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SUMMARY

Wall coatings which have been produced f o r po ten t ia l use in the JET

pro jec t ( S i , T iC, SiC, T iO 2 , Al 2 0 3 and MgAl 2 0 4 on Inconel 600) have been

exposed t o laser r ad ia t i on pulses (Laser Release Analysis) in order to

determine ( i ) the concentrat ion of absorbed or adsorbed gases in the near

surface region as a function of bakeout history, and ( i i ) the relative

trapping behaviour of sub-eV atoms, when compared with 50-1000 eV ions.

Following normal system bakeout at 500 K for 24 hours, the major species

released were found to be H2 and CO, with levels up to ~7*1016 H/cm2 and

~4*1016 CO/cm2. A similar concentration of argon was found for only the TiC

coating produced by sputter ion plat ing. A further 1-hour heating of the

samples at 800-900 K resulted in a reduction of hydrogen and CO release

levels by about an order of magnitude. After such preparation procedures

the samples were exposed to sub-eV D° atoms to fluences of -2*1019 0°/cm2,

and deuterium retention levels were measured to be of the order of 101'*-1016

D/cm2 for the various coatings. Implications of these results for JET's

f i rs t -wal l t r i t ium inventory are discussed.
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1.0 INTRODUCTION

The first walls and limiters of fusion reactors will be subjected to

bombardment by many particle species, at a variety of energies. This

bombardment, along with high thermal loads, is likely to cause gases trapped

in the near-surface region of these components, to be released into the

plasma. Furthermore, of special importance is the trapping and retention of

hydrogen in first-wall materials, as this will govern fuel recycle and

tritium inventory.

This paper presents experimental results for wall coatings produced for

potential use in JET (Si, TiC, SiC, TiO2> Al 2 0 3 and MgA1 20j, in an attempt

to answer questions about both of these characteristics, viz, gas releases

due to thermal loading by a laser pulse and trapping of sub-eV 0° atoms in

the coatings. Similar samples were previously studied by Erents et al for

trapping of energetic (50-1000 eV) hydrogen ions and by Auciello et al for

gas release due to electron impact.

The primary objective of the work presented here was to obtain a

comparative first order assessment of the gas content of these coatings, and

not to produce an exhaustive study which would include detailed surface

characterization. This approach is justified since the coatings produced

are highly non-uniform "engineering materials", as would be the case if such

coatings were to be used in tokamaks. In the case of the sub-eV D°

retention measurements, the aim was to investigate the possible existence of

anomalous effects for the trapping of low energy hydrogen (~1 eV) vis a vis

energetic ions (~100's eV), as had been earlier observed for the case of

carbon. Since our sub-eV D° retention results are to be compared with the

energetic ion data of Erents et al, we followed similar sample preparation,

viz, no special sample treatment (i.e., mechanical or chemical) was employed

prior to bombardment. The samples were, however, baked in two stages — at

500K for 24-48h, followed by heating at 800-900K for lh — during the

experiments.

Measurements of the trapped gases (inherent and trapped D) were made

with the use of a Laser Release Analysis (LRA) technique. A short duration

laser pulse was used to heat a well-defined area on the sample, thereby

releasing trapped atoms via either thermal desorption or ablation of the

surface. Lasers have been used extensively for surface desorption studies,

for example, F. Schwirzke et al, H. Hartwig et al, B. L. Doyle et al,
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J . P. Cowin et al ,7 S. K. Erents et al , 8 G. G. Ross et al , 9 etc. While the

technique is l imited to measurements in the near-surface region, i t does

provide a lower l im i t of the inherent gas content in the coating, and a

rel iable estimate of the trapping of sub-eV D° atoms, which are confined to

the near surface.

2.0 JET SAMPLES

The samples studied here were provided by JET, and ware prepared for

the JET project by the United Kingdom Atomic Energy Authority, Harwell.

