness are a key factor in determining the amount of background present Furthermore, the

hydrogen and deuterium atoms lose energy as they pass through the foil, resulting in energy and

angular straggling which are the major factors in determining depth resolution in ERD of smooth

surfaces. In the experiments reported here, ERD probes a depth of up to 200 nm, with a depth

resolution that can be as small as 25 nm (larger if surface roughness or porosity are significant).
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In work that was previously reported in preliminary form [7], single crystal and

polycrystalline (Cerac) samples had been implanted with 60 keV D3
+ ions at 300 K to an expected

fluence of about 4 x 1020 D/m2. The data from these experiments has been more thoroughly

analysed. Samples of WESGO alumina were loaded by heating for 2 or 10 days at 900 K in 13.3

kPa of D2. Similarly, polycrystalline BeO samples were loaded in 8.4 kPa of D2 at 800 K for 24

hours.

4. RESULTS

4.1. Revisions to Preliminary Results (1994)

4.1.1. Cerac Polycrystalline A12O3

Figure 1 shows two hydrogen profiles which were calculated from ERD spectra such as

those shown in figure 2 of [7]. These are typical depth profiles of hydrogen in unimplanted Cerac

alumina. The peak at zero depth corresponds to hydrogen trapped or adsorbed at the surface. What

appears to be hydrogen signal at negative depths is primarily due to depth-resolution broadening of

the surface peak. The high apparent concentration of hydrogen below the surface peak is partly the

result of the same resolution broadening of the surface peak, and partly due to background counts

from forward-scattered 'fae ions. Note that the depth probed is limited to 100 ran, due to the choices

of ion energy and stopping film thickness. At greater depths, the signal is dominated by noise.

There are two factors which result in the differences between Figures l(a) and l(b): the fact

that the amount of surface adsorbed hydrogen varies from analysis spot to analysis spot, across the

sample surface; and the desorption of surface and near-surface hydrogen by the energy deposited by

the analysis ions.
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Figure 1: Hydrogen depth profiles of unimplanted polycrystalline alumina, using
1.2 MeV He analysis ions and 4 um of Al/mylar foil. The fluence in (b) is 20
times greater than that used in (a).

Figure 2 shows the hydrogen retention as a function of ERD analysis ion fluence. If the

desorption is interpreted as detrapping of surface hydrogen, desorption cross-sections can be derived

from the data, following Scherzer et al. [10]. If there is one dominant trap site, the data can be fitted

to N = Noexp(-a«I>), where N is the amount of hydrogen retained (units of areal density, at/m2), No is

the initial amount of surface hydrogen, a is the desorption cross-section (m2), and O is the analysis

ion fluence. Similarly, if there are two trap energies, the data can be fit to N = Njexp(-aiO) +

N2exp(-a23)), where N! is the initial population of trap site 1 and <Ti is the desorption cross-section
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Figure 2: Hydrogen desorption by 1.2 MeV He analysis ions during ERD of
unimplanted polycrystalline (Cerac) Al ~O~.

for hydrogen in site 1. From Figure 2, it is clear that there is a better fit to the two-trap model. The

values of the desorption cross-sections and trap populations are (also given in Table I):

N, = 2.8 x 1020 at/m2, <y, = 9.9x 1020 m2, N2 = 2.1 x 1020 at/m2, ando 2 = 3.3 x 10"21 m2.

Figure 3 shows deuterium depth profiles in deuterium implanted Cerac alumina

(polycrystalline A12O3). Figure 3(a) was calculated from an NRA spectrum, and Figure 3(b) was

calculated using TRIM-95 [8], a Monte-Carlo ion-range calculation program. Both of these profiles

are revisions of preliminary calculations presented in [7], using upgraded computer programs. It can

be seen that the observed and predicted depths of the deuterium profile peak are in agreement, but that

the width of the implanted deuterium distribution is considerably greater than predicted: the full-
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Figure 3: (a) Revised deuterium depth profile of polycrystal alumina using He-D NRA
Solid line is a polynomial fit, drawn to giude the eye. (b) TRIM-95 (—) predicted profile.

width-at-half-maximum (FWHM) is 275 run, as compared to the predicted 98 nm. This may be an

indication of radiation-enhanced diffusion during the implantation. The integrated yield of Figure

3(a) is 6.1 x 1019 D/m2, which is considerably less than expected given the measured deuterium ion

fluence of about 4 x 1020 D/m2. One explanation for the low yield is that previously implanted

deuterium was being desorbed by the impact of further deuterium ions.

