
Acta Materialia 201 (2020) 55–62 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Hydrogen atom-ion synergy in surface lattice modification at 

sub-threshold energy 

L. Gao 

a , 1 , 2 , ∗, M. Wilde 

b , 1 , A. Manhard 

a , U. von Toussaint a , W. Jacob 

a 

a Max-Planck-Institut für Plasmaphysik, Boltzmannstr. 2, 85748 Garching, Germany 
b Institute of Industrial Science, University of Tokyo, Komaba 4-6-1, Meguro-ku, 153-8505 Tokyo, Japan 

a r t i c l e i n f o 

Article history: 

Received 11 April 2020 

Revised 18 August 2020 

Accepted 15 September 2020 

Available online 23 September 2020 

Keywords: 

Plasma-surface interaction 

Radiation damage, displacement threshold 

Solute hydrogen 

Synergy 

a b s t r a c t 

Low-energy hydrogen-isotope (HI) plasma is widely applied for industrial surface processing. Here we 

demonstrate that HI plasma - even with ion energies far below the threshold for stable Frenkel pair 

production - can strongly modify crystalline materials by forming heavily lattice-distorted surface layers 

with a thickness of several nanometers and a HI content of several atomic percent. We experimentally 

reproduce the identical lattice modification at deuterium and hydrogen plasma-irradiated tungsten (W) 

surfaces when the sub-threshold HI ion energies are adjusted such as to transfer equal amounts of kinetic 

energy in collisions with W lattice atoms. A physical model for the low-energy generation of primary de- 

fects is proposed, which involves the synergy between temporary Frenkel pair creation by sub-threshold 

HI ion collisions and vacancy stabilization by trapping of solute HI atoms. Such synergistic defect gen- 

eration is generally expected upon injection of energetic projectiles (ions, neutrons) into HI-containing 

solids and likely contributes to material degradation. As a means of surface modification, the fabrication 

of nanometer-scale hydrogen-rich surface layers on materials (even those with negligible hydrogen solu- 

bility) via low-energy H plasma exposure promises utilization potential in catalysis and electrochemistry. 

© 2020 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. All rights reserved. 
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. Introduction 

Atomic hydrogen (H) is highly reactive and a ubiquitous im-

urity in many materials, where it modifies their electronic and

echanical properties through interactions with lattice atoms

nd/or crystal defects. Extensively investigated hydrogen-defect in-

eractions [1,2] affect important applications of hydrogen such as

lasma processing [3,4] and electrical passivation of semiconduc-

or devices [5,6] , and may cause adverse effects such as hydro-

en embrittlement [7,8] . In particular the retention of the ex-

ensive and radioactive tritium (T) isotope due to trapping at

rradiation-induced defects in plasma-facing materials (e.g., tung-

ten (W), steels, etc.) poses greatest cost and safety concerns for

hermonuclear fusion reactors [9,10] . Therefore, the mechanisms

f defect creation under hydrogen plasma irradiation must be

horoughly understood. However, the theoretically predicted [11–

4] influence of lattice-dissolved (solute) hydrogen on the pro-

uction of defects under energetic particle irradiation has re-
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ained largely unexplored. One reason for this is the difficulty

o experimentally assess solute hydrogen, which exists in non-H-

issolving materials with often unmeasurably small concentrations

nd is only metastable even under non-equilibrium hydrogen load-

ng conditions, such as cathodic charging and plasma or ion irra-

iation. On the other hand, the H concentration underneath hy-

rogen plasma-irradiated solid surfaces can be estimated theoret-

cally with a model [15,16] that considers the steady-state bal-

nce between the implantation, the reemission- and the perme-

tion fluxes of plasma particles [17,18] . This 1-dimensional flux-

alance model [17–19] shows that substantial H concentrations (up

o H/ W = 10 −3 ) can build up beneath plasma-exposed tungsten (W)

urfaces [18,19] . This solute H, however, is unstable against out-

iffusion and desorption when the ion irradiation stops because

he H solubility in pristine W is extremely low (H/ W = 10 −18 in

 bar H 2 at 298 K) due to a strongly endothermic solution enthalpy

1.04 eV/H) [20,21] . All stably retained hydrogen detectable after

he plasma exposure is trapped at crystal defects. Here, irradiation-

nduced damage far exceeds the intrinsic defect density and ulti-

ately dominates the hydrogen content [22,23] . 