Most of the samples tested by us were coatings deposited on Inconel 600 by

plasma spraying (PS), with thicknesses of about 0.1 to 0.3 mm. Two coatings

produced by dif ferent techniques were also studied. A TiC on Inconel sample

was produced by sputter ion plating (SIP), yielding a coating thickness of

~15iun. A SiC sample with a Mo interlayer was produced by plasma activated

vapor deposition (PAVD); a SiC coating of 5 nm was deposited on a Mo

interlayer of about 6 \m thickness. All samples were of 10 mm diameter and

6 mm thickness. Details on coating deposition and coating characteristics

are provided elsewhere. For the purposes of th is paper the following

summary is included.

a. Plasma spraying. A Metco 3M system was used with nitrogen as the main

plasma gas, with powders specially formulated for plasma spraying. Hydrogen

was added in small quantity to the plasma in order to increase the power

level and to minimize oxidation of the hot spraying particles and substrate

surfaces. All substrates were g r i t blasted with alumina at a pressure of

about 2 mTorr immediately before coating. Coating thicknesses of 0.1-0.3 mm

were produced. Argon jets were blown over substrates to further minimize

oxidation.

b. Sputter ion plat ing. The coating material was sputtered from large

area targets in a glow discharge, and deposited on substrates which were

surrounded by the target plates. Relatively high argon pressures (10-100m

Torr) were used for the glow discharge to ensure good throwing power. The

deposition chamber was preheated to above 300°C and the samples were cleaned

by ion bombardment to achieve excellent adhesion. The samples were biased

with low voltage during deposition, which contributed to the formation of

dense coatings.
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c. Plasma activated vapor deposition. The samples were placed in a silica

reaction tube surrounded by a rf induction coil, which was used to heat the

samples by induction. The reactive gases used to prepare SiC samples

analyzed in this work were SiH^ and NH3, which reacted on the hot substrates

to form Si 3Hh, SiH4, and C2H,t, finally leading to the formation of SiC

coatings. Deposition temperatures were in the range of 500-850°C, since

previous experience indicated that coatings with low expansion are best

deposited at temperatures which are close to those at which they will be

used in subsequent service.

3.0 EXPERIMENT

a. Experimental apparatus and technique

While the experimental apparatus has been described elsewhere, some

details are included here for completeness. All of the gas release

experiments were performed in a UHV system, pumped by a turbomolecular pump.

Base pressures of ~10"9 Torr, mainly H 2 and D 2, were normally achieved after

baking for 24-48h at 500K. The coated samples were held in place by three

tungsten pins, mounted in a stainless steel support. A tungsten filament

mounted behind the sample allowed electron bombardment heating of the

samples to 800-900K. The temperature was measured by a thermocouple placed

between the sample and one of the tungsten pins. The target chamber was

connected to the vacuum pump through an UHV valve, allowing the chamber to

be isolated during the gas release process. Total and partial pressure

measurements were made with an ionization gauge (calibrated against an MKS

spinning-rotor gauge) and a quadrupole mass spectrometer.

The gas desorption process was achieved with a pulsed dye laser

(~1 us pulse) with an energy density of 0.9-1.4 J/cm2 striking the sample

surface. The temperature rise on the sample surface is largely influenced

by the light absorption characteristics and thermal transport properties of

the coatings. As these properties are unknown for the "engineering"

coatings studied here, surface temperature estimates are not possible. For

previous experiments using graphite samples, surface temperatures £ 3000K

were measured. Lower temperatures are expected for the coatings which are

white- (A12O3 and MgAl 20h) or silver- (SiC and TiC-SIP) coloured, due to

higher light reflection coefficients. While the sample surface temperature

must be high enough to cause gas release, knowledge of the actual
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temperature is not an absolute requirement for the LRA technique. Higher

surface temperatures wi l l probably lead to desorption from deeper in the

sample, resulting in a varying depth for the zone of analysis for the

different samples. In the case of sub-eV O°-trapping measurements, since

the hydrogen is expected to be confined to the near-surface, the varying

depth should not be important. For the inherent gas content measurements,

which provide lower l imi t estimates, care must be taken when sample to

sample comparisons are made. An indication of near-complete desorption from

the near-surface region can be obtained from gas release measurements using

successive laser pulses on the same spot on the sample.

