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ARSTRMNCT
Ion implantation and microanalynis have hean uncd fo
investigate plasma-surface interactions relevant to fusion
applications. Previous results for purne metals are rowvieewed
and current results are prescented for TiBy and B4C coatings

far tokamak surfaces. Enhanced trapping of implanted, low-—

cenergy hydrogen has becn shown to occur at rooi bomporacuare in

W, Au, Bd, Mo, Nb, Tihz, and BE4C fvr iie or cther ion prodanage.
. g . 1,,19 16 )

Hydrogen depth profiles obtained using "H{""F,1y) "0 resonant

nuclecar reaction show that the I decorates the lie damage

profiles at traps whose concentration is proportional to the
amount cf He-induced damage. TFor room tcemperaturc implantation
in TiBp and B4C, H is trapped at the end of range, and isvchronal
anncaling followecd by depth profiling indicates that the II is
lost by release from traps followed by rapid diffusion. The
hydrogen is detrappcd from TiB, at substantially lower tcmpera-
tures or laser energy fluxes .(pulsed annealing) than f?r B4C.

For He predamaged samples,‘;nnealing at 400°C causes the # to

be retrapped in the region of the He-induced damage. On the
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of tritium invenrory conwrol, TiRkp appears to he saperior
tn RaC.  H depth profiling has also been shown to e o useful

placrne dicgnogric technicue for the meassurement of paorticle and
ceeneray distribuotions near the wall.  These measurements

hoens been usoed to determine the plasa: edge tempoeraturces as a

function of distance from the plasma in an operatinag tokamak.

. 1uTRODUCTION

Ton inplantation and ion microanalysis increasingly arce being

used to analyzoe the interaction of light elements such i helium

uctde

ar surfaces of solids. Sith arn

aned with the ne

(a8 +1

cially important in Fusion matcrials rescavch where the

undorstanding of plasma-surface interactions is particularly

impor it to thoe achicvement of continued progress in fusion

tr.chnology. Two major current problems are the understanding
and contrnl of hy'lrogen trapping and recycle at first-wall

and the minimization of contamination of the plasma

28 emitted from interior surfaces. A recent thrust

from imaurd
in impurity contrel is the development of low-Z coatings for
high-power tokamak surfaces, such as limiters.

The first requirement of such limiters, or other first-wall
components, is the ability to survive repeated high—eneréy
deposition pulsing.l Primary problems are keeping the component's
+emperature below the melting temperature and preventing destructive

thermal shocks which can be caused by intense beams of electrons,

ions, and neutrals. It has also been well documented that the
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limiter constitutes a major source of impurities in the discharge
plasma.2 Becausce the potentially large radiation lnsscs causnd
by this contamination have a strong 7 (atomic numiber) depcndence,
low-Z materials are desirable for limiters or other first-wall
clements. Low-7 coatings offer the promise of separating the
functions of impurity control and structural rcequirements.

It has also becen shown that the first-wall provides an
appreciable part of the fueling in tokamaks due tn the reloeusce
of hydrogen which has accumulated on {or in) the first-wall “rom
prior riischargu—;.3 ‘It is therefore important for plasma
considerations ko detcrmine the hydrogen recycle characteristics
of candidate coating materialc.

In the future, a2lthough structural; plasma contamination, and
hydrogen recyele requirements will remain imperative, emvhasis will
most certainly shift to include the question of tritium inventory
control, Indeecd, this is already of great concern in the design
of prcposed tokamaks, e.g., TFTR. In this regard, the evaporation
of Ti to control plasma refueling may lead to uwnacceptably large
tritium inventcories. Thus, with the aporoach of the era of D-T
burning tokamaks, comprehcnsive guestions on the behavior of H
isotopes (T in particular) in first~wall materials must be answered.

