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a b s t r a c t 

This work examines the effect of boron and lithium conditioned ATJ graphite surface bombarded by low- 

energy deuterium atoms on the deuterium retention and chemical sputtering. We use atomistic simula- 

tions and compare them with experimental in situ studies with x-ray photoelectron spectroscopy (XPS), 

to understand the effects of deuterium irradiation on the chemistry in lithiated, boronized and oxidized 

amorphous carbon surfaces. Our results are validated qualitatively by comparison with experiments and 

with quantum classical molecular dynamic simulations. We explain the important role of oxygen in D 

retention for lithiated surfaces and the suppression of oxygen role by boron in boronized surfaces. The 

calculated increase of the oxygen role in deuterium uptake after D accumulation in B –C –O surface con- 

figuration is discussed. The sputtering yield per low energy D impact is significantly smaller in boronized 

than in lithiated surfaces. 

© 2016 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Conditioning of plasma facing components is an important en-

abling procedure for tokamak operation [1] . Conditioning with

boron and lithium has led to improved performance in a variety

of experimental fusion machines [2,3] . In the newly upgraded Na-

tional Spherical Tokamak Experiment (NSTX-U), wall conditioning

with deposition of boron has been used to provide fuel density

control and impurity reduction [4,5] . Lithium will be used in the

latter stage of the 2017 campaign with the same goal. NSTX-U

is comprised of mostly carbon-based PFC (i.e. ATJ graphite tiles).

Traditionally boron has been applied to the first wall of magnetic

confinement machines via Plasma Enhanced Chemical Vapor De-

position (PE-CVD), using as mixture of a buffer gas e.g. He and a

gas that contains B atoms e.g. diborane (B 2 H 6 ) or trimethylborane

(B[CH 3 ] 3 ) [6] . Boron coatings on Plasma Facing Components (PFCs)

provide improved resistance to chemical sputtering and impurity

retention thanks to a gettering effect associated with the forma-

tion of heavy oxides. However, erosion and passivation conjectured

to be responsible for boron-associated improvements become only
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emporary and vanishing after tens to hundreds of plasma shots

3] . 

Li evaporation has also been used in different machines as

 routine conditioning method [7,8] . In NSTX, Li evaporation de-

reased the H-mode access power threshold, increased the stored

nergy and allowed longer plasma discharges when compared with

lasma discharges with no Li conditioning [8] . These improve-

ents have been associated to the reduction of impurities and

ith the reduction of fuel recycling with the formation of Li –O 

–D

omplexes [9] . However as in the case of B, the erosion of the de-

osited Li layers added to its passivation with exposure to residual

as make the improvements to plasma transitory. 

While the plasma performance is strongly influenced by the

lasma Facing Components (PFCs) the PFCs are modified with each

xposure to the plasma. Critical to both an understanding and a

ractical operational strategy of tokamak PFCs with wall condi-

ioning techniques is the role of surface chemistry over the entire

lasma exposure. To establish this understanding both experiments

nd modeling have to be carefully planned and correlated and car-

ied out as close as possible to the actual conditions in the toka-

ak to provide understanding of this synergistic relationship of

he PFCs and plasma phenomena. In this paper we are using the

tomistic theoretical approach, detailed in Section 2 , to reveal hy-

rogen retention and sputtering in boronized and lithiated carbon
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Fig. 1. Computational cell is mixture of Li or B (pink) with C (gray) and oxygen 

(red), with accumulated D (green) atoms in the top surface layers upon bombard- 

ment with D. The z-axis is shown by the arrow. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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aterials under the bombardment of low energy deuterium atoms

5 eV), in various configurations and in combination with oxygen

nd accumulated deuterium. We combine our understanding ob-

ained from atomistic simulations to a combination of state-of-the

rt in-situ experimental measurements that includes the Materials

nalysis Particle Probe (MAPP) [10] diagnostic capable of in situ ex

empore (e.g. in between plasma shots) operated in NSTX-U diver-

or region. This experimental approach enables for the first time

nsight in the evolution of surface chemistry at the time scale of

urface modification exposed to tokamak plasmas. This methodol-

gy, complementary to controlled experiments and modeling, al-

ows “on line” study of the chemistry of the surfaces with no expo-

ure to external atmosphere and with time resolution of adjacent

lasma shots, a huge improvement compared with post-mortem

haracterization i.e. end of one experimental campaign (thousands

f plasma shots). The theoretical and experimental approaches are

escribed in the Methods Section 2 . Our results are presented in

ection 3 . Section 4 contains our conclusions. 