The partial pressure rise resulting from the laser pulse during LRA was

detected by a Spectramass 1000 quadrupole mass spectrometer. The entire

spectrum from M/e = 1 to 50 was scanned in a 9s period following the laser

shot. The hydrogenic species, masses 2 to 4, were always monitored within

one second of the laser pulse; this prevented significant loss of signal due

to atomic hydrogen (produced on the ionizer filaments) being pumped by the

walls. The drop-off in the molecular hydrogen pressure was characterized by

a time constant of ~5s in the isolated target chamber. The other two gases

of major interest, CO and Ar, rose to levels which remained reasonably

stable, so that a delay of 10-20s in their measurement would have no effect

on the measured value. With the chamber volume and laser spot size known,

gas retention values were readily calculable. The equilibrium pressure in

the target chamber, while isolated (prior to desorption), was ~6*10~8 Torr,

mostly hydrogen. For most experiments, this war much lower than the

pressure rise due to released gases (10"6 - 10"5 Torr); however, in some

cases, the pressure rise was of the same order of magnitude, and corrections

for background signals were necessary.

Atomic deuterium for the sub-eV D° retention experiments was produced

by contact dissociation of deuterium gas on a tungsten filament (20 mm long

and 1.5 mm wide) heated to ~1850K. At this W filament temperature

negligible W contamination on the sample is expected. During D° exposure,

the target chamber was backfil led with deuterium to a pressure of ^ x l O " 4

Torr; impurity levels ( e . g . , 020, CO) were measured to be £ 4xlO~8 Torr.

The D° atom production rate was measured in s i t u , and taking geometry into

consideration, the D° flux density on the sample was estimated to be -1x1015

D°/cm2s. There was some heating of the samples during the D° loading
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process; duo to radiation from the W filament, the sample temperature was
generally ~500K.

The measurements of retained atomic deuterium were performed in a very

similar manner to the gas release experiments. This time, however, only

masses 2, 3 and 4 were scanned by the mass spectrometer (with a Is period),

and the scans were made continuously. This allowed easy dif ferentiat ion

between released and background D2 signals,

b. Inherent gas-release experiments

Three sets of experiments were performed on each of seven different

samples. The f i r s t two sets consisted of gas release measurements,

discussed in this section, and the third set involved tne D retention study,

see below. For the f i r s t series of experiments, the samples, after being

baked in a uhv system at 500K for 24 hours, were allowed to cool to room

temperature for one or more days, unt i l pressures of ~L*1Q~9 Torr were

reached. Between 5 and 7 laser shots were taken at the same spot for each

sample with the target chamber being isolated before each shot. Following

the partial pressure measurements, the chamber was opened to the vacuum

pumps to remove the released gases, and to reduce the background level in

preparation for the next laser shot. Figure 1 i l lustrates a typical mass

spectral trace. The respective partial pressure rises for the different

masses following each shot were added together to produce a total partial

pressure rise from which the trapped gas values were calculated, see

Table 1.

Following the f i r s t series of experiments, the samoles were exposed to

atmosphere for periods ranging from one day to several months. When they

were again placed in the target chamber, they were positioned so that the

laser would be str ik ing a new area on the sample. Thus the second series of

experiments should be independent of the f i r s t . The vacuum system was now

baked for 40-48h at 500K, after which the samples were further heated to

800-900K by electron bombardment from the rear. Again, after cooling, the

laser was f i red at the samples following the procedure previously used. A

maximum of three shots were taken at the samples in order to avoid

signif icant coating modifications. These results are also given in

Table 1.
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c. Retention of sub-eV D° atoms

The third series of experiments was performed following the second

series, without removing the samples from the system. The coatings were

loaded with sub-eV atomic deuterium with a total fluence of ~2xio 19 0°/cm2.

After allowing one or more days for the deuterium pressure in the target

chamber to decrease, the laser was f ired at exactly the same spot used in

the second series of experiments, in order to ensure that D trapping is

measured on a spot which is devoid of inherent H in the near-surface region.

Four laser shots were taken at each sample, and the amount of deuterium

removed is presented in Table 2.

The selection of the total D°-loading fluence of 2x1019 D°/cm2 was

based par t i a l l y on the data of Erents et al and our own fluence dependence

measurements for Si and TiC. Erents et al observed saturation for al l

coatings, except TiC (sputter ion plated), at fluences of ~1018 D+/cm2, for

ion energies >50 eV and 300K sample temperature. TiC was found to trap D+

continuously for temperatures < 800K. Based on D-fluence dependence

measurements performed for the present study, with sub-eV D° impacting on

sputter ion plated TiC and plasma sprayed S i , Si was found to saturate at

~1017-1018 D°/cm2 and some evidence of a trend to saturation with TiC was

noted for.fluences of ~1019 D°/cm2, see Fig. 2. The differences between the

tabulated and plotted retention values are attributed to the use of

different samples.

