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1. Introduction

Plasma-material interface (PMI) science mixes the worlds 
of plasma and materials, creating in-between a new entity, 
a dynamical interface that is actively evolving between the 
two producing one of the most challenging areas of mul-
tidisciplinary science. This area has many spatio-temporal 
fundamental processes and synergies [1–5] driven by both 
the plasma side of the interface and material transformation 
on the other. A major goal in PMI science is to extend high-
performance plasmas for very long durations and to integrate 
this performance with plasma-facing components (PFCs) that 

can withstand high heat and particle fluxes while maintaining 
structural integrity and minimal retention of fusion fuel [6, 7]. 
Among the most elusive technical challenges for the advance-
ment of thermonuclear magnetic fusion energy is predictive 
control of hydrogen recycling in the PFCs as well as manage-
ment of erosion and defects induced by plasma particle and 
neutron irradiation [8, 9].

National Spherical Torus Experiment Upgrade (NSTX-U) 
at the Princeton Plasma Physics Laboratory (PPPL) recently 
completed, will be the most powerful spherical tokamak 
experimental fusion facility in the world. It will double the 
heating power, magnetic field strength (to 1 T) and plasma 
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Abstract
We present a study of the role of boron and oxygen in the chemistry of deuterium retention in 
boronized ATJ graphite irradiated by the extreme environment of a tokamak deuterium plasma. 
The experimental results were obtained by the first XPS measurements inside the plasma 
chamber of the National Spherical Torus Experiment Upgrade, between the plasma exposures. 
The subtle interplay of boron, carbon, oxygen and deuterium chemistry is explained by 
reactive molecular dynamics simulations, verified by quantum–classical molecular dynamics 
and successfully compared to the measured data. The calculations deciphered the roles of 
oxygen and boron for the deuterium retention and predict deuterium uptake into a boronized 
carbon surface close in value to that previously predicted for a lithiated and oxidized carbon 
surface.
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current (to 2 MA) of its predecessor, and increase the pulse 
duration by five times (pulse length 5 s). One of the chasms 
in deciphering thermonuclear fusion performance has been 
understanding the causal role that the PMI plays in overall 
core plasma physics. From the confinement of fuel particles 
to the impurity emission and retention of particles at the 
plasma-facing material surfaces, understanding of this com-
plex coupling has remained elusive. This knowledge gap has 
primarily been driven by the fact that there has been until now 
no diagnostic that can probe the evolving surface chemistry at 
the PMI with sufficient accuracy and sensitivity during and 
in-between plasma shots. For the first time an in situ ex-tem-
pore technique has been implemented in an extreme tokamak 
environ ment and data of the PMI measured with time resolu-
tions of 12–24 h using the Material Analysis Particle Probe 
(MAPP), newly installed on the NSTX-U chamber [10]. 
MAPP is capable of performing surface diagnosis between 
the plasma discharges of samples placed at the wall inside 
the plasma chamber along the outboard divertor. This is an 
improvement in time resolution of two orders of magnitude 
as the traditional approach consisted of examining PFCs ex 
situ and post-mortem after an annual campaign consisting of 
thousands of plasma shots

The first experiments in NSTX-U, performed this year, 
have explored the effects of boronized carbon (BC) surfaces. 
Previous experiments with BC PFCs in NSTX [11] and other 
machines have shown increased plasma confinement time and 
reduced impurity radiation, in particular oxygen. However, a 
fundamental understanding of the link between these plasma 
improvements and the wall surface chemistry remains elusive. 
This is because the relationship between boronization and 
actual surface conditions had to be inferred because analysis 
of PFCs could only be performed at the end of an experimental 
campaign. In contrast, MAPP has the ability to expose PFC 
samples to the plasma, and for the first time, analyze them 
during the course of the run. The time-resolved data obtained 
with MAPP have enabled comparison with theory to pro-
vide unique insight into the detailed chemistry of boronized 
surfaces.

