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Abstract — Recent plasma-material-interaction (PMI) studies of relevance to fusion PMI science are
discussed. The results are a mix of science experiments and in situ diagnostic technology development.
Scientific issues addressed include the nature of He and W atom migration in the evolution of W fuzz
surfaces, understanding the nature of D retention in damaged W surfaces via modeling with the tritium
migration and analysis program, and an examination of synergistic effects associated with D trapping on
composite Be codeposit and W substrate surfaces. In situ diagnostic developments discussed include laser-
induced desorption spectroscopy for the measurement of bulk hydrogen retention and laser-induced break-
down spectroscopy for the measurement of near-surface composition.
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I. INTRODUCTION

Understanding the scientific and technical challenges
associated with plasma-material interaction (PMI) and
edge and scrape-off layer (SOL) boundary plasma is cru-
cial for developing plasma-facing components (PFCs) for
current and next-step magnetic fusion energy systems.' In
these systems, the use of multimaterial PFC designs leads
to SOL PMI and transport processes that give rise to the
formation of mixed materials on both the divertor and
main plasma PFCs. The performance and interaction of
these mixed materials with the plasma during steady-state,
transient, and off-normal plasma events then, in turn, play
a critical role in determining PFC lifetime, tritium fuel
retention, and plasma performance.

For over 30 years, the Plasma Interaction with
Surface Component Experiment (PISCES) research
program at the University of California at San Diego
(UCSD) has performed PMI and boundary plasma
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science studies with a view toward prediction and
optimization of PFC performance. Most of the research
is carried out on the linear plasma devices (LPDs)
PISCES-A (Ref. 2) and PISCES-B (Ref. 3), which are
steady-state flowing plasma systems capable of produ-
cing energetic (H, D, He) ion bombardment fluxes in
the range of 10*' to 10** m s on fusion-relevant
material targets at impact energies up to several hun-
dred electron volts. The PISCES-A LPD is
a multipurpose system that hosts a number of experi-
mental activities spanning material exposure to plasma
transport studies, while the PISCES-B LPD is tasked
more specifically with ITER-relevant research experi-
ments involving the use of beryllium.* The program
also takes advantage of a number of other laboratory
plasma devices, laser-based systems, and diagnostic
apparatus to support its research mission with brief
descriptions given throughout the paper as necessary.
The following is a summary of recent key PISCES
experimental results and diagnostic developments that
were presented at the 23rd TOFE topical meeting.
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II. THE DYNAMICS OF HE AND W ATOMS IN W FUZZ

Fuzz manifests as the growth of a surface layer of
nanoscopic tendrils and has been documented for
a wide variety of materials upon exposure to He
plasma within a specific material-dependent tempera-
ture window.” Most studies of the fuzz effect have been
carried out for tungsten because of its importance as
a candidate nuclear fusion material. However, in spite
of more than a decade of research on fuzz (for exam-
ple, Ref. 5 and references therein), there remains no
complete understanding on the precise mechanisms and
processes that lead to fuzz formation, with the excep-
tion of agreement that the process is strongly linked to
subsurface He precipitation in the form of nanobubbles.
The experiments described in this section focus on the
dynamic behavior in which He fills such nanobubbles
as well the motion of W atoms during fuzz formation,
with the findings providing new insight into aspects of
the fuzz formation process. Complete details are to be
found in Ref. 6.