Figure 4 shows the desorption which occured during NRA. Due to the large scatter in the

data, only the simpler, one-trap model can be applied. This scatter is a result of the lower sensitivity

of ^ e - D NRA, as compared to ERD. Here, No = 7.0 x 1019 at/m2, and a = 1.5 x 10"21 m2.
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Figure 4: Deuterium desorption by 0.82 MeV He analysis ions during NRA of
deuterium implanted polycrystalline (Cerac) A1.-CL.

4.1.2. Cerac Single Crystal A12O3

ERD and NRA of Cerac single crystal A12O3 samples yielded similar results to those

mentioned above. ERD of a sample after deuterium implantation showed both hydrogen and

deuterium profiles, although the deuterium signal overlapped the hydrogen signal at depths greater

than 40 nm; since the hydrogen concentration was more than ten times larger, the deuterium profile at

depths greater than 40 nm was indeterminate. Figure 3 shows that the vast majority of the implanted

deuterium was present at depths greater than 40 nm. Figure 5 shows the deuterium profiles before

and after deuterium implantation, the estimated hydrogen background signal, and a net deuterium

profile after subtracting the background.

ITER Task T26/28 (1995), McMaster University 10



a,a,
C3

|
•c

1
Q

2000-1 O (a) unimplanted.
D (b) implanted.

(c) estimated background due to hydrogen recoils

(d) net deuterium profile, (b) - (c)
1500-

1000-

500-

D
•

CD

a
i

a /

q>o
HD QD O

• • QI

O D nniiu i n
D D

n IIIIIII
D D D - " " E [ H D D © O Q O

-30 -20 -10 0 10 20
Depth, nm

30

Figure 5: Deuterium depth profiles of single crystal ALO-, using 1.2 MeV He

analysis ions and 4 urn of Al/mylar foil. Implanted (b) with 60 keV D_ ions.

Averaging the deuterium yield of the unimplanted sample, Figure 5(a), up to a depth of 40 run, it

appears to contain about 12 (± 6) appm. For comparison, the amount of deuterium expected to be

present (based upon its isotopic fraction in hydrogen) is 0.4 appm. This leads to the conclusion that

the 12 appm observed is an indication of the noise level. (In later measurements using different

combinations of ion energy and stopping foil thickness, it was found that this noise level could be

reduced to 5 appm, and that the depth at which the hydrogen background began could be increased to

as much as 110 nm.)

The net amount of deuterium in the implanted sample, up to 40 nm depth, is 2.1 (± .5) x 1018

at/m2, indicated by figure 2(d). This is consistent with the amount determined by NRA in this depth
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Figure 6: Normalised hydrogen desorption by 1.2 MeV He analysis ions during ERD
of (a) polycrystalline and (b) single crystal (Cerac) AUCL, with double exponential fits.

ange, for the implanted Cerac polycrystalline AI2O3 sample.

All of the hydrogen/Al2C>3 desorption data reported in [7] have been normalised and plotted

together in two curves in Figure 6: one for single crystal A12O3 and one for polycrystalline A12O3. As

can be seen from this figure, the rate of desorption of hydrogen from the polycrystalline A12O3 was

greater than in the single crystal A12O3; furthermore, the initial amount of surface hydrogen was three

to four times greater on the polycrystalline A12O3. This may reflect a higher effective surface area on

the more porous polycrystalline sample. The fitted values of Nj and a; are given in Table I.
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Figure 7: Deuterium desorption by analysis ions during ERD of single crystal
(Cerac) A12O3 and NRA of polycrystalline (Cerac) A l ^

The desorption of implanted deuterium from A12O3, as reported in [7], produced similar

results, except that the desorption rates were lower by about an order of magnitude, and the amounts

of implanted deuterium detected were much smaller than the amounts of near-surface hydrogen.