The key role of oxygen in the uptake of deuterium was 
deciphered for lithiated carbon PFCs in previous work [6, 7]. 
In order to establish an understanding of the effects of boroni-
zation of PFCs in NSTX-U and fusion wall material surface 
chemistry in general, we present an experimental and com-
putational studies of the surface chemistry of the deuterium 
uptake, with particular attention to the mutual chemistry of 
boron, oxygen, carbon and deuterium. We demonstrate our 
experimental and computational method in section  2. Our 
results are presented and discussed in section 3. Finally, we 
show our concluding remarks in section 4.

2. Methods

2.1. Experiment

The Materials Analysis Particles Probe is a chemical analysis 
facility designed to characterize samples exposed to tokamak 
plasmas and conditioning procedures without exposing their 

surface to atmosphere [12, 13]. MAPP can carry four different 
samples that are inserted flush with the tiles in the lower divertor 
of the NSTX-U machine and then be remotely retracted to an 
analysis chamber for invest igation with XPS. In MAPP, XPS is 
performed with a compact Comstock Hemispherical Analyzer 
[14] equipped with two Micro Channel Plate (MCP) detectors 
to collect the photoelectrons signal. The x-ray gun is a water 
cooled dual anode source (PSP TX400). All the data reported 
here was collected using a Mg anode (hν  =  1253.4 eV).

MAPP carried two ATJ (fine grain, polycrystalline) 
graphite, with one TZM (alloy of molybdenum with 0.5% 
Ti, 0.1% Zr) and one gold sample during the 2015–2016 
exper imental campaign. Only the data collected with one 
ATJ sample during one period of boronization (12 d after 
boron deposition) are reported in this work. The Au sample 
was used for calibration of the binding energy scale with 
the 4f5/2 at 88 eV. The ATJ sample was cleaned with acetone 
previous to the insertion into MAPP, the samples were then 
pumped down to 10−8 Torr and inserted in the NSTX-U 
vessel. The inner walls of NSTX-U (including the MAPP’s 
samples) were boronized with a low temperature plasma 
glow of a mixture of 95% He and 5% deuterated-trimeth-
ylboron (d-TMB), details on the boronization procedure can 
be found in [15]. The boronization was followed by 2 h of 
Helium glow discharge cleaning (HeGDC) to remove deu-
terium from the surface of the walls and samples. After this, 
the samples were retracted to MAPP’s analysis chamber 
for XPS. An XPS data set is formed by a survey scan 
(1000–0 eV) and three region scans i.e. O 1s, C 1s, B 1s. 
Following the acquisition of the XPS baselines the samples 
were reinserted into the tokamak for plasma exposure. The 
samples were extracted at the end of each day of plasma 
operations to monitor the chemistry of their surface after 
the exposures. In a regular day of operations, the NSTX-U 
executed between 15 and 20 plasma discharges with dif-
ferent plasma configurations, duration and parameters. As a 
consequence, the ion and particle dose on the samples was 
different each day.

The procedure was repeated daily during twelve days, after 
this period the samples were boronized again. The XPS data 
were analyzed using CASAXPS software to obtain the peaks 
deconvolution shown in figure 2 and the concentrations shown 
in figure 1. A detailed literature review added and controlled 
laboratory experiments were performed to develop a data base 
with the positions of the peaks in our spectra. The full width 
at half maximum (FWHM) that constrained the peaks in the 
regions was obtained with the minimum theoretical resolution 
of our analyzer i.e. 2 eV [10].

The measurements from MAPP are part of a larger 
approach of characterization of PFCs that also involves 
experiments in the laboratory to simulate the conditioning 
and plasma induced modifications on the surfaces that we 
observed in the tokamak. The benefits from this approach are 
twofold i.e. we obtain a clearer description of the processes 
observed with MAPP in the field and we validate those data 
and our analysis methodology using equipment with higher 
energy resolution (~0.5 eV) than that achievable with MAPP’s 
compact analyzer.