A particularly important feature that has been observed in
previo:s studies4_7 of hydrogcn trappirg in metals (e.g., W, Au,
P3d, Mo, and Nb) is the enhanced trapping of hydrogen in the near
surface region duz to the presence of damage. This damage can

be produced rather efficiently by the implantation of helium or

=fore, important to understand the
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synergistic or interactive effects of radiation damage and tho
trapping of excess hyvdrogen in the necar-surface region of fusion
First-wall materials.

Tha divect exposure of samples in an oporating iokamak
nrovides a rigeorous check on conclusions drawn from implantation
studies ta simulate plasira-wall interactions. $i, C, and stainiess
steel 304 surfaces have boen exposel and analyzed for H profile
and Il saturation characteristics. In addition, these measurements
have lead to the development of o diagnostic tcchnigue to determine
the flucnce and cnergy spoctra of escaping M isotopes.
he present parer bricefly roviews nrovious rosults for the ion-

‘onen in sho near svrfaces of metals

and toxamak exposurce studies. Current results are revicwed on the
transinr, releoase, and lle damage assistod roatnntion nf hydrogen
in CVD-idegosited TIik, coatings and bulk ByC samples that are

undrr devolopment for high-power tokamak surfacces.
Gh-p

II. EXPLRIMENTAL

llydrogen isotopes, as well as a variety of damaging ions
have been implanted into the near surface regions of samples using
ion accelerators, operating below 100 kV. 1In the previous studies
for molybdenum and niobium,7 <100>~oriented single crystals were
used. Smooth, damage-free surfaces were prepared by mechanical
lapping, followed by electropolishing for molybdenum and chemical
polishing for niobium. The implantation energies fcr the predamage

ions were chosen to maintain the ion damage deposition within the



first appreximately 100 K of the surface, The hydrogen injection

encrgy was choscn to have an ior range near the middle of the

damage deposition regiors. Ion energies used werc 11 and 18 lkev

Yet, s55-kev met, ss-xev of, 500-xev Bi*, and 16-nev 1} to obtain

B-knV 1l ions, and 16-ke:V D; to obtain 8-keV D .ions. The nuclcar

reaction D(3Hc,p)4nc was used for measuring the total amount of

D retained within the near surface region. The analyzing 3He

becam was obtained from a 2-MeV Van de Craaff at approximately

750 keV, givirg a probing depth of about 0.5 microns. A solid

stat: detector with a solid angle of 0.1 sr was placed at an angle

of approximatecly 130° with reswect to the incident beam and

detected the 12 MeV protons coming frem the nucloar reaction.
Depth profiles of the H retained in the targets werce measured

19F beam £rom a tandem accelerator. The nuclear

by means of a
reacticn lﬁflgF,uyilso was uscd. This techniqur has been descriked
in deteil prcviously.s’9 The main featnre as illustratzed in Fig. 1,
is the use of a very sharp peak or resorance in the encrgy
dependence of the nuclear recaction cress section. By changing

the incidert beam energy, the depth at which the resonancc occurs

i3 changed, and by measuring the gamma yield from the rcaction

with a sodium=~iodide scintillation counter as a function of
incident F energy, one can obtain the depth profile of -the
hydrogen. The stopping power values tabulated by Anderson and

Zieglerlo were used to convert the fluorine energy scale to a

depth scaie.



Twe candidate first-wall materials, TiB2 and B4C, were
examined. The TiB, samples were thin (~50 pm) CVD coatings on
POCO graphite substrate;ll whereas, the B4C samples were hot
pressed and in bulk foz-m.l2 B4C has been used as a limiter
material in TFPR 40013 and bchaved satisfactorily up to discharge
currents of 80 kA, but failed at higher currents due to thermal
shock. Although TiB, has yet to be tested on a limiter,
simulatiosn results on thin coatings are very promising.14
TiBgy~coated limiters will be tested on ISX-B later this year.
B4C c~atings are also under investigation with the hope that

those coatings will no* ke as sensitive to thermal shock as is

bulk 34C.