The present work thus investigates the role of solute hydrogen

sotope (HI) atoms in the severe lattice modification that occurs

n W surfaces under HI plasma irradiation even at ion energies far

elow the threshold for stable Frenkel pair production [24] . The
nc. All rights reserved. 

https://doi.org/10.1016/j.actamat.2020.09.065
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.09.065&domain=pdf
mailto:liang.gao@ipp.mpg.de
https://doi.org/10.1016/j.actamat.2020.09.065


56 L. Gao, M. Wilde, A. Manhard et al. / Acta Materialia 201 (2020) 55–62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

2

 

9  

o  

m  

B  

p  

N  

m  

a  

T  

s

 

e  

t  

p  

W  

p  

[  

t  

s  

n  

c  

e  

2  

c  

c  

p  

fl  

r

2

 

o  

d  

n  

M  

r  

a  

i  

H  

t  

t  

1
 

c  

s  

S  

×  

o  

c  

(  

b

 

[  

G  

w  

e  

n  

t  

w  

t  

b  
impact of HI ions ( M 1 ) with sufficient incident energy ( E 0 ) can dis-

place W atoms ( M 2 ) from their lattice sites, creating vacancies and

nearby interstitial W atoms (Frenkel pairs). This collision process

has been investigated both experimentally [25,26] and computa-

tionally [27–30] . Conservation of energy and momentum defines

the kinetic energy transferred to the W atoms ( E 2 ) as: 

E 2 = 

4 M 1 · M 2 · E 0 

( M 1 + M 2 ) 
2 

si n 

2 θ

2 

(1)

where θ is the center of mass scattering angle. If E 2 exceeds the

so-called kinetic displacement energy threshold, the displaced in-

terstitial W atom will be sufficiently far away from the vacancy so

that the Frenkel pair is stable against prompt recombination. For

W, this threshold is 40–70 eV [24] depending on the grain orienta-

tion, thus creation of stable Frenkel pairs requires an incident deu-

terium (D) ion energy of at least 930 eV ( Eq. (1) ). Recently, how-

ever, a severely lattice-distorted layer was discovered on polycrys-

talline W surfaces after exposure to D plasma with an ion energy

of only 215 eV ( Fig. 1 (b) and Fig. 5 in Ref. [19] ). The 10 nm thick

modified layer contained a uniformly distributed D concentration

of D/W ∼10 −1 , which is the highest reported value for a non-

hydride-forming metal after plasma irradiation with sub-threshold

ion energy. The distorted layer was accordingly addressed as ‘deu-

terium supersaturated surface layer’ (DSSL). Importantly, the dis-

tortion effect shows an onset in the incident D ion energy at 115 eV

[19] , which corresponds to a maximum energy transfer to W atoms

of merely 5 eV ( Eq. (1) , θ = 180 °). Evidently, elastic collision kine-

matics ( Eq. (1) ) alone cannot explain the DSSL formation so far be-

low the kinetic displacement threshold. 

Taking the prediction [11–14] further that solute D atoms (i.e.,

D plasma ions thermalized after implantation into the W lattice)

can participate in defect creation processes [19] , the present work

proposes a physical model for the mechanism that leads to for-

mation of HI-SSLs on plasma-exposed materials through the syn-

ergy of low-energy HI ions and solute HI atoms, which generate

and stabilize defects, respectively. Based on our present experi-

mental results (detailed below) and previous findings [11–14] we

suggest that the sub-threshold collisions with HI ions create tem-

porary Frenkel pairs, which are unstable against recombination in

absence of solute HI atoms. When solute HIs are abundant, how-

ever, trapping of nearby HI atoms in the vacancies is considered

to reduce the recombination rate of Frenkel pairs, thereby stabi-

lizing the defects. This synergistic mechanism of defect generation

by sub-threshold HI ions and stabilization by solute HI atoms is

expected to apply universally, for all hydrogen isotopes (H, D and

T), as well as in any crystalline host material under HI plasma ir-

radiation. To experimentally validate the above-proposed synergis-

tic defect generation scenario we here apply scanning electron mi-

croscopy (SEM) and H- and D-specific depth profiling with nuclear

reaction analysis (NRA) to demonstrate that H/D plasma irradia-

tion produces H/D-SSLs of identical morphology, thickness, and HI

content on W surfaces if – under otherwise identical conditions –

the HI ion energy is adjusted such that equivalent amounts of ki-

netic energy are transferred in the primary collisions with W lat-

tice atoms. According to Eq. (1) , H ions transfer the same kinetic

energy to W atoms as D ions ( E 2 ∝ M 1 E 0 ) if they impact with

approximately twice ( M D / M H ≈ 2) the energy of the incident D

ions. The surface morphology at identical locations of each sam-

ple before and after the H/D plasma exposure was characterized by

SEM. The H and D depth distributions in the SSLs formed on the

plasma-exposed samples were measured quantitatively with 

15 N-
1 H [31,32] and a high-resolution variant of 3 He- 2 D [19] NRA, re-

spectively. 
. Experimental 

.1. Plasma exposure 

Polycrystalline, hot-rolled W samples (15 × 12 × 0.8 mm 

3 ,

9.97 wt.% purity, Plansee SE, Austria), with grain sizes in the

rder of 1 μm [33] , were chemo-mechanically polished to a

irror-finish and annealed in vacuum at 1200 K for 2 hours.

efore exposure to hydrogen isotope (HI) plasma, the surface mor-

hology of all samples was characterized with SEM (FEI HELIOS

anoLab 600) with up to ∼10 nm lateral resolution and 30 kV

aximum acceleration voltage. A set of T-shaped markers was

pplied to the samples using FIB cutting [34] prior to annealing.

his allowed for the identification of identical positions on the

amples before and after HI plasma exposure. 