. Methods and materials 

.1. Theoretical 

Our atomistic simulations are based on Classical Molecular Dy-

amics (CMD), using Reactive Force Field (ReaxFF) Bond Order (BO)

otential [11] in the Large Scale Atomic/Molecular Massively Par-

llel Simulator (LAMMPS) [12] . We verify the CMD calculations

y Quantum-Classical Molecular Dynamics (QCMD), using approxi-

ate Self Consistent Charge Tight Binding Density Functional The-

ry (SCC-DFTB) [13,14] to compute electronic motions in the adi-

batic limit of nuclear motion. We choose ReaxFF for its capabili-

ies to model dynamics of breaking and forming of chemical bonds

15] , as well as to calculate the dynamic changes of charges of the

toms in the system using Electronegativity Equalization Method

16,17] . The latter is particularly important in the presence of mu-

ually polarizable materials such as lithium, boron, and oxygen. 

We use computational cell of about 400 atoms for various

morphous mixtures of Li, B, C, and O. Boronized, lithiated and ox-

dized systems are created by random substitution of carbon atoms

o the desired atomic concentrations, estimated by the experiment

o be atomic composition of (20, 60, 20) % for B,C,O respectively.

he same composition was assumed for the Li,C,O composition.

he mixtures are then annealed and finally thermalized to 300 K

nd energy optimized with periodic boundary conditions in the x-

 directions ( Fig. 1 ), following the procedure of Krstic et al. [18,19] .

his procedure allows the formation of complexes with the chem-

cal properties studied in this paper. Additional reformation of the

hemical complexes evolves upon bombardment by D atoms, as

xplained below. It is interesting to note that upon thermaliza-

ion and energy optimization the B 

–C 

–O surface of the compo-

ition (20, 60, 20) % has size 17 Å in the z directions, whereas

he lithiated Li –C 

–O cell with the same configuration expands in

-direction up to 24 Å. To take into account typical experimen-

al conditions of the accumulated deuterium, the cells were pre-

ared by cumulative bombardment by 5 eV D atoms, reaching var-

ous atomic concentrations of D. The penetration of D at 5 eV was

istributed in depth up to 8 Å, and therefore the atomic concen-

rations 
n D 

n D + n C + n B + n O × 100% were defined for the part of the com-

utation cell from the top surface to 8 Å depth. The highest ac-

umulated concentration of D reached was 28%, and this corre-

ponds to the D saturation at the considered impact energy. The

ufficient time (50 ps) was taken for the evolution cascade, and the

ell is thermalized and relaxed after each impact. After the com-

utational cell is prepared, either with no D or with some % of

ccumulated D, it is bombarded by 3100 independent 5 eV D tra-

ectories, orthogonal to the surface. Each of these trajectories were
itting the same prepared surface but at random locations in order

o obtain adequate statistics. Each result reported here is therefore

btained as average from 3100 D trajectories. The retention chem-

stry of D evolves at the end of the collision cascade when the im-

act particle is thermalized allowing comparison with the exper-

mental results at higher impact energies [19] . We carry out the

nalysis of the resulting chemistry after the final rest location of

ach D impact, by performing the nearest-neighbor (NN) calcula-

ion for each atom in the surface, defining the coordination num-

er of each atom and the most-probable bonds [19] . Example of

uch analysis is shown in Fig. 2 , performed by both CMD and by

uantum-mechanical QCMD . The results in Fig. 2 for BCO mixture

re dramatically different than those obtained for LiCO mixture in

19] . Namely, while in case of LiCO main role in bonding of D is

layed by oxygen, here that role is dominated by boron. Boron is

ore reactive than oxygen because of the so-called octet rule, i.e.

 coordination number of four is preferred for B atoms, and in our

imulations we sometimes even find coordination numbers of five

nd six, enabling larger number of D to bond to a B atom than to

xygen (with typical coordination number 2). Also electron with-

rawing ligands on B such as O further increase D uptake on B. The

ole of B in the retention of D does not change with increasing D

ccumulation. 