A series of plasma exposures in mixtures of *He-*He
and “He, on W, were carried out using the PISCES-A
LPD at a temperature of ~1100 K and a flux of 3 x 10
to 5 x 10% m *'s”!, with an associated ion impact energy
of ~55 eV achieved by application of a negative bias to
the W target. The impact energy is chosen to be well
below the sputter threshold of the W, which is ~120 eV
for “He. Following exposure, the *He content in the target
is quantified by nuclear reaction analysis (NRA) utilizing
the *He(D,p)*He reaction with an analysis depth of
~2 um. To examine the motion of He atoms during the
formation of tungsten fuzz, *He was injected into the
plasma at various admixture values of up to 25% at
different stages of the plasma exposure. Following expo-
sure, NRA measurements were made across the face of
the target. On each target face the fuzz was removed from
one side (by wiping) to examine the *He content below
the fuzz layer, while on the other side the fuzz was left
intact to measure the *He in the fuzz layer as well. The
arrangement is shown pictorially in Fig. 1, in addition to
NRA data from four different target samples. Figure la
shows the *He content across the sample face for a *He
(25%)-*He plasma exposure of 60-min duration.
A surprising result is that a significant level (~80%) of
the *He is determined to be in the substrate under the
fuzz. Figure 1b shows the result for a 90-min plasma
exposure where *He(10%) was added to the plasma in
the final 30 min on an already well-developed fuzz layer.
As with the first case, the fact that *He is found in the
substrate suggests that the fuzz is somewhat transparent
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to He ions since the *He was injected into the plasma at
the end of the discharge. Figure 1c shows the result for
a 90-min plasma exposure where *He(5%) was added to
the plasma only during the initial 30 min. A null result
(i.e., no *He detected) indicates that the initial *He was
not trapped or frozen into the nanobubbles but escaped
during the remainder of the discharge with just “He, and
the escape occurred in spite of a 6- to 9-eV surface barrier
for He to penetrate the bubble inner W surface.” Last,
Fig. 1d shows results for a 90-min plasma exposure
where *He(5%) was added to the plasma only during
the final 5 min. In this test the ratio of the *He ion fluence
to the target compared with that of Fig. 1b was ~0.05,
which is very close to the ratio of the amounts of *He
detected. The total He ion fluence was similar in each
case implying that the trapping of He in the W is propor-
tional to the ion bombardment fluence.

In a second experiment, 15 nm of isotopically
enriched tungsten (~92.99% '®*W) was deposited on
the surface of a bulk tungsten sample of naturally
occurring isotopic abundance. This sample was then
exposed at 1150 K to He plasma for a duration of
1 h to produce a fuzz surface layer. Secondary ion
mass spectrometry (SIMS) was used before and after
the plasma exposure to track the motion of the iso-
topes. The SIMS depth profiles are shown in Fig. 2 and
reveal strong mixing of the tungsten atoms from the
substrate and isotopically enriched layer during the
fuzz formation process.

Collectively, the results of both experiments sug-
gest that W fuzz formation involves dynamic pro-
cesses involving continuous He uptake, He release,
and W atom motion in both the substrate and fuzz
tendril material. A further conclusion of this work is
that a driving mechanism in He fuzz growth, being the
trapping of He, is not limited by He diffusion as this
would require He trapping at a rate proportional to the
square root of the ion fluence. This should not how-
ever be confused with the measure of fuzz layer thick-
ness, which does grow with the square root of the ion
fluence.®

[1l. ADAPTING TMAP FOR THE STUDY OF D RETENTION IN
DAMAGED W SURFACES

As we move toward burning plasma regimes such
as will be apparent in ITER, the effects of neutron
damage on materials is under increasing focus in
PISCES PMI research. To examine such effects,
heavy-ion beams of several mega-electron-volts (e.g.,
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Fig. 1. NRA line scan measurements of areal D retention
across W targets exposed to mixtures of *He-*He and
“He plasmas at ~1100 K. The schematic demonstrates the
orientation of fuzz removal by wiping. Insets describe
He admixture timing to the “He plasma at various stages
of the exposure: (a) *He(25%) added for the duration of
a 60-min exposure, (b) *He( 10%) added in the final
30 min of a 90-min exposure, (c) *He(5%) added in the
initial 30 min of a 90-min exposure, and (d) *He(5%)
added during the final 5 min of a 90-min exposure.

W or Cu) are typically used to produce damage in the
near surface (below 10 pum) of targets. Such ion
beams do not damage the material in the same way
as 14-MeV fusion neutrons, but at least, studies of
damage-related influences on PMI can be studied.
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Here, a recent adaptation of the tritium migration
and analysis program’ (TMAP) is outlined in its
application to studying the effect of damage on hydro-
gen isotope retention in, and release from, the mate-
rial W.