Figure 7 shows the desorption of implanted deuterium during 0.82 MeV ^ e NRA of single crystal

A12O3 and 1.2 MeV ^ e ERD of polycrystalline AI2O3, with several sets of data normalised to the

initial deuterium concentration. In this case the results from the polycrystalline samples were within

experimental uncertainty of those from the single crystal samples. This difference in behaviour,

compared to hydrogen desorption, may be due to the fact that the deuterium is trapped at a mean

depth of about 200 nm, whereas the hydrogen was primarily at the surface.
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4.2WESGOA12O3

4.2.1. Ion-beam Analysis of WESGO A12O3

Samples of WESGO-995 alumina were analysed by 1.6 - 1.95 MeV ^ e ERD, before and

after thermal diffusion loading with deuterium. Typical depth profiles are shown in Figures 8

(hydrogen) and 9 (deuterium). Surface concentrations of hydrogen generally peaked at about 0.5 -

2.0 atomic %; and "bulk" (below 150 nm) concentrations were never lower than 1200 appm. It is not

yet clear whether this lowest value of the "bulk" concentration is a true indication of the amount of

hydrogen trapped in the sample: in cases where the "bulk" concentration is higher, die near-surface

hydrogen concentration is also generally higher, which implies that there is a significant
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(a) unloaded; (b) loaded for 10 days in 13.3 kPa of Do at 900 K; (c) loaded
for 2 days in 13.3 kPa of D2 at 900 K. l

ontribution from resolution broadening of the surface peak, even at 200 nm depth. Porosity may be

responsible for this contribution, since otherwise the resolution broadening should not be significant

beyond 100 nm depth.

In Figure 9, curve (a) represents the deuterium noise level, an average of 12 appm from the

surface to 104 nm depth. Note that the background is increasing slightly with depth. Curve (b) is the

deuterium profile from a sample diffusion loaded in D2 for 10 days, before subtracting off the

background. The average net concentration of deuterium from the surface to 104 nm depth, obtained

by subtracting curve (a) from curve (b), is 98 appm, or 1.2 x 1018 D/m2 in the depth range indicated (±

10%). After correcting for ion-induced desorption during the analysis, this becomes 200 appm, or 2.5
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x 10I8/m2. (± 20%). Curve (c) is from a sample loaded under similar conditions to the one shown as

(b), but only kept in D2 for 2 days. In this case, the deuterium concentration is higher - an average of

about 690 appm, or 9.8 x 1018 D/m2; after correcting for desorption during analysis, this becomes

1410 appm, or 2.0 x 1019/m2. If the loading were diffusion-limited, the deuterium concentration in the

sample with the shorter loading time would have been less than or equal to the concentration in the

sample with the longer loading time. This indicates that the deuterium loading was surface-limited,

and probably affected by surface impurities such as carbon. One possible scenario is that the

accumulation of surface impurities on the surface during loading gradually reduced the dissociation

coefficient, and hence the rate of loading. During the two day loading, the rate of uptake of deuterium

might have balanced the rate of diffusion into the bulk; after the longer loading time the near-surface

deuterium concentration could have been lower due to a reduced rate of deuterium uptake, whic

would result in a greater effect from diffusion of deuterium into the bulk.

4.2.2. Ion -Induced Desorption in WESGO A12O3

Figure 10 shows hydrogen and deuterium desorption from diffusion loaded WESGO-995

A12O3 during ERD analysis. For each curve, several sets of data have been normalised and plotted

together. Also shown are the double exponential fits to the data, as described in section 4.1. The

fitted values of Nt and a{ are given in Table I.

Figure 11 shows a more detailed look at the desorption of hydrogen from WESGO-995.

Here, the desorption of the total hydrogen signal up to 114 nm depth is compared to the surface peak

signal (-49 to 51 nm) and the signal from deeper in the sample (the "bulk" yield, at 76 to 116 nm). As

one might expect, the rate of desorption is higher for hydrogen at or very near the surface.

ITER Task T26/28 (1995), McMaster University 16
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Figure 10: Desorption of hydrogen and deuterium from WESGO-995 during He
ERD analysis at 1.95 MeV.

4.2.3. Thermal Desorption in WESGO A12O3

Both a deuterium-loaded and an unloaded sample were annealed in vacua at 700 K for 18

hours. The surface and near-surface hydrogen and deuterium yields were reduced by about 50%.

Since the hydrogen was primarily on the surface, the desorption should be interpreted as thermal

detrapping or recombination-Uinited desorption. In the case of the deuterium, diffusion might be a

limiting factor, depending on the distribution and the magnitude of the thermal diffusivity. However,

since the deuterium behaviour is very similar to that of the hydrogen, it seems reasonable to assert that

the deuterium desorption is also thermal detrapping or recombination-limited desorption. After

another 6 hours at 900 K, the hydrogen and deuterium were again reduced by about 50%.
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Figure 11: Desorption of hydrogen from WESGO-995 during He ERD analysis
atl .95MeV.