It is interesting to note that QCMD calculation is by several or-

ers in magnitude slower and much more numerically involved

han the CMD. Thus, the SCC-DFTB calculations at Fig. 2 was per-

ormed at the Titan Cray XK-7 machine using about 50,0 0 0 cores

nd 30 0 0 GPU units (2025 trajectories), while the LAMMPS calcu-

ation was performed at the IACS LIred institutional cluster. In spite

f a big difference in computational load, both calculations give the

ualitatively similar results. 

.2. Experimental 

As mentioned above, boronization was used in the early stage

f the 2015 experimental run in NSTX-U. Boron is applied in NSTX-

 using deuterated-trimethylborane via a 95% He + 5% D -TMB DC
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Fig. 2. Nearest neighbor analysis for retained D trajectories in a sample of 20% of boron and oxygen in the carbon, prepared by ReaxFF in LAMMPS (left) and by QCMD 

with SCC-DFTB (right). Both approaches show the effect of the oxygen suppression in the retention chemistry, though with slightly different cumulative numbers and the 

distribution widths. 
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glow that lasted between four and six hours, this usually resulted

in deposition of ∼7 nm of B 4 C on the lower divertor [4,5] . The

frequency of the boronizations varied from every two weeks to

daily, depending on the experimental plan and the plasma behav-

ior. The Materials Analysis Particle Probe (MAPP) [10] was used

for in situ ex-tempore characterization of an ATJ sample, exposed

to boronizations and plasma discharges. X-ray Photoelectron Spec-

troscopy (XPS) was taken before boron deposition, shortly after

boronizations and following each day of plasma operations (around

20–25 D 

+ plasma shots). The samples are inserted in the lower di-

vertor of NSTX-U and exposed to the boronization glow. After that

these are retracted to the analysis chamber for XPS characteriza-

tion. Following these measurements the samples are re-inserted

to the tokamak’s vacuum vessel. There these are exposed to daily

plasma discharges and retracted at the end of every run day for

data collection. The C1s, O1s and B1s photoelectric peaks were

measured every night. The data is analyzed using peak deconvo-

lution to check the evolution of the chemical bonding [20] with

various plasma exposure conditions. 

Additional experiments were carried out in an attempt to ex-

plain more fully the role oxygen plays in D retention in lithiated

graphite as has been observed previous [18,19] . These tests were

performed in the PRIHSM (Particle Radiation Interaction with Hard

and Soft Matter) facility at Purdue University. Square ATJ carbon

samples (1 cm 

2 ) were irradiated with D at 500 eV/amu up to a flu-

ence of 1 × 10 18 cm 

−2 to remove all surface oxygen. This is shown

in the XPS results in Fig. 3 . In particular, the O1s response is

shown in Fig. 3 (c) where the initial irradiation with D 2 ions in-

situ is shown to eliminate all oxygen (see: second curve from bot-

tom). After the initial irradiation, a 2 μm coating of Li was de-

posited from a thermal evaporation source, noting that the de-

position leads to co-deposition of oxygen. Following lithium de-

position, the sample was again irradiated with D in incremen-

tal steps of about 2 × 10 17 cm 

−2 after reaching an initial fluence

of 1 × 10 17 cm 

−2 . Irradiation was completed at 9 × 10 17 cm 

−2 . Note

that the relative peak of Li –O 

–D to O 

–Li in the O1s increases with

D 2 fluence and this is further corroborated by high-flux tests. High

flux ( ∼1 × 10 19 cm 

−2 s −1 ) tests were also carried out at the Dutch

Institute for Fundamental Energy Research (DIFFER) on similar ATJ

samples. The irradiation was similar with an initial D plasma ex-

posure to remove oxygen from the surface, following the recipe

form in situ tests, and then full D plasma exposure after Li was

deposited. Deposition of a 2-μm Li layer also resulted in a reaction

between D implanted atoms, oxygen and lithium prior to the post-

Li deposition D 2 irradiations. Details of the high flux tests are pro-

vided in previous work [21] . The fluence reached for these samples

was 3 × 10 20 cm 

−2 . These samples were analyzed with XPS after ir-
adiation and required sputter cleaning to examine the chemistry

elow the passivation layer that formed on the Li surface following

xposure when the sample was exposed to atmosphere for trans-

ort. 