A key measurement in the PISCES laboratory for
studying hydrogen isotope retention and release is ther-
mal desorption mass spectrometry (TDS). However,
fully understanding TDS data is not usually straightfor-
ward and requires complex modeling of a coupled sys-
tem of differential equations to infer information on
trap concentrations and the trap release energies per-
taining to the material system being studied. The
TMAP code package is capable of performing the
necessary computations and is well validated,” but at
present, TMAP can only simulate material systems
with up to a maximum of three distinct trap types
characterized by a concentration distribution, and trap
capture and releases rates. To overcome this limitation
and extend to systems with greater numbers of differ-
ent traps, a pseudo-trap and temperature partition
(PTTP) scheme was developed.'® In this scheme,
traps that are actively trapping but inactively releasing
at a specific temperature are lumped together as
a single pseudo trap, thereby reducing the number of
equations to be solved in an incremental temperature
window and thus allowing for an increased number of
different trap types to be simulated over a given tem-
perature range. All of this is carried out using
a MATLAB routine that iteratively manipulates the
TMAP input file and continuously restarts the TMAP
package to achieve a final simulation.

An example of the application of the pseudo-trap
TMAP analysis is given in Fig. 3. Figure 3 shows TDS
data for a sample of W (6-mm diameter, 1.5-mm thick-
ness) that was damaged with 3.4-MeV Cu ions to
a peak displacement-per-atom ratio of ~0.2 at a depth
of 0.9 um and then exposed to D, plasma in the
PISCES-E radio-frequency (rf) LPD at 383 K to a flu-
ence of 10**-m™? deuterium ions of ~110-eV energy.
The TDS D release is found to be broad and occurs
over a wide temperature range beginning at ~400 K
and ending at ~1000 K due to the multiplicity of traps
created by the heavy-ion damage. Figure 3 also shows
a limited three-trap TMAP and a six-trap PTTP scheme
TMAP simulation. The TMAP simulation with three-
trap limitation utilizes traps of release energies of 1.1,
1.4, and 1.9 eV. However, the agreement is somewhat
poor and displays an ~20% residual. When modeled
with the adapted PTTP TMAP scheme and six traps of
release energies of 0.9, 1.1, 1.4, 1.7, 1.9, and 2.1 eV,
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Fig. 2. SIMS depth profiles of (a) 15 nm of isotopically enriched '®*W deposited on a bulk W sample of natural isotopic abundance
and (b) the same sample following exposure at 1150 K to He plasma for 1 h to produce a fuzz surface layer ~0.4 um thick.
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Fig. 3. An example of the application of pseudo-trap TMAP analysis to TDS data for D, plasma exposed damaged
W. Two TMAP simulations are compared to the TDS data: a limited three-trap simulation with ~20% residual and a six-
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the agreement is significantly improved, and the resi-
dual is much better at only 4%. The development of
the TMAP PTTP scheme has therefore increased the
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capability of TMAP in multitrap materials and TDS
analysis and simulation. Complete details of this
study are given in Ref. 10.
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IV. SYNERGISTIC D TRAPPING EFFECTS IN COMPOSITE
BE CODEPOSIT AND W SUBSTRATE SURFACES

A common model for retention of hydrogen isotopes
in materials is that upon implantation the isotopes diffuse
away from the surface and into the bulk, encountering and
filling preexisting trap sites” and thereby forming
a diffusion front that progresses into the material. For W,
preexisting trap sites are typically assumed to vary from
107 to 10 per W atom based on measured hydrogen
depth profiles,'" and such values are typically required to
model the hydrogen isotope uptake with a diffusion-
reaction code like TMAP (Ref. 12). However, Gao et al."?
have recently showed the existence of a 10-nm-thick
D-supersaturated surface layer with a high D concentration
of ~10 at. % after irradiation with low-energy ions and
suggest a synergistic interaction of implanted D ions and
solute D atoms with the W lattice. In their proposition,
solute D atoms prevent the recombination of vacancies
produced by lattice collisions with impinging D ions,
with counterpart interstitial W atoms thus formed. The so-
called Frenkel pairs then become further D trapping sites,
thus driving a high D surface concentration (~0.1) that is
much higher than accountable by intrinsic traps. Recent
experiments in the PISCES laboratory show a similar
result, with the exception that the mechanism observed is
operative beyond the implantation zone. The results,
which are arrived at through a combination of PMI and
TDS experiments, and thermal release modeling with
TMAP have strong implications for the way retention in
W is understood and modeled.