4.0 DISCUSSION
For the f i r s t two series of experiments, the major gases released in

a l l but two of the samples were H2 (also HD and D2) and CO. For the TiC-SIP

and SiC samples, Ar was also released in large quantit ies. There were no

d i f f i cu l t i es in identifying the hydrogenic species, masses 2, 3 and 4, or

argon, mass 40 (and also mass 20); however, mass 28 could be attributed to

either N2 or CO. For the signal to originate from N2, the ratio of the mass

14 to mass 28 peak heights would have to be ~0.07 (quadrupole ionizer

character ist ic). This was never the case, with the ratio normally being

<0.01. Therefore i t is assumed that the majority of the mass 28 signal was

due to CO.
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Usually there were noticeable partial pressure rises for masses 12

through 20 (in the two special cases mentioned above, mass 20 was due to

Ar) . These pressure rises usually fe l l into the range of 1-10% of the

hydrogen partial pressure r ise, and there is the possibi l i ty that these gas
IP

components could have been produced in the quadrupole ionizer region.
Because the ionizer region was enclosed, and therefore had a low pimping

speed, atomic hydrogen produced on the ionizer filament could have reacted
13 12

with adsorbed species on the wa l l s , producing spurious results. For

this reason, the surface concentration of these gases, corresponding to the

observed partial pressure rises, are not included here.

As is revealed in Table 2, protium is also released from the surfaces

which have been 'cleaned' by the laser, and then loaded with deuterium

atoms. There are several possible sources for this hydrogen: i t may have

migrated from regions on the surface which have not been 'cleaned' by the

laser, or i t could have been released due to laser ablation of the surface

layers. For the Al 203 sample, the amount of protium could be attributed to

inherent hydrogen which was not removed in the second series of

experiments.

One of the d i f f i cu l t ies with the LRA technique is the assessment of

i ts success. I t was clearly evident from performing the experiments that a

single laser shot was not sufficient to release al l of the trapped gas from

the samples. Since the thermal response of the coatings to the laser pulse

was unknown, as were the desorption and bulk diffusion properties, the only

indication of how successful the desorption processes were, was the drop-off

in gas released with successive laser shots. For the best-behaved coatings,

the gas released per shot was reduced to <10% of the f i r s t shot value after

a few shots. This was almost always the case for the release of CO;

however, the hydrogenic species were more d i f f i cu l t to remove from some of

the samples. The numbers given in brackets in Table 1, and in the last

column of Table 2 are ratios of the partial pressure rise from the last

laser shot taken to the partial pressure rise from the f i r s t shot. These

numbers give a good indication of how completely the gases have been removed

from the area exposed to the laser.

Two of the samples in which d i f f i cu l t y was encountered in the removal

of hydrogen, TiO2 and SiC, were also two of the samples most altered by

laser heating. On the TiO2 sample, there was some discoloration, as well as

Report No. CFFTP-B-85044



a visible reduction in coating thickness. In the case of TiO2» the 800-900K

sample heating might have resulted in a change in sample properties

vis a vis hydrogen release, as evidenced in the last to f i r s t laser shot

ratios in Table 1. On the SiC sample, cracking of the coating due to laser

impact was evident. For these samples, i t is possible that hydrogen trapped

deep in the bulk of the coating was being released as the surface layers

were being removed or modified.

Laser modification of some of the coatings before the th i rd series

of experiments ( i . e . , D° trapping) could not be avoided. In Figure 3, SEM

photographs show how some of the coatings were affected by laser

i r rad ia t ion. The f i r s t two photographs (3a and 3b) show the Si-PS sample,

unexposed, and exposed to the laser. There is very l i t t l e evidence of

surface modification, although after many laser shots, some marking of the

coating was v is ib le . Figure 3c shows part of the laser spot on the TiC-PS

sample. While the surface structure does not appear to be greatly modified,

there is evidence of some ablation. A similar result is shown for TiO2-PS

in Figure 3d. Figues 3e to 3g clearly show the modification of the SiC-PAVD

sample due to exposure to the laser. From Figure 3g, the edge of the laser

irradiated area is estimated to have a width of -100 |jn, while the spot size

is 4 mm in diameter.