. Results 

In Fig. 3 , we present XPS results from the controlled in situ

on beam experiments performed in PRIHSM ( Fig. 3 (a)–(c)) in-

luded with the XPS results, Fig. 3 also shows the simulation re-

ults for the bonding percentage of C ( Fig. 3 (d)), Li ( Fig. 3 (e)), and

 ( Fig. 3 (f)), both to themselves and to other species in the sim-

lation matrix. In particular, the simulations include the case for

ccumulated D in the complex Li –C 

–O 

–D system, which gives crit-

cal insight on the role of O in the surface response when ex-

osed to D plasma. The experimental study (a–c) observed the

ormation of Li –C 

–D and Li –O 

–D functionalities after exposure to

 ions at low flux, ( ∼4 × 10 14 cm 

−2 s −1 ). The post mortem re-

ults (not shown here) from tests in the high-flux plasma facility

 ∼1 × 10 19 cm 

−2 s −1 ) at the Dutch Institute for Fusion Energy Re-

earch (DIFFER), described in Section 2.2 , did not show deviation of

hese functionalities when high plasma fluxes of D ions is applied.

lthough XPS cannot directly measure the presence of D in the

atrix, D interactions with C, Li and O atoms are detected through

he Li –C 

–D and Li –O 

–D peaks in photoelectron spectra [22] . The

i –C 

–D complex in Fig. 3 (a) assigned at 292.1 eV is observed at flu-

nce larger than about 10 17 cm 

−2 , providing an evidence for the

 fluence threshold for the complex formation. The C 

–O peak in-

reases with D fluence, even dominating the Li-C-D peak, while

raphitic (C 

–C) decreases with D -fluence. In Fig. 3 (b), Li –O 

–D peak

xists and increases with the D fluence. Finaly, in the O1s spec-

ra in Fig. 3 (c), the O 

–Li peak appearing upon lithiumization of the

arbon surface, shows decrease with the D fluence increase, while

i –O 

–D increases, confirming the role that O plays in retention of

 in carbon [17] . The simulations, in 3d–f, elucidate these interac-

ions demonstrating that it is the accumulation of D that results in

he increased number of bonds of D and O atoms in the complex

i –C 

–O system. Percentage of oxygen as well as Li in all config-

rations in Fig. 3 (d)–(f) is kept at about 20%. Thus, C 

–C bonding

ecreases significantly in LiCO and LiCOD configurations in com-

arison to LiC, while C 

–O bonding decreases in LiCO and LiCOD

onfigurations in comparison to CO at Fig. 3 (d). Also, Li –O bond-

ng slightly increases in LiCOD configuration in comparison to LiCO,

hile Li –C decreases in LiCO and LiCOD configurations in compar-

son to LiC in Fig. 3 (e). Finally, O 

–Li and O 

–C bonding slightly de-

reases in LiCOD configuration in comparison to LiCO in Fig. 3 (f).

e note that most of C atoms are bonded to C in 3d, most of Li
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Fig. 3. (a)–(c) In situ XPS results from controlled D irradiation for the C 1 s, Li 1 s, and O 1 s regions. The plots on the right, (g)–(i), are post mortem XPS of samples exposed 

at DIFFER of the same regions. The simulation results, (d)–(f), are oxygen, carbon and lithium chemistry for various configurations, CO, LiC, LiCO and LiCO after preparing the 

sample by bombardment by D, until reaching accumulation of 28%. Statistics was taken for 30 0 0 random 5 eV D trajectories. 
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toms are bonded to O in 3e, and most of O atoms are bonded to