T1T

. IMPTLANTATION PROFILES AND RFELEASE TEMPERATURES

Knowledge of the temperaturce at which H is released from a
candidate meterial is necessary to permit prediction of recycling
behavior and to anticipate problems relating to the control of
tritium inventories. In order to measure the temperature at
which hydrogen is released from TiB, and ByC, lH was implanted
(60 kev for TiBz, 30 keV for ByC) to depths of 3000 - 4000 ﬁ,

nd the samples were annealed isochronally for 20 minutes at

i

increcasing tcemperatures. lH profiles were measured bcéwcen each
anneal, and these profiles along with plots of # retention as a

function of anneal temperature are shown in Fig. 2. Clearly, H

is retained in B4C to much higher temperatures than in TiBj.

One-half of the H in TiB; is released by 400°C, whereas, 700°C



is reqguired for the came fractional reloa

iv BgCL The vl

constaney of Lhe width of the H peak as a funetion of Lo oweraar

indicates that 1the release is trap-limited in hot), pedord

This obsorvation indicatas that the ipplanted 13- Ur

ovn lon-induccd damage,

. . 15=-17 Lo .
In previoun reports, approximeie N otrag rnexgicen 1a

TiBy woere deduced from the isochronal anncal dats by
2 s

subsceuuent retrapping of I once it was liberated., ™hiz as

however, may not be valid becausce roetrapplng in He—indueod

. 7 - s . .
has bcon directly obsurvedl and is recperted later in this
Trap encrgics listed in our carlier works chould thoercefore o

considercd as upper limits.

IY. DAMAGE TRAPPING

e ...
S incicate

Since molybdenumn and niobium diffusion studi

that hydrogen isotopes are robile at room temperaturces, the

s 4-7 .
previous measurcrents of the retention of hydiogen

in the ncar surface region indicated that trapping occurs.

Large enhancemcnts in the amounts of deutcorium rctained over
samples without prior predamage were observed. For a agiven
predamage ion fluence, the decuterium retention increased lincarly
with deuterium fluence until a saturation level was re;ched.
Above saturation fluence, almost the same fraction of additional
deuterium ions incident on the target were retained in the
predamaged and nondamaged samples. That is, above the saturation

level, the slopes of the D retention versus D fluence are the




samv for both cases, TFor most metals without prodarace the

vion of trapowed hvdrogen was toao low to obhtain woll-

defirned dewth nrofiles, but with helium predamace the hydrogcn

cloearly denended on the predamagine helium-ion

Ad-prh urod

and concentrations of hydrogen up to 10 at.” were

ohoorved as shown in Fig. 2.
Hydragen-defect trapping rather than hydrogen-inmpurity

¢ is indicated since no chemical effects of the predamage

:re okserved for oxygen and neon pradamaging ions

I'n addition, too many hvdrogcen atoms were found

tn .. rrovmod per incident demaging icn o he explained simply

by impurity trapping. For example, in the case of ncon, as many

atems wrere obscrved to be trapped for cach

ion. In the previous cxperiments,

the wrodanaging ion energy was chosen to deposit its damaging
cnergy into depths less than 1000 R, and the hydrogen injection
energy was chosan such that the hydrogen slowed to rest within
this region. Also, the most cfficient trapping per number of
primary displacements was fourd to occur for helijum ions with
decreasing efficiencies as the predamaging ion mass was increased

td neon or to bizmuth. An ertended tail of hydrogen to deeper

depths was ohserved in the ~2:3 2f bismuth, ncon, or

cxyccen damcae.
In annealing studies of neon predamaged molybdenum7 the
release of hydrogen from traps was found to occur around 200°¢c

(50% loss for 10-minute anneal). This corresponded to the



relcase of hydrogen from the traps rather than tho anncaling of
the traps, since a prcdamaged sample annealed to 3007¢ pricr to
hydrogen introduction gawve the same total trapping as ohLscrved
for the non-anncaled samp.c. In molybdenum, thiz relatively
high temperature for releasc implies that the combined hydregen
binding plus migration cnerqgy is largc (+l.5 cV) and this
contrasts to wuch lower binding encrgies of about 0.2 to 0.3 ¢V
which were reported for hydrogen trapped at dislocations and
disorder induccd by cold working in other becc metals.