Nucl. Fusion 57 (2017) 086050
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2.2. Computational approach

The qualitative and quantitative chemical evolution of the 
surface caused by reactive force field (ReaxFF) bond-order 
potentials [16, 17] is derived from quantum mechanical 
data, as implemented in the classical-molecular-dynamics 
(CMD) large scale atomic/molecular massively parallel simu-
lator (LAMMPS) code [18]. Besides, the ReaxFF approach 
describes atomic charge dynamics due to the change of 
atomic coordinates during the deuterium impact cascade [16, 
17]. This advantage of ReaxFF is based on the electrochem-
ical electronegativity equalization method, a semi-empirical 
method which applies a set of pre-calibrated, material and 
coordinate dependent parameters to recalculate charges at 
each MD step [17].

We constructed amorphous samples of 400 atoms for var-
ious predefined, energy-optimized surface configurations of 
BC, CO and BCO that were thermalized at 300 K, with perio-
dicity established in the direction parallel to the surface and 
with deuterium atoms impinging orthogonal to the prepared 
surface. We use the ReaxFF potentials reported in [17] to per-
form MD simulations.

The boronized and oxidized carbon surface was prepared 
as an amorphous virgin B–C–O cell with about 400 atoms. 
This cell has a predefined initial atomic distribution of 20% 
O, 20% of B, and 60% of C approximately mimicking the 
experimental data shown in figure 1. The cell is energy optim-
ized by the consecutive process of heating and annealing and 
finally thermalized to 300 K using Langevin thermostat. The 
resulting cell has lateral dimensions of 1.75 nm in z-direction 
and about 1.5 nm in x and y directions. This maximal penetra-
tion of a D atoms of 5 eV impact energy, tested with 3000 
impacts, is about 0.75 nm. Therefore the computation cell is 
large enough to avoid artificial reflections of deuterium atoms 
by the cell bottom. Consequently, our identification of the sur-
face chemistry, including determination of the concentrations 
of various atomic constituents of the target surface as response 
to the deuterium impacts in z-direction, are performed only 
in the upper half of the cell (table 1). 2D periodic boundary 
conditions (in x and y directions) are applied during all steps 
of our simulations.

The preparation of the deuterated B–C–O surface by 
D-accumulation was done by cumulative bombardment by 
D atoms at 5 eV. The separation time between successive D 
impact was 50 ps, of which 20 ps is for the thermostat-inde-
pendent cascade evolution, 20 ps is the target thermalization 
to 300 K and 10 ps is relaxation time. The cumulative process 
created surfaces with 12.5%, 24% and the maximum 38% 
of D, calculated from Dacc  =  ND/(NC  +  NB  +  NO). The data 
showing the concentrations of D, C, B and O for four target 
surfaces used in this work are shown in table 1.

Upon the surfaces preparation, we have bombarded each 
sample with 3000 independent 5 eV D impacts perpend icularly 
to the surface in order to reach statistical accuracy in the data. 
Although each of these D atoms impacted the same surface, 
thus probing the surface with just one additional D atom, the 
locations of the impacts were randomly distributed over the 
surface. This procedure reduced the maximal standard error 
of the obtained chemistry of a retained D atoms, as well as of 
the induced chemistry in the surface mixture of B, C, and O to 
less than the size of symbols at figures 3 and 4.

We have verified our results for the D retention chemistry 
with the quantum–CMD calcul ations using the self-con-
sistent-charge tight-binding density functional method (SCC-
DFTB) [19, 20]. Though there is a qualitative difference of the 
REAXF and SCC-DFTB results ranging within 20% no dif-
ference in the phenomenology of the results was found. The 
comparison was published in [21].

3. Results and discussion

We compare atomistic simulations, as explained in section 2.2, 
to experimental x-ray photoelectron spectroscopy (XPS) mea-
surements, as described in section 2.1. We report XPS mea-
surements at the end of each day after exposure of the MAPP 
sample to deuterium plasmas. Thus, these data represent 
the cumulative effect of plasma exposure and between-shot 
He-GDC. They discriminate, however, against the outgassing 
between the run days.

The measured evolution of the surface elemental concen-
trations are shown in figure 1. This was obtained by quantita-
tive analysis using the XPS spectra. Details on this procedure 
can be found in [11].