, together with significant number of bonds to Li in 3f. The ab-

ence of the expected three peaks (C 

–O, Li –O, Li –O 

–D) in Fig. 3 (c),

here likely the C 

–O and Li –O interactions are effectively at very

lose binding energies and not resolved in this data. The simula-

ions aid in explaining this in Fig. 3 (b) with the Li1s spectra and

ig. 3 (e) where the accumulation of D results in Li atoms bound

referentially to D and O and less to C. This is also corroborated by

n situ data in Fig. 3 (a) where the Li –C 

–D peak is not very strong

fter deposition of Li on a ATJ graphite substrate with implanted D

toms. The in situ ion beam results shown in Fig. 3 (c) indicate the

omplete removal of oxygen from the surface observed in the O1s

pectra after irradiating with D before depositing Li. When the Li is

eposited, oxygen is observed in the XPS indicating the introduc-

ion of oxygen with Li deposition, an effect known to occur during

ithiumization steps in NSTX-U. Upon continued irradiation with D
he Li –O 

–D complex forms at 1 × 10 17 cm 

−2 and persists as irradi-

tion continues. This effect is again supported by observation from

he atomistic simulations. There is a clear corresponding increase

f interactions of D with O with accumulated D in the system. 

Fig. 4 (a) shows the O1s photoelectric peak region scan taken

rom an ATJ sample in NSTX-U. The figure displays three differ-

nt states of the sample. Initially a base line was collected on the

ntreated sample, a single peak, assigned to C 

–O is observed at

532 eV. Following boronization, the sample develops two other

unctionalities, illustrated by one peak assigned to B 

–O interac-

ions around 531 eV and a second peak at ∼533 eV associated with

 

–B 

–D interactions. The appearance of these peaks following the

oron deposition is justified by the reaction of the energetic par-

icles in the He glow discharge (used during boronization) with

ackground gases e.g. water vapor and deuterium contained in

-TMB. 
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Fig. 4. (a) O1s XPS region showing D retention (area of O-B-D peak [19] ) of D in NSTX-U, (b) Percentage of each component in the total XPS envelope (on Fig. 4(a)) as a 

function of time after a boronization, the shown data points are the average over three boronizations and the shaded error bars show the standard deviation of the data set 

(only one data set had data after day 8 thus the zero standard deviation); (c) Computer simulations results of D uptake and reflection probabilities for D impact at various 

surface configurations with lithium and boron. XCOD surface has about 30% of D. 
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In Fig. 4 (b), we present computer simulations for D uptake and

reflection probabilities at various boronized and lithiated surface

configurations, using both CMD and, in case of Li, also QCMD. The

C-only surface shows the lowest deuterium retention with about

77% of D retained. Boron- carbon (BC) mixture (20, 80) % increases

the D retention more efficiently than lithium in carbon (LiC (20,

80) % mixture), with a difference in the total retention probability

about 3%. However, when oxygen is present in both configurations

this difference decreases to 2%. For the case of D accumulation, the

results for the same percentage of D accumulated in the LiCO and

BCO surface configurations of about 30% in the upper half of the

simulation cell, show dominance of the B 

–C 

–O retention, mainly

because the increased role of boron (valence 3) in the D bonding

in comparison to Li. We compare our results also with the previous

QCMD calculations of Krstic et al. [19] , showing difference in reten-

tion of about 3% only for case of LiC. In spite of the quite different

chemistry of B and Li to deuterium, the retention probabilities are

quite similar. 

Fig. 4 (a) allows to see retention of deuterium by the boronized

graphite samples after plasma irradiation. Following the exposure

to D 

+ ions the O 

–B 

–D peaks seems to increase its area this im-

plying an increased retention of D by the oxygen in the samples.

This retention with high D contents can be compared with the

points at the higher end (right side) of Fig. 4 (a) where the reten-

tion of D seems to increase for the BCOD configuration with 28%

D concentration. This observation is further confirmed by Fig. 4 (b),

wherethe contribution to the total XPS peak from each chemical

environment is shown as a function of time following a boroniza-

tion. Although the increase in the O 

–B 

–D peak is not dramatic in

Fig. 4 (b), the formation of that bonding and its incremental de-

pendence on fluence is almost clear. It is worth mentioning that

the XPS data also shows sputtering and oxidation of the B coat-

ings due to the interaction with the plasma, this is most likely

the reason why we observe only small increase in the O 

–B 

–D

formation. 