4.3. Polycrystalline BeO

4.3.1. Ion Beam Analysis of BeO

ERD analysis of Brush Wellman BeO samples produced spectra similar to those from A12O3

samples. Figure 12 shows the deuterium depth profile of a sample loaded at 800 K for 24 hours in 8.4

kPa of D2 gas. Figure 12 shows a peaked deuterium distribution. The depth profile of a diffusant in

these loading conditions is expected to follow the form of the error function complement curve, or

erfc [9]. The difference between figure 12(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. This will be discussed further in section 5.2.
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Figure 12: Deuterium depth profiles in polycrystalline BeO, from 1.6 MeV He ERD.
Sample was thermal diffusion loaded in 8.4 kPa of D» at 800 K for 24 hours.

4.2.2. Ion-Induced Desorption in BeO

Rgure 13 shows the desorption of hydrogen and deuterium from polycrystalline BeO during

ERD analysis with 1.2 and 1.6 MeV 4He ions. Several sets of spectra were nomalised and plotted

together. There was considerably more hydrogen than deuterium, so the hydrogen results are subject

to less experimental uncertainty. The values of N; and a, derived from the fits are given in Table I.

4.2.3. Thermal Desorption of BeO

A deuterium loaded, carbon coated BeO sample was annealed for 16 hours at 473 K, without

any measureable effect on the hydrogen or deuterium. This indicates that hydrogen and deuterium
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O (a) hydrogen data points, normalised
• (b) deuterium data points, normalised

c) fits to afexp(-bx)] + c[exp(-dx)]
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Figure 13: Desorption of hydrogen and deuterium from BeO during 1.6 MeV He ERD.
Samples were thermal diffusion loaded.

on BeO surfaces are not merely adsorbed, but trapped with an activation energy for de-trapping >

1.1 eV.

5. CALCULATIONS AND DISCUSSION

5.1 Revisions to Preliminary Results (1994)

Revisions to the deuterium distribution data for deuterium-implanted (Cerac) polycrystalline

alumina were given in section 4.1. The revised FWHM values from figure 3 can be converted to

variances (a2) by assuming a near-Gaussian distribution, using c 2 = (FWHM/2.354)2. Then an

estimate of the effective radiation-enhanced diffusivity can be derived by: (a) subtracting (in
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quadrature) the depth resolution (25 nm) and the TRIM-95 [8] variance from the observed deuterium

variance; and (b) applying the result to the standard diffusion broadening equation, c 2 = 2Degt, where

Deff is the effective diffusivity and t is the time. In this case, t would be approximated by the duration

of the implant, 6.3 x 103 s. Thus, a2 - (275 nm/2.354)2 - (98 nm/2.354)2 - (25nm)2 = (106 nm)2, and

D ^ = 9 x 10"19(± 'W/s . This is the effective radiation-enhanced diffusivity of deuterium in the

polycrystalline A12O3 during the implantation at 300 K. This diffusivity would be an underestimate if

there were significant desorption during the implantation, as seems to have been the case. A more

accurate interpretation of the data might be derived from a detailed TMAP [11] simulation of the

implantation.

Radiation-enhanced diffusivities of implanted deuterium distributions can be estimated if

meaningful diffusion depths can be determined. This was possible in two cases: 1.2 MeV ^He

desorption (during ERD) of an implanted (Cerac) single crystal of A12O3; and 0.82 MeV 3He

desorption (during NRA) of an implanted (Cerac) polycrystaUine A12O3 sample. In the first case, JC >

20 nm and t = 93 s (± 16), so D^f t x2/t = 4 x 10"18 m2/s. Here, x was estimated as the mean depth of

the deuterium distribution where the background signal from hydrogen is insignificant; since the

actual deuterium distribution extends much deeper, this may be an underestimate. In the second case,

x = 220 nm (± 22) and t = 31 s (± 5), so Deff = 1.6 x 10"15(± ° m2/s. Here, the entire distribution was

within the depth probed.

5.2. Diffusivity of Deuterium in A12O3 and BeO

It was clear that the deuterium content of the thermally (diffusion) loaded WESGO samples

was not diffusion-limited, since the sample that was loaded for 10 days contained less deuterium near

the surface than the sample loaded for 2 days. This implies that the loading was surface-limited, with
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surface impurities playing an important role: if the rate of surface dissociation of D2 were sensitive to

surface impurities, as it is in many materials, then accumulation of carbon or some other impurity

could account for the difference in the deuterium concentrations, as discussed in section 4.2.