In order to obtain an independent check on the appl icabi l i ty of LRA for

near-surface gas release, two of the coatings (but different samples) were

also analyzed using Nuclear Reaction Analycis (NRA) for deuterium uptake by

the 0 (fye.pJ'We reaction. NRA was performed for us by Or. B. L. Doyle of

Sandia National Laboratories, Albuquerque, NM, for SiC and TiC, subsequent

to sub-eV D° exposures at 600K to fluences of -4*1019 D°/cm2. In TiC, a

surface concentration of 7.7*1015 D/cm2 was measured; the 1/e depf.i (X.) was

about 0.8 Jim. For SiC the corresponding values are 2.6*1015 D/cm2 and

0.3 |im. Our current LRA results, obtained under similar sample conditions

and D° fluences, agree within a factor of three with the above NRA

measurements. Even better agreement between LRA and NRA results was

obtained in a separate series of experiments with pyrolytic and single

crystal graphite. While such comparisons are limited to two coatings, the

noted agreement was adequate to jus t i fy application of the LRA method to
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meet our i n i t i a l objective, which was to obtain a f i r s t order estimate of

sub-eV D° retention in order to establish the possible existence of

anomalous H-trapping characteristics.

5.0 CONCLUSIONS

I t is apparent from the laser studies that large amounts of hydrogen

and CO could be released from most of the coatings, even after degassing at

high temperature. The two coatings containing Ar require special attention

due to the high Z number (2 = 18) of argon. I f these two coatings are to be

of further interest for fusion applications, the possibi l i ty of using He

instead of Ar during the coating discharge process should be investigated.

The concentration of gases such as H20, CH^ and C02 released by the LRA

process were too small to allow quantitative conclusions to be drawn.

Typically, the amounts of both CO and H removed from the samples by the

laser were reduced by an order of magnitude, following the heating to

800-900 K for l h . Similar reductions in H2 and CH^ yields were observed

when the samples were baked for ~30 min at ~750 K for the electron

desorption studies reported by Auciello et al.2 One of the strongest

deviations from this result is the sputter ion plated sample of TiC,

indicating a large trapping energy for the molecules concerned. Such

trapping might be explained by the existence of pure Ti along with TiC. A

similar explanation was offered by Erents for the large uptake of 0+ ions in

the same type of coating.

For the f i r s t f ive coatings in Tables 1 and 2 (Si , TiC-PS, TiC-SIP, SiC

and TiO2)» the amount of deuterium retained, after exposure to sub-eV D°

fluences of ~2*1019/cm2, was found to be about the same as or larger than

the amount retained in pyro ly t i c graphite (~2*10 1 5 0 °/cm2). * * * 4 In

general, the retention levels were about an order of magnitude less than the

inherent hydrogen content in the samples, measured after normal baking (500K

for 24h). This might indicate that sub-eV atoms are trapped in a region

very close to the surface, while the inherent hydrogen originates from

deeper in the bulk of the coating, possibly as a result of the manufacturing

process. Inconsistencies in the results for some of the coatings may be due

to alteration of the coating by the laser.

The values of retained D° may be compared with the results reported by

Erentsl for energetic 0+ bombardment, 50-1000 eV. At 500K loading
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temperature and 1000 eV D+, the retained levels, as measured by Erents, for

the various coatings are in the range 0.4><1017 - 1.3x10 17 D/cm2. At 300 K

loading temperature, the retained level increases by a factor of 3-6 as 0+

energy is raised from 50 to 1000 eV. Assuming a similar energy dependence

at 500 K, we estimate that for 500 K loading temperature (as employed for

our sub-eV D° studies), the retained levels would be of order 1016 0/cm2 for

50 eV D+ ions. While our retention levels for sub-eV atoms appear to be

below this leve l , the uncertainties in the two sets of results (present data

for sub-eV D° and Erents' results for ions) make i t d i f f i cu l t to determine

the actual energy dependence for hydrogen trapping in the sub-eV to 50 eV

range.