In Fig. 5 we show calculated total and carbon sputtering yield

per incident D for various surface configurations, total ejection
ield per D is considered as a summation of all atoms and

olecules ejected from the surface mixture. We compare the re-

ults for boronized and lithiated surfaces. The ejection yield of car-

on is significantly smaller for BC than LiC configurations (stronger

nteraction of B 

–C than Li –C), especially in presence of oxygen,

hich suppresses sputtering in both cases. We also compare our

esults for lithiated surfaces with the QCMD results [17] , which

how the same trend. It is interesting to stress that in each case

iC mixture (without oxygen) has the largest erosion yield. We also

tress that, unlike retention rate, the sputtering yield is a strong

unction of impact energy. Here we show the erosion results close

o the lower energy threshold for the chemical erosion. Sputtering

f various Li and B mixtures at higher energies will be subject of

uture publications. 

In Fig. 6 we show the percentage of sputtering yield per inci-

ent D for different ejected molecules as function of the lithiated

urface configurations, calculated by CMD. The majority of sput-

ered material is in form of molecules, which are diatomic at these

ow, 5 eV D, energies. We notice that CD molecules are majority for

ll configurations, the highest being for LiC surface and the lowest

t CO surface. Whenever oxygen is present there is a significant

eduction of CD ejection, as is a case in LiCO surface. The highest

ield of LiD molecules is for LiC target. OD eject rate is the same

or both LiCO and deuterated LiCO surfaces. 

The contributions to the ejection yield per incident D in form of

arious diatomic molecules (and atomic oxygen) for boronized sur-

ace configurations, calculated by CMD, are shown in Fig. 7 where

he starting point is the BC surface with an atomic distribution of

0% of B and 80% of C, then we substitute different percentage of

 by oxygen until to reach an atomic distribution of 20% of B and

, and 60% of C which is called the BCO surface mixture. The next

tep is to analyze the chemical sputtering from the deuterated BCO

urface by considering different amounts of deuterium in the BCO

urface obtained; the saturated system is at 28% of D accumulated.

ppearance of water ejection for case of the accumulated D is re-

arkable. Presence of oxygen increase the oxygen ejection, but sig-

ificantly decrease the CD ejection. 
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Fig. 5. Total and C ejection yield per D for various surfaces configurations comparing the carbon erosion for boronized and lithiated surfaces, and comparing different 

methods of calculation (CMD with ReaxFF and QCMD with SCC-DFTB [17] ). 

Fig. 6. CMD results for the ejection yield per D (%) for CD (black circles), OD (red triangle), LiD (black squares), and CO (gray pentagon) molecules as function of the surface 

configurations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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. Summary and conclusions 

We have performed atomistic simulations, combining CMD and

CMD, to obtain retention of deuterium and sputtering of lithiated,

oronized and oxidated amorphous carbon surfaces exposed to the

 eV deuterium impacts. We have also done the laboratory XPS ex-

eriments by exposing lithiated ATJ carbon to the beam deuterium

f 500 eV/amu energy, a high flux D plasma at DIFFER, and in-situ

x-tempore XPS experiments inside the NSTX-U vessel of exposing

oronized carbon to the deuterium plasma. The experimental and

heoretical data show a reasonable qualitative agreements for both

ithiated and boronized surfaces. Using the computational simula-

ions we compare the deuterium retention probabilities and chem-

cal sputtering yields of lithiated and boronized surfaces in various

onfigurations. Though both boronized and lithiated surfaces show
imilar trends in retention of deuterium when composition of the

aterial is varied, the former surfaces show somewhat higher de-

ree of retention, less dependent on the oxygen content than in

ase of lithiated surfaces. On the other hand, chemical sputtering

f the surface material at considered low impact energy is sig-

ificantly lower with boronized surfaces than with the lithiated

nes, though both results are improved with a content of oxygen

n the material. While in case of the lithiated surfaces CD and LiD

re dominating the sputtered material, potentially emitted into the

lasma, CD and D 2 O are dominating the emitted molecules from

oronized surfaces, which becomes exclusively D 2 O with increase

f the D accumulation. Chemical sputtering, unlike the retention

robability, is strongly dependent on the impact energy. This en-

rgy dependence for the material matrices considered here is nu-

erically intensive and will be a subject of our forthcoming work. 
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Fig. 7. CMD results for the ejection yield per D (%) for CD (black circles), Oxygen atoms (red triangle), BO (orange star), and D 2 O (empty square points) molecules as function 

of the boronized surface configurations at difference oxygen concentrations and percentages of deuterium accumulated. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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