In the experiment, two identically prepared W samples
are exposed together at 560 K to deuterium plasma in the
PISCES-A LPD, receiving a D ion fluence of 3 x 10> m™?
and 80 eV. One of the samples is used as a control sample
and analyzed using TDS to give the thermal release from
the PMI W. The other PMI W sample is then coated, along
with an unexposed W sample, with a layer (5 to 10 nm) of
Be-D codeposits using a magnetron sputtering system.'*
Both of these samples are then analyzed with TDS to give
the thermal release from the D, PMI W with the codeposit
layer as well as the release from the codeposit only. The
TDS results are then modeled with TMAP using prior
developed models for D, PMI W (Ref. 12), and codepos-
ited Be (Ref. 14).

The TDS data and TMAP modeling are shown in
Fig. 4. The D, PMI W control TDS data show trap
release at peaks ~700 K and 850 K. In comparison, the
Be-D codeposit on unexposed W begins with a strong
sharp release at ~490 K that diminishes at higher tem-
perature. In the composite Be-D codeposit on the PMI
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W case, D released from the bulk W traps (~700 K and
850 K) is increased, but the increase matches a reduction
in the low-temperature sharp release associated with the
codeposit layer (~490 K). However, the areal density of
D in the three samples is consistent according to the PMI
and deposition processing of each. Collectively, an inter-
pretation of all three TDS data sets is that during the TDS
temperature ramp, the PMI bulk W pumps the Be-D
codeposit overlayer, and that trapping in bulk W traps is
increased by ~3 to 5 for the mobile D, which leaves the
codeposit and diffuses into the PMI W.

The interpretation is explored by modeling the data
with TMAP using desorption models built on prior work—
a PMI W model is reported in Ref. 2, and a Be-D codeposit
model is reported in Ref. 4—and to model the composite
case of a Be-D layer with PMI W substrate only requires
that the two models be coupled. Beginning with Fig. 4, the
control D, PMI W release is simulated reasonably by two
trap concentrations of 1.6 x 107> and 3.0 x 10°° of release
energies of 1.6 and 1.9 eV. Presumably, this gives informa-
tion on the D trapping properties of the W used in the
experiment. However, referring to Fig. 5, the TDS data for
the Be-D codeposit layer on the unexposed W substrate are
shown with three overlays of a combined TMAP simula-
tion. The Be-D codeposit layer is simulated with two traps
of release energies of 0.8 and 1.0 eV and the W substrate
with the same preexisting traps of 1.6 and 1.9 eV deter-
mined from the control D, PMI W case. In the simulations
the trap concentrations in the W (W:C,) are increasingly
varied as shown in Fig. 5. It is noted that increased sub-
strate traps in the W lead to emergent high-temperature
release peaks that are just not seen in the TDS data. The
only conclusion is that the preexisting or intrinsic trap
concentration in the non-plasma-exposed W substrate is
below ~2 x 107°. Yet, the TMAP model of Fig. 4 shows,
subsequent to PMI, that the trap concentration in the D,
PMI W is larger by an order of magnitude in order to
simulate the TDS data. Taken together, the results suggest
that traps are produced by the PMI. Further, in the compo-
site case (D, PMI W plus codeposit) in Fig. 4, the TDS
data are only reproduced by TMAP simulation if the con-
centrations of bulk W 1.6- and 1.9-eV traps in the near
W surface (a few hundred nanometers) are increased
further to 1.5 x 10~ and 2.0 x 107>. That is, significantly
more traps are necessary in the first 100 nm of the
W substrate, with respect to the D, W PMI case, to give
the observed pumping effect in the simulation that matches
the experiment. Given the necessary 100-nm range
required to model the effect and the use of a below sputter
threshold ion energy for W displacement during the PMI, it
is deduced that the extra trapping is not entirely related to
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Fig. 4. TDS and TMAP simulations for three W PMI samples. Data are shown for a W sample exposed in PISCES-A at 560 K to
D, plasma up to a fluence of 3 x 10*° m 2, 80-¢V deuterium ions; a second W sample exposed identically but with a 5- to 10-nm
layer of sputtered Be-D codeposit; and a third W sample that was not exposed to plasma but is coated in an identical Be-D

codeposit layer.

ion bombardment during the PMI as in Ref. 13 but to the
presence of additional D in the surface region during the
TDS desorption. That is, all of the data seem to suggest
evidence of D concentration driven trap formation in
W. The study of this effect is ongoing with further samples
prepared and under examination using NRA to measure
the D concentration depth profiles in the surface and vali-
date the TMAP modeling.