The present results for TiB, give measurements of the effects

of helium prednmage on hydrogen trapping in a non
diboride is a very ctable, refractory with a melting
temperature of ~ 2900°C. It has high thermal conductivity,
low thermal expansion, and, as a result, good resistarcr to
thermal stresses. It is an extremely hard material, and its
temporature dependent as most olher

has gcod chemical resistance, particularly

at high temperaturcs, and has better cxidation resistance than
carbides and nitrides. The samples wers depesitcd by CVD at
950°¢ and x-ray studics showed they were stoichiometric TiBz.
Figure 4 shows the depth profiles of 60 keV 1017 H/cm2
implanted into titanium-diboride coatings which have been

17 He/cmz. The profile at 400%

predamaged with 30 keVv 10
shows the definite decoration of the helium damage profile
by the hydrogen as it is moving toward the surface. This

result, and measurements after high-temperature anneals, show
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hydrogen traps in the heliump damage are more stable

crvicanoe by the hvdrocen self-implantatio..

surenents arce the first tn ghow the redistribution of

from the as-implanted depth distributinre to th. helium

distribution during anncalira. Tn the previous

reasurenente in metals the hydrogen was mobile at the temperature

slantation and was dlroctly impl-nted into the helium pre-

glon. Thercfore, the hydrezen moved and decorated
the damage prior to the profile measurements.  FExveriments

ase now in progress to determine the stability of the helium-

2] hedyoenn traps,

In Fig. 5 wo show the profiles of the hvdrogen trapping at
a 400"¢ anncaling temperature for three predamage hclium fluences.
Tncroasing the helium predamage fluence increases the hydrogen
travoing in the helium predamage region. For both this ficure
and Fig. 4 the projected range of 60 keV H ions has beon
normalized to the centroid of the as~implanted !l prcfile to
obtain the depth scale. The abscissa mark labeled *30 kev He"
corrasponds to the depth of the maximum in the damage distribution
caased by 30 keV lic ions on TiB, as calculated by Brice to be
1200 A.

In addition, the effects on H retention of 80 and 140 keV He
predamage has been investigated and the resulting §I profiles are
shown in Fig. 6. The 30, 80, and 140 keV He implants (1017/cm?)
result in damage distributions which peak at 1300, 3030, angd

<

4740 A into the sample, respectively. After the He was injected,

2

o
E wuas implanted at 60 keV (3200 A) to a fluence of 1017/cm and
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then tac samples wera2 annealad in an arcon atmosphere at 100°¢ for
20 minutes. Decoration of the He-produced damage can bz seen Sfor
the 30 and perhaps the 80 kaV he implant but is not obuicrved or
the 140 keV He implant. This observation is consistent with

the prademinance of surface dircected H migration during the
anneal. At present we have no clear understanding why Il should
preferentially diffuse toward the surfanc, although a passible
explanation may be that the asymmetric near-surface sclf-damage
of the H ions during implantation creztes a preferential
diffusion path toward thc surface. A similar study on ByC

has been performed and in this case H decoration of decper lie

booupdoicy

e, which indizacee that H appedrs
a mo 2 isotrepic diffusion in B,C than the surface-directzd 104icn
observed in TiBZ.