In the case of thermally loaded BeO, no such deuterium loading discrepencies were observed,

suggesting that the loading was diffusion-limited. Using the simple diffusion approximation C =

Caerfc{x/2(Dt)lf2} (where: C is the deuterium concentration, Co is the surface (peak) concentration, x

is the diffusion depth; D is the diffusion coefficient; and / 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 associated with the observed deuterium profile,

as in figure 12(c). Then, at x = (Dt)in {where erfc(0.5) = 0.48}, C = 0.48Co. From figure 12(c), x =

26 nm, and since / = 24 h, D = 8 x 10"21 m2/s. By comparison, Fowler et al. [1] 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 « the grain size (estimated as > 10 \xm), 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 of deuterium trapped on the surface. In this

case, it might be better to say that the value of x is no greater than 26 nm, and therefore that D is no

greater than 8 x 10"21 m2/s.

The peak concentration of deuterium in figure 12(c) was approximately 380 appm, five times

the value of 69 appm predicted using the solubility mentioned above [2]. 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 adsorbed
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deuterium could account for the difference. Analysis at various other locations on the samples

showed that the hydrogen and thermally loaded 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 ran) never appeared to be less than 700 appm.

This is similar to the observations in WESGO alumina, where trapped hydrogen was also present at

levels » the deuterium levels.

5.3. Desorption Cross-Sections

A simple way of interpreting the observed desorption is to assume that desorption was

controlled by detrapping of hydrogen and deuterium, with negligible contributions from diffusion and

surface recombination. (This assumption is more likely to be valid with surface adsorbed hydrogen

and deuterium than with implanted deuterium.) Desorption cross-sections were determined for A12O3

and BeO by fitting double exponential curves to the desorption data, as discussed in section 4.1.1. As

can be seen from the scatter in the data points in Figures 2, 4, 6, 7, 10, 11 and 13, there was

significant experimental uncertainty, which is attributed to the effects of surface impurities and their

variations across the sample. Table I shows the desorption cross-sections, Fj and F2, for hydrogen

and deuterium, over a range of samples and deuterium loading conditions. Also included are the

estimated "trap populations", Nj associated with these cross-sections. Note that the values of N; are

average values from several sets of data - as noted above, the amounts of hydrogen and deuterium

varied across the sample surfaces by about a factor of ten. The results of Scherzer et al. [10] for NRA

of deuterium in BeO are included for comparison.
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Table I shows desorption cross-sections of C] - 10 m and a2 ~ 3 x 10" m . The largest

values are for WESGO alumina. The values of a2 for deuterium release from deuterium implanted

samples (Cerac A12O3 and Scherzer et al.'s BeO [10]) are about 5% of those for deuterium release

from the diffusion-loaded samples (WESGO alumina and polycrystalline BeO). There appears to be

little difference between the desorption cross-sections for hydrogen and those for thermal diffusion

loaded deuterium, although the quantities of hydrogen are generally at least an order of magnitude

greater.

5.4. Radiation-Enhanced Diffusivity

An estimate of a radiation-enhanced (ion-beam-induced) diffusivity during analysis at 300 K

can be calculated in a similar manner to the diffusion loading calculations on page 23. From the erfc

profile approximated to the deuterium depth distribution in figure 12(c), x ~ 26 nm for deuterium

loaded into polycrystalline BeO by thermal diffusion. Then if t is the analysis time required for the

analysis ions to desorb half of the deuterium, x = (Dt)1/2. Here, t is 120 s (± 40), x = 26 nm, and Deff

= 6 x 10"I8(± ° m2/s. This is » than the Fowler et al. [1] value for the diffusivity of tritium in a single

crystal extrapolated to 300 K, 6.3 x lO *̂5 m2/s. The radiation-enhanced diffusion can be viewed as

raising the effective temperature to 1020 K, or lowering the effective diffusion energy barrier from

2.28 eV to 0.67 eV.

Similar approximations can be made for deuterium loaded by thermal diffusion into WESGO

alumina: taking x as 65 nm (± 15), and deriving t = 500 s (± 50) from the desorption curves, then

Deff = 8 x 10"18<± 1} m2/s. This is » than the Fowler et al. [1] value for the diffusivity of tritium in a

single crystal extrapolated to 300 K, 6.9 x lO^16 m2/s. The radiation-enhanced diffusion can be viewed
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as raising the effective temperature to 920 K, or lowering the effective diffusion energy barrier from

2.48 eV to 0.81 eV.