V. LASER-INDUCED DESORPTION SPECTROSCOPY FOR
TARGETED IN SITU D RETENTION MEASUREMENT AND
REMOVAL

Tritium management will be a major factor in future
fusion devices and will depend on the ability of the
reactor to breed it. However, inefficiencies including
tritium uptake in PFCs and codeposits are seen as
a challenge to ftritium self-sufficiency. Consequently,
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trittum inventory assessment and control in plasma-
wetted surfaces is a priority scientific direction' in
ongoing fusion research. The technique of laser-induced
desorption spectroscopy (LIDS) is currently being
explored in the PISCES laboratory as a technology devel-
opment with the potential for targeted, in situ, hydrogen
isotope measurement in and removal from PMI surfaces.
Here, we summarize the initial results with the technique
for the measurement and removal of D from Ti-D code-
posited layers, which were chosen because of high
D content and hence good signal detection in these proof-
of-principle experiments. Full details of the system and
results for W codeposited layers are to be published
separately. '

A batch of Ti-D codeposit samples was produced at
500 K on 6-mm-diameter, 1.5-mm-thick nickel samples
using a sputtering system. The codeposit layers were
measured to be 4 pm thick according to the mass gain
on each sample. One sample was analyzed for D content
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Fig. 5. TDS data for the Be-D codeposit layer on the
W sample that was not exposed to plasma (as in Fig. 4)
but with TMAP simulations showing the effect of various
W substrate intrinsic trap concentrations of 1.6 and 1.9 eV.

using TDS and revealed a notably sharp D release peak at
~630 K and D release corresponding to an areal
D retention of 3.8 + 0.6 x 10 m 2, which corresponds
to a D/Ti ratio of approximately 0.6. Separate samples
from the batch were then immersed in a 1.5-kW, 13.56-
MHz argon rf plasma in the PISCES-E LPD device.
Following plasma immersion, a LIDS pulse of 1100-nm
radiation from a 1-kW Coherent Highlight 1000FL fiber
laser is applied for a duration of up to 5 s. During the
LIDS pulse, the surface temperature profile is measured
by a fast two-color pyrometer, and the spectral line emis-
sion from Balmer series D-alpha in the plasma is
recorded using a fast (1-ms resolution) Avantes four-
channel optical spectrometer. The Balmer optical emis-
sion in the Ar plasma is representative of the D release
from the Ti-D codeposited layer, but the temporal shape
of the actual release is modified by the system response
due to vacuum pumping and wall recycling. The optical
release profiles are then quantified in terms of molecular
flow with a separate optical measurement carried out
under the same conditions as LIDS but with a calibrated
D source leaking into the plasma proximally to the sam-
ple location. The system response is obtained from
a short burst of D, injected into the plasma to
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approximate an impulse function, and the actual released
D is computed by taking the deconvolution of the mea-
sured signal and the system response. The integral of the
calibrated deconvolution during the LIDS pulse gives the
total released D from the sample, which is then easily
converted to areal D retention by dividing by the laser-
irradiated area. The experimental apparatus is shown
schematically in Fig. 6.

Figure 7 shows LIDS data sets for the Ti-D codeposit
layer for an irradiated laser spot of 3.5-mm diameter and
0.5-s pulse width. The top row shows the laser power pulse
waveform; the middle row shows the fast pyrometer surface
temperature measurement; and the bottom row shows the
response function of the system, D-alpha emission, and
calibrated deconvolution. The columns in Fig. 7 depict
three separate laser irradiations of the same sample location.
In this sequence of laser shots, increasing laser power was
used to obtain full removal of D as demonstrated by the lack
of D emission following the second LIDS pulse. When
calibrated, the released areal D gives a D retention value
0f 4.4+ 0.9 x 10** m 2. The LIDS measure of D retention is
thus found to be in good agreement with that obtained on the
control sample measured by conventional TDS. Based on
the success of this demonstration, future development of the
LIDS system is planned for an in situ measurement of
D retention capability on other PISCES LPDs.