Prior to the boronization, the oxygen surface concentration 
on the ATJ graphite MAPP sample was about 12% (atomic per-
cent, excluding hydrogen since XPS is unable to measure the 
D concentration directly). Upon boronization, the oxygen con-
centration decreased to 6% and the other surface constituents 
were 35% of B and 59% of carbon. Following 5 d of plasma 

Figure 1. Concentrations of O, B and C measured by XPS in the 
boronized ATJ graphite sample for increasing plasma exposure. The 
shaded colored areas are  ±  one standard deviation about the mean 
values.

Table 1. Percentage of C, B, O, and deuterium accumulated in the 
upper half of the four target cells. The C, B, O percentages without 
D are normalized to 100% for comparison to XPS data.

Deuterium Carbon Boron Oxygen

0 55.07 23.91 21.02
12.50 56.62 22.79 20.59
23.91 55.80 23.19 21.01
38.24 56.62 22.79 20.59

Nucl. Fusion 57 (2017) 086050
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operations, the oxygen concentration increased to about 20%, 
while the boron and carbon reached about 20% and 60%, 
respectively. The oxidation of boron coatings on graphite has 
been previously observed in laboratory experiments where sam-
ples were exposed to oxygen ions [22]. A 5% to 35% increase 
of oxygen content upon deuterium bombardment in lithiated 
carbon surfaces of NSTX has been also observed [6, 7]

Figure 2 shows the O 1s, C 1s, and B 1s core-level XPS sig-
nals after daily exposures to deuterium plasma corresponding 
to the time intervals shown in figure 1. Decomposition into 
the constituent XPS peaks is based on [10], guided also by 
our atomistic simulations. The chemical changes are observed 
as simultaneous shifts and intensity changes in the O 1s, B 1s 
and C 1s spectra. Thus, formation of O–B bonds is assigned to 
peaks at 531.5 eV and O–B–D to peaks at 534.5 eV in the O 1s 
signal, while the B 1s peak at 190.5 eV is assigned to B–O–D 
and B–D species. The C 1s peak at 283 eV is assigned to C–B 
bonding and the B 1s peak at 187.5 eV peak to B–C and B–B 
bonding. These assignments vary slightly from Ghezzi et al 
[23] due to experimental setup differences.

We perform CMD simulations of deuterium irradiation 
on boronized, deuterated, and oxidized carbon surfaces, fol-
lowing the approach and surface configurations described in 
section 2.2. For each of the O, C, and B atoms we calculate 
distances to the nearest neighbors to determine its proper 
coordination and thus, its strongest favorable bonds [8] as 
functions of the D concentration. The bond length thresholds 
are estimated by covalent lengths of the constituent atoms. 
Since these were found to deviate as much as 20% in SCC-
DFTB, and as much as 30% in REAXFF calculations, visual 
inspection was done for each bond, and in some cases this was 

supplemented by the electron density analysis. Figure 3 shows 
the favorable bonding for each of the atoms in %, normalized 
to the total number of atom bonds of the particular type. Thus, 
for oxygen bonds, the number of O–B, O–C and O–D bonds 

Figure 2. (a) O 1s, (b) C 1s, and (c) B 1s XPS spectra from 
boronized ATJ graphite for various days of deuterium plasma 
exposure. Day ‘0’ is the day of boronization and the spectra shown 
were obtained immediately after boronization.

Figure 3. Percentage of bonds of (a) O, (b) C, and (c) B to other 
constituents in the BCOD surface as a function of D concentration 
in the upper 7.5 Å of the computed sample. The surface was 
irradiated randomly with over 3000 deuterium atoms at 5 eV for 
each of accumulated D concentrations, leading to a small statistical 
error in figure, smaller than a symbol size. The shaded colored 
areas, bands, are  ±  one standard deviation about the mean values 
measured by XPS of the corresponding bonding (color matched to 
the calculated values, grey is C, pink is O, light-blue is B, yellow 
is B–O–D), averaged over the 4 d of plasma exposure in figure 2. 
CO3 was counted as triple match, and joined to the C–O band. 
Additional simulations and measurement analysis will be needed in 
the future to decipher the time-dependent D accumulation evidence 
in the MAPP data.at the expense of boron with carbon. This is also 
indicated by the increasing behavior of C–O bonding from 27% 
to 76% in the O 1s scans (which is hidden in flat bands) that also 
indicates the dominance of oxygen atoms at the surface.