6. SUMMARY

Ion-beam studies of A12O3 and BeO indicate that the analysis ions can have a large effect

upon the surface concentration of hydrogen and deuterium. Large amounts of hydrogen adsorbed

and/or trapped at the surface these materials made it difficult to measure the deuterium accurately

with ERD. It was determined that the deuterium concentration in implanted AI2O3 was considerably

lower than the ion fluence, leading to the conclusion that most of the implanted deuterium was

desorbed during the implantation. The deuterium concentration in diffusion loaded WESGO-995 was

about 200 -1400 appm and fairly uniform over the surface 100 nm. The deuterium concentration in

BeO was larger than predicted by the results of Macaulay-Newcombe and Thompson [4], but this

could be due to deuterium trapped on the surface.

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

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

estimated as 6 x 10"18<± l) m2/s, about 1027 times greater than the value predicted by extrapolating the

Fowler et al. [1] 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.

Similarly, D ^ for diffusion-loaded deuterium in WESGO alumina during ERD is 8 x 10"18 (±1)

m2/s. Heating at 700 K for 18 hours in vacuo resulted in the desorption of about half of the surface

and near-surface hydrogen; after another 6 hours at 900 K, the yields were further reduced by half.
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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 WESGO-995, RF-grade sapphire and polycrystalline BeO. (If

ITER standard samples of A12O3 or BeO become available, they will be analysed for comparison.)

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 [11] diffusion calculations in order to improve data analysis,

particularly the interpretation of desorption.
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Table I: Ion-Beam Induced Desorption of Hydrogen and Deuterium from AkO^ and BeO

Material Isotope Ion Beam Fx (m
2) F2 (m

2) Nh (at/m2) Nz (at/m2)

polycrystalline H 1.2 MeV 9.9 x l O 2 0 3.3 x l O 2 1 2.8 xlO2 0 2.1 x 1020

Al2O3(Cerac) 4He (±0.4) (±1.0) (±0.7) (±0.5)

single crystal H 1.2 MeV 2.5 x l O 2 0 1.3 xlO"21 7.2 xlO19 7.5 xlO1 9

Al2O3(Cerac) 4He (±0.8) (±0.4) (±1.8) (±1.9)

p.c.ands.c D* as above and 3.4 x l O 2 0 2.7 xlO"22 1.7 xlO1 8 2.0 xlO1 8

Al2O3(Cerac) 0.8 MeV'He (±1.7) (±0.8) (±0.6) (±0.5)

WESGO(p.c.) H 1.2-2.0 MeV 2.3 x l O 1 9 9.2 x l O 2 1 7.6 xlO1 9 7.4 xlO1 9

A12O3 "He (±0.7) (±2.8) (±1.9) (±1.8)

WESGO(p.c.) D** 1.2-2.0 MeV 3.2 x l O 1 9 8.4 x l O 2 1 5.8 xlO1 8 10.0 xlO1 8

AI2O3 "He (±1.6) (±2.5) (±1.4) (±2.5)

WESGO(p.c.) H 1.2-2.0 MeV 4.3 xlO"19 10.6 x l O 2 1 1.9 xlO1 9 2.9 xlO1 9

AI2O3 "surface" 4He (±2.1) (±3.2) (±0.5) (±0.7)

WESGO(p.c.) H 1.2-2.0 MeV 1.4 xlO"20 6.1 x 1021 5.2 xlO1 9 6.9 xlO1 8

A12O3 "bulk" 4He (±0.7) (±1.8) (±1.3) (±1.7)

polycrystalline H 1.6 MeV 9.3 xlO"20 9.9 xlO"22 2.9 xlO1 9 4.8 xlO1 9

BeO 4He (±2.8) (±3.0) (±0.7) (±1.2)

polycrystalline D** 1.6 MeV 1.4 xlO"19 6.2 x l O 2 1 6.3 xlO1 7 2.0 xlO1 8

BeO 4He (±0.7) (±1.9) (±1.6) (±0.5)

p.c.BeO D* 0.8 MeV 7.5 x l O 2 1 3.9 xlO"22 9.3 xlO2 0 4.2 xlO2 1

Scherzeretal.,[10] 'He

* deuterium implanted ** deuterium loaded by thermal diffusion
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