One of the principal aims of the study was to establish whether or not

an anomalously high retention of sub-eV H° exists for these coatings, as had

been repor ted for g r a p h i t e . Although the LRA technique is not

quantitatively precise when applied to these coatings, i t has provided an

adequate f i r s t order estimate of D° retention, and indicates that there is

not a high retention leve l . Indeed, the retained levels are below those for

low energy ion impact (~100's eV), as would be expected from simple

extrapolation based on particle energy. With regard to the implications for

t r i t ium inventory of a DT fusion device, the energetic ions are thus l ike ly

to be the controll ing factor rather than the -eV neutral atoms in most

cases. Certainly this wi l l be the situation for the majority of the f i r s t

wall actually facing the plasma since the flux of Frank Condon atoms is

comparable to the flux of energetic charge exchange part ic les. For other

situations, such as the divertor region where high re-cycling can result in

low ion temperatures and copious molecular dissociation, the tr i t ium loading

of structures may be dominated by low energy part ic les. There does not

appear, however, to have been any proposal to employ coatings such as those

tested here for divertors.

The measured high levels of inherent hydrogen in the samples confirm

that these materials can, l ike graphite, retain eno^ous quantities of

hydrogen isotopes i f their entire bulk is loaded. Whether or not surface

deposited hydrogen (atomic or ionic) results in bulk loading depends on the

bulk diffusion coefficients of the coatings and the temperatures at which

they are exposed. The diffusion properties of these coatings are not known

at this time and i t is therefore not possible to conclude what the ultimate,
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t o ta l t r i t i u m inventory of the coatings would be under prolonged exposure to

plasma. This ul t imate level w i l l , however, be governed by the surface

boundary cond i t ion , which as discussed w i l l generally be given by the

energetic ion f lux rather than the ~eV atom f l u x .
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Table 1

Gases Released from JET Coatings

Number of I Mass 2,3,4 Mass 28 Mass 40
Sample Shots H/cm2 CO/ cm2 Ar/cm2

Si-PS (1) 5 7.0x10 16 (0.005)* 1.2x10 16 (.01)
(2) 3 4.0x101S (0.05) l . l x l O 1 5 (.004)

TiC-PS (1) 5 6.7xlO16 (0.004) 3.6x1016 (.02)
(2) 1 1.5x101S - 2.1x1015 -

TiC-SIP (1) 5 5.6x10 16 (0.009) 4.6x10 1 5 (.03) 6.5x10 1 6 (.015)
(2) 3 1.3xlO16 (0.015) 4.7x10*5 (.02) 3.8x1016 (.03)

SiC-PAVD (1) 7 1.8x1016 (0.10) 1.6x10 ^ (.11) 5.2x10 ll* (.13)
(2) 2 2.6x1015(0.28) - 1.7x10lt* ( .15)

TiO,-PS (1) 5 4.5x1016 (0.08) 2.0x1016 (.03)
(2) 3 5.9x1015 (0.67) 2.6*1015 (.04)

AI,O,-PS (1) 7 3.3x1015 (0.08) 3.7x1015 (.007)
(2) 3 4.4x10 l" (0.06) 2.1X101" (.008)

MgAloO.-PS (1) 5 2.9xlO15 (0.28) 2.6x10 15 (.03)
(2) 3 4.8x10 l" (0.12) S^xlO 1* (.01)

*The nunber given in brackets is the rat io of the amount of gas released in
the last laser shot to that released with the f i r s t laser shot.

(1) Baking at 500K for 24h
(2) Baking at 500K for 40-48h, plus sample heating at 800-900K for In
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Table 2

Deuterium Retention in JET Samples

Sample

Si-PS

TiC-PS

TiC-SIP

SiC-PAVD

TiO2

A12O3

MgAljQ,,

Loading
Temperature

200°C

250°C

250°C

200 °C

200 °C

200 °C

200 °C

D/cm2

(Sum of 4 shots)

2.2x10 15

2.4 x io 1 5

1.2 xlO16

6.9 x io 1 5

9.8 *1015

4.8x10 13

7.5 xlO13

H/cm2

1.9 4 0 ^

2.9xlO l l f

-

9.2 xlO15

-

1.7x10 13

-

Ratio
Shot 4/Shot 1

0.13

0.10

0.15

0.10

0.53

0.18

0.28

sub-eV D° fluence: ~2xlO 19 D °/cm2
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FIGURE 3 (Continued)
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