Nucl. Fusion 57 (2017) 086050
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are normalized to the total number of oxygen bonds in the top 
0.75 nm of the considered computational cell.

The amounts of O–B, O–C, and O–B–D bonding in 
figure 3(a) are consistent with those in the top three blocks of 
figure 2(a): O–C slightly increases and O–B decreases, respec-
tively, while O–B–D slightly increases with plasma exposure. 
However, as mentioned in the caption of figure 3, the goal of 
this work is not to follow the time dependent effects of the D 
accumulation, since these effects are not well defined with this 
experiment. Note that the BCO point at the horizontal axis of 
figure 3 corresponds to zero accumulation of D. The bands in 
figure 3 were obtained averaging the concentrations of two con-
secutive days of the data shown in figure 2. The values at the 
BCO abscise were obtained from the data labeled with ‘0’ at 
figure 2. The values from the XPS spectra indicate a non-trivial 
concentration of D in the BCO system likely due to the plasma-
enhanced deposition of boron films with D atoms from the gas 
phase during molecular dissociation during deposition. This 
would result in a higher value from simulations of the O-(BD) 
and lower B–O complex. The simulated C–C, C–O, C–B and 
C–D curves in figure 3(b) are consistent with the colored bands 
emerging from measurements in figure 2(b). We note that the 
simulated values in figure  3(b) were rescaled, after the C–C 
concentration at 11% and 20% D was fitted to the middle of the 
measured C–C peak intensity. This was done because the depth 
probed by XPS (a few nm) is much deeper than the surface 
layers involved in the calculation (0.75 nm). There are discrep-
ancies however found in the B–C and B–O interactions both in 
the B 1s time-dependent spectra. In particular, there is a non-
trivial variation of the measured B–C interaction in the C 1s 
scan region decreasing from ~31%–42% down to only 2–4%.

The bands of strong B–O and B–C peaks in figure 3(c), do 
not fit well with calculated curves. On the other hand, the dom-
inance of B–D and B–O–D XPS peaks was established imme-
diately after boronization by B(CD3)3 (day ‘0’ in figure  2). 
This brought a significant amount of D into the surface, which 
then decreases in time in figure 2(c), due to the He-GDC and 
outgassing. This trend in D content as well as of the B–O–D is 
well reflected by the relevant calculated curves in figure 3(c).

Consistent with the ‘discrepancies’ of flipped C and O 
behavior between experiment and simulation in B 1s we find 
that the ‘time’ of exposure of D irradiation is driving oxygen 
to the surface and increasing the effective oxygen content 
dynamically and thus dominating bonding between oxygen 
and boron atoms

Since simulations in figure 3 keep the oxygen concentra-
tions static, a number of runs were completed that increased 
oxygen at the surface to 40%. These results are indicated in 
figure 3 as ‘open symbols’. The results are consistent with our 
conjecture that there is a mechanism responsible for driving 
oxygen to the surface similar to those found for lithiated 
graphite [6, 7]. This finding is particularly critical for the large 
discrepancy in functional behavior of the B–O and B-(OD) 
XPS data with exposure time (e.g. days after boronization) in 
figure 3(c).

The high degree of qualitative and quantitative agreement 
between the theoretically anticipated and measured chem-
istry in the complex BCOD surface allows us to analyze the 

deuterium retention chemistry and yield per D, shown in 
figure  4. The initially negligible role of oxygen in bonding 
D in the BCO (<5% of D is bonded to O) is changed sig-
nificantly with D uptake, reaching almost 20% of D, in strong 
contrast to the role of oxygen in the D retention of LiCO sur-
faces [8].