The TiB, samples were also subjected to 20 min isochronal
anneals at 400, 500, and 600°C and thec H rctention is plotted
in Fig. 7 as a function of tac depth ¢ the prodam.~e peak for
the threc anncal temperatures. The dotted lines ian this figure
are eye-guides. The pesaked behavior of the isothcrms at 400
and 500°C indicates that damage retrapping is most efficicnt
when there is a maximum overlap between the damaged and the
initial implant (+0.3 pm) region. This, however, dces‘not
appesr to be the case for the 6§00°c annecal. For comparison, when
no He is preinjected, the relative amournt o H retained in the
uiBz zampla was 57, 1€, ard 4% following 400, 500, and 600°¢

anneals, respectively. This retention is much lower than that
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measurced for predamaged samples. Therefore, if a high B retention

is reguired of a first-wall material, e.q., tc nin rocycle,

pradaaging by ion lmplantation may be considered as a controlled

proc g gtep. Predamage, however, may not pe neoocsary since the

of ~nercetic ions

firss will vitl naturally be subjccted tn a fl
during discharges and, hence, this surfacn may become sufficiently
damaged after an initial break-in period to retain H more
cfficiently than the virgin undamiged material,

Ancther concern is the use of a coating for a high~power
surface is whether H or its isotopcs, particularly T, will
cccunulata at the coating-substrate interface. This build-up
could rcduce adhesion and, as mentioned above, is of environmental
concern.  To test for this build-~up, thin TiB; coatings were CVD
deposited onto polished (1 p diamond paste) POCO graphite disks.
The coating thickness was measured by Rutherford backscattering
analysis using a 3 MeV He+ beam and was found to ke 1.2 £ 0.1 pm.
Th: uncertai.*y is not experimental but, instcad, indicates the

of the coating thi

285, H was implantoed at

2

220 kev (v1 um) to a fluence of 2 x 1017/cm The resulting 1

prcfiles both before and after a 400°C, 20-minute anncal are
shown in Fig. ?. ©Note the suppresscd zero for the denth scaia,
The 1.5 at.® concentration of H in the POCO graphitc is natural
and presumably occurs during its production. That virgin POCO
graphite contains appreciable hydrcaen has been verified in

a separatc experiment where an H prefile was meacurced for a
viryin sample. From the two profiles shown in the figure, it

is clear that no H accumulation is occurring at the intcrface.
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V. PULSED AMBLLING

Onee e bloen with the use of

thermal annealing te arege
frov. first walln is that support structures, mxinly o winlenss
srecd cnmpoents, will Yoo ownvlorgo temperature elocst Jon, Sooh

temnger st ure moyy not be donirable because of fatigue considerations,

due to the hial venperatures (> 400 € for TiB,)) reguirced for

2
significunt H (or T) rclease. Removal of first=wall clewments
(i.e., liriters, arpor plating, channel walls) for H o desorption

external to the tokanak is one way to circumvent Lhe problem;

however, thee handling of tritium-loaded corponcnts is not an

ive prognoect,

Arothor, more novel, approach is the usc of puls.d clect

~r anncrling. Because pulsed anpcaiing concentrates heat

only in the near surface region, underlying

unaffected. In situ H purging would thercfore be plausible.

Electron beam anncaling of TiB, coatings implarnted with
10l7 cmaz, 60 keV H ions was performed with an 0.8 scr pulse of
0.3 A/cmz, 8 keV electrons. The effect of the anneal is
demonstrated by the I profiles in Fig. 9 and shows thot complete
1 rclease has obviously been accomplished. Although the anncal
temperature was not monitored, heat transport calculations suggest
a peax surface tempcrature of ~ 2400 ¢. Air thermal annealing
measurements have shown that a significant H purging can be
accomplished at much lower temperathres and, hence, an electron
beam of reduced power density may accomplish the same dramatic
effact.