VI. LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR
IN SITU SURFACE COMPOSITIONAL ANALYSIS

Sputter eroded impurities transported in the SOL
plasma in fusion devices can lead to a variety of PMI
effects when redeposited. The impurities form mixed
materials with the substrate and create layers of code-
posits containing hydrogen isotopes and also change the
surface morphology, which in turn, then affect the local
PMI. Postmortem surface analysis currently provides
much of the useful information on these effects, but
in situ methods offer the advantage of gaining insight
into the dynamic behavior of a material surface during
the plasma exposure. Recent experiments in the PISCES
laboratory using the technique of laser-induced break-
down spectroscopy (LIBS) have been developed with
a specific view toward the technology for studying
dynamic PMI in situ.'® A schematic of the LIBS tech-
nology is shown in Fig. 8 for installation on the
PISCES-A LPD.

The apparatus utilizes laser radiation from
a Q-switched Nd:YAG that produces light of 1064-nm
wavelength at pulse widths of ~5 ns. The laser resides
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identical sample of 3.8 + 0.6 x 10> m™>

within an optical safety enclosure with the light beam  on the target, determined ex situ, is measured at ~600 pm
transported along an optical path utilizing mirrors. Beam  with a laser confocal microscope (Olympus LEXT
entry into PISCES-A is achieved through a focusing lens =~ OLS4100).

(FL 750 mm) and standard vacuum window, whereby the During a LIBS pulse the plasma optical emission
beam is then redirected by a further mirror to the PMI  near the target is monitored with an echelle-type spectro-
target. This mirror is retracted when not in use to mini-  meter (Andor ME5000) equipped with an intensified

mize contamination of the mirror surface from deposition  charge-coupled-device camera (Andor iStar DH334T)
products from targets. In the current setup the laser  that allows the determination and measurement of radiat-
energy chosen is ~100 mJ, and the focused spot diameter  ing species liberated during the laser pulse.
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Fig. 8. Schematic representation of LIBS for in situ sur-
face compositional measurement on the PISCES-A LPD.

Initial experiments with the LIBS diagnostic have
focused on measurement of the D retention in W, as
demonstrated in Fig. 9, which shows the dependance of
Da (656.1 nm) line emission from LIBS pulse events
during D plasma exposure in PISCES A with a plasma
of temperature 7, ~ 6 eV and density n, ~ 6 x 10'” m™>.
The Da intensity is a measure of the near-instantaneous
dynamic retention in the W surface and is found to
decrease with increasing target temperature 7;. An
insightful finding in this experiment is that this result
is different from what is reported in the literature'’ for
D retention in W exposed to high-flux D plasma
whereby the retention peaks at 500 to 600 K. The
difference is thought to reflect the differences between
retention measurements made by in situ LIBS and that
reported in Ref. 17, which is a compilation of D in
W retention data determined by the techniques of TDS
and NRA. LIBS is entirely surface sensitive, probing the
top few hundred nanometers, whereas TDS and NRA
are considerably more bulk D sensitive by comparison.
Indeed, the depth probed in the surface is ~110 nm for
the LIBS system described, while the whole sample
thickness is measured in TDS, and many microns are
probed in typical analysis of D in W by NRA (Ref. 17).
Further, the peak in D retention at ~500 to 600 K is
thought to be associated with the formation of blisters
that are usually seen at depths much beyond the LIBS
measurement range.'® Ongoing research with the
PISCES LIBS system is planned for development of
the technology into an in situ measurement capability
for D retention and surface composition. Complete
details for this study are to be found in Ref. 16.
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Fig. 9. The Do (656.1 nm) line emissions measured
during LIBS pulse events taken at different sample tem-
peratures on a W sample exposed to D, plasma in
PISCES A.

Vil. SUMMARY

Current and continuing research at the PISCES labora-
tory at UCSD is a focused mix of experimental science in
basic PMI and boundary plasma studies with emphasis
given to technology development when appropriate to the
PISCES scientific mission. PISCES researchers and engi-
neers carry out this mission utilizing a host of plasma
facilities and material diagnostic methods to aid in the
testing of hypotheses through experiment, theory, and
modeling that, in turn, allows for the projection of PMI
performance under fusion-relevant conditions. The work
summarized here is a selection of current PISCES experi-
ments and technology development efforts with a view to
supporting the needs of ITER and U.S. fusion nuclear
science initiatives, which were presented and discussed
at the 23rd TOFE topical meeting.
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