Boron in general is more reactive than carbon because of 
the so-called octet rule, i.e. a coordination number of four is 
preferred for B atoms  even so it only has three valence elec-
trons, and in our simulations we sometimes even find coordina-
tion numbers of five and six. Also electron withdrawing ligands 
on B such as O further increase D uptake on B. Thus, the role 
of B in the retention of D does not change with increasing D 
accumulation as can be seen in figure 4. However, the role of 
carbon in D retention decreases with D accumulation, since C 
is less flexible in its coordination number than B. Considering 
the unchanged role of B in D binding, more of the impacting 
D is available to bond to O. Besides, the accumulated D bonds 
to the O binding partner B as in figures 3(a) and (c), creating 
BCD and destroying boron bonds to O, thereby making room 
for O–D. This situation contrasts to the case of LiCO where Li 
does not play a significant role in D bonding. It is rather oxygen 
that plays the major role, as it is retained in high concentration 
in the surface due to the long range interactions of Li and O [6].

The atomic content of D in the surface was not directly 
measured by XPS, but can be estimated from the XPS peak 
intensities corresponding to B-(OD) and O–B–D bonding in 
figure  2. The agreement of our simulations with the trends 
observed in the XPS spectra for the various BCO components 
indicates that the D concentration in the surface increases with 
the cumulative plasma exposures after boronization.

Figure 4. Percentage of D bonds with constituents of the BCOD 
surface as function of the deuterium accumulated concentration (left 
axis). Retention per impact of D on BCOD and LiCOD (right axis).

Nucl. Fusion 57 (2017) 086050
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According to the results shown in figure 4, about 80% of 
D is retained in the BC surface. This is about 5% more than 
the % D retained in the LiC surface previously reported in [6, 
7, 24]. However, when the 20% of carbon atomic concentra-
tion is replaced by oxygen, D retention in BCO and LiCO 
[8] surfaces is 86.5% and 84.5%, respectively. With accumu-
lated D, the D retention reaches 89.6% for BCOD and 86% 
for LiCOD. The similarity of the retention curves for various 
matrices containing Li and B, in spite of different chem-
istry, is unexpected, having in mind the different chemistry 
of D-retention in Li and B matrices and the reduction in the 
divertor D-alpha emission with lithium consistent with a drop 
in recycling coefficient from R ~ 0.98 to R ~ 0.9 [25]. The B 
matrices hold a few percent more D than the Li matrices, a 
consequence of the B atoms having strong chemical reactivity 
and variability in their coordination number.

4. Concluding remarks

The implications of this work are far-reaching given for the 
first time our ability to observe ‘in situ’ the complex surface 
chemistry and physics induced by exposure of device walls 
to the extreme environment in tokamak plasma that combines 
three states of matter. The results also reflect new insights 
into the irradiation-driven mechanisms that drive hydrogen 
retention at evolving surfaces and dictate the coupling of 
plasma and the wall, both critical fundamental and practical 
aspects of fusion energy. One significant contribution of 
this work is that for the first time the evolving, reconstituted 
surface exposed to a tokamak plasma in the first 4–8 nm is 
dynamically measured and the findings elucidate the critical 
role played by oxygen in the condensed matter state. This 
aspect of plasma-facing surfaces and the critical role surface 
chemistry plays on hydrogen retention is beginning to bring 
a new understanding of how surface impurities and their bal-
anced interaction with plasma chemistry could influence bulk 
plasma behavior.

Furthermore, this work also involves the use of advanced 
computational atomistic simulations of the chemistry inside 
the irradiated surface, validated with in situ ex-tempore meas-
urements of low-energy deuterium irradiation of boron-treated 
graphite samples introduced in the NSTX-U divertor region. 
The understanding of the computed chemistry dynamics in the 
studied quaternary material surface, containing C, B, O and 
D, allowed us to predict with confidence the deuterium uptake 
in the surface, for various D concentrations, as well as the 
role of various surface components in this uptake. Combining 
these atomistic simulations with the dynamic measurements 
of chemical states by MAPP is the greatest strength of this 
work as both cover different spatial and temporal scales that 
when combined elucidate key D retention mechanisms.
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