"

We have 2730 laser annealed H-implanted (60 kev, 1017/rm“)

TiB, coatings with a Q-switched Nd:glass laser which produces a


http://r-.ir.1o

woere used., The

- 2
and 3 1.5 J/om” pulses are
fullowing single laser nul

Py nbical, which sugaonto

disosition denth of @0 3000

ef tiee H

cach laser shot,

Pulsed lasnr

IR
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eray dencities of
resulting H profiles follow! 1,

shown in Fig, 16, The 8 profiles

s
of 1,5 or 1.7% J/c0" wore nearly

tYoor onray

Lhat 1

Ao (ehe dmplant depth) io hicved.
&

in the coating is releascd following

Figure 11 ¢gives a comparison of the il retention fur both TiBy and

L. s function of the n

urber of laser pulsnios.

Tro part (a) of

the S5gare Khe ineldont energy wes 1.3 J/om® and in part (b)) this

was doubled.

VIi. SAMPLL

EXPOSURES Th TOKAMAKS

The dramatic improvement in plasma operating conditions

obtainad by Ti gecttering has demonstrated the significance of

or investiga

fusion materials is the di
of an operating tokamak.

results from the escape of
generally characterized by
characteristic energy less

trapping studies have been

tokomak operatior.. A complementary technicue to

“inn of the If recycle behavior of

rect exposure of samples at the edge

In this casc the "implantation', which

energctic hydrogen from plasma, is
a Maxwellian enerqgy distribution with
than 500 eV. Relatively few hydrogen

carricd out at such low energies.

of H-implanted B4C was wlzo investigated.
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Bulk trapping allows a much greater resorvoir of hydrogen

to be built up for subscyguont reeyele than does surface trapp

Similar bulk trapping behavieor te that of Si has rocenlly boon

observed for C and is expected from the laboratory ctudic of

lai.

Sratory and

Tiby and B,C. An important aspoect of comhin
tokamak implantation studies is the abilitv to draw corrolations,
thercby further establishing the mechanisms invelwved and praviding
a basis for inferring hydrogen recycle characteristics at the
plasma edyc from laboratory implantation studies.

In additional recent benefit of sample exposure studies in
tokamaks has been their use as a plasma edge diagnostic. From

the observed trapping of hvdrogen in C or Si as a function of
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In sunmary, ion implantation and ion microanalyuis are
providing important information on plasma-surface intcraction

in fusion devices.
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Figure Cautions

Fig. 1 1” profiling cohormetic, By chane e e inciden
anergy af the I' bheam, the sharn onerngy rooonines
o awept in depth, and the 1 ozield giueg Lhe H

concentration in depth.
. 1 s o e . Do
Pig, 2 Hoprofilen and roboeatlon curves [or Bt and Tiky,

after aneenling.  Boxes b and d, oleow thee 75

profiles s measured by nuelear roantion
1., . . - o -
for "H implanted into BAC and riiiy, rospectivety.
These samples woere anneasled isochronally at Lhe
inercntud bemporateran. The prolilos have bDeos
displiaced vertically for zlarity. Boxos a. ane

c. show thoe respective rocention curves for B0

and TiBy.

Fig. 3 H profiles in o after ¥ ooLuree e predamage
N PO N . . g 17 -2
and subsequent 2 keV i1 implantation to 1 x 10 cr: .

Arrows indicate proiccted ranges for the lic predamuacing

ions.

Fig. 4 H profiles of il implanted (10Y7 cm™2, 60 kev), le

predamaged (1017 cm_z, 30 keV) TiBy after 20-minnte
anncals at the indicated temperaturc. Surface at left.
Fig. 5 H profiles after 20-minute, 400°C annecals for the
indicated 20 keV He predamage flucnces.
Fig. 6 H profiles of 60 keV—lOl7 H/crn2 implantation,
1017 He/cm2 predamaged TiB, after a 20-minute

400°C anneal.
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Torecontion of 60 keV-10 I/em’ innlanted TiBy
RPN PR 17 nd apedamiaoe
PDlote s an oa fancetion of 10 HeZem™ predamaoc depsth

rorature.

1017 n/em? pmplonted T

Loform and 2fter o 20-rinute

400 " annaal.
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