HI plasma exposures were performed in a low-temperature

lectron cyclotron resonance plasma source, PlaQ [35] . To ensure

hat equivalent amounts of kinetic energy are transferred in the

rimary collisions with W lattice atoms ( Eq. (1) ), we exposed the

 samples to H plasma at a DC bias voltage of 400 V and to D

lasma at 200 V. Including the added plasma potential of 15 eV

35] , the corresponding ion energies were 415 and 215 eV, respec-

ively. The ion flux from the plasma is composed of different ion

pecies (H 3 
+ /D 3 

+ , 94%, H 2 
+ /D 2 

+ , 3% and H/D 

+ , 3%). Only the mi-

ority atomic ions (H 

+ /D 

+ ) carry the full ion energy and thereby

ontribute to sub-threshold temporary Frenkel pair generation by

xceeding the empirical energy transfer threshold (115 eV/D or

30 eV/H, Eq. (1) ). Hence, only 1% of the total applied H/D parti-

le fluence is actually responsible for the SSL formation (a D 3 
+ ion

ontributes 3 D atoms to the total D particle fluence). All other ex-

erimental parameters, including ion flux (10 20 m 

−2 ·s −1 ), particle

uence (6 × 10 24 m 

−2 ), sample temperature (300 K) and W mate-

ial grade, were identical. 

.2. Nuclear reaction analysis 

The quantitative H and D depth distributions in the SSLs formed

n the plasma-exposed W samples were measured with NRA. 1 H

epth profiles were obtained through 

1 H( 15 N, αγ ) 12 C NRA using

ormal-incidence 15 N 

2 + ion beams of 10–30 nA (provided by the

ALT tandem accelerator at the University of Tokyo) near the nar-

ow 6.385 MeV energy resonance ( E res ) of the 1 H( 15 N, αγ ) 12 C re-

ction [31,32] . The γ -ray yield from the nuclear reaction normal-

zed to the number of incident 15 N ions ( Y ) is proportional to the

 concentration ([H]) at a probing depth d , which is selected by

he incident 15 N ion energy ( E i ) as d = ( E i – E res )/S, where S is

he stopping power ( S ) of the sample material for the ∼6.4-MeV
5 N ions. For H quantitation [32] , the γ -detection efficiency was

alibrated with Kapton ((C 22 H 10 O 5 N 2 ) n ) foil as H-concentration

tandard (density: 1.45 g/cm 

3 , H-content: 2.284 × 10 22 cm 

−3 , and

 = 1.288 keV/nm), establishing the relation [H] (cm 

−3 ) = Y (cts/ μC)

S (keV/nm) / α, where α = 1.302 × 10 −19 . The stopping power

f materials with significant H content in the matrix increases ac-

ording to Bragg’s rule [31] . For the HSSL that includes 9.3 at.% of H

 Fig. 2 ), the stopping power of pure W ( S = 4.010 keV/nm) increases

y 0.7% to S = 4.038 keV/nm. 

The D depth profiles were measured with 

2 D( 3 He,p) 4 He NRA

19] at 690 keV beam energy at the tandem accelerator in IPP

arching, Germany. Both the emitted protons and 

4 He particles

ere detected. The best resolution achievable by detecting the

mitted 

4 He particles is 16 nm, which is comparable to the thick-

ess of the SSL and hence not sufficient to analyze the D depth dis-

ribution in the DSSL. To resolve the latter, we combined 

3 He NRA

ith argon sputtering [19] . By sputtering small increments of ma-

erial from the sample surface with a 200-eV Ar plasma followed

y 3 He NRA measurements of the remaining D content, the depth
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Fig. 1. Surface morphologies of polycrystalline W samples before (i.e., pristine W 

surfaces in (a) & (c)) and after H/D plasma exposure (i.e., with H/D-supersaturated 

surface layers in (b) & (d) for the same area as in (a) & (c), respectively). All SEM 

images share the same scale bar shown in (c). 
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esolution was enhanced to 3 nm. Hence, the depth resolution is

etermined by the thickness removed during each sputtering step

19] . In principle, this technique allows for even further enhance-

ent of the depth resolution by using smaller Ar-sputtering steps. 

. Results 

.1. Surface modification 

Fig. 1 shows the surface morphologies of the W samples be-

ore and after H/D plasma exposure. The plasma-exposed surfaces

ppear coarse due to SSL formation [19] . The morphological fea-

ures on the DSSL and HSSL samples are virtually identical (see

lso Fig. S1 in the Supplementary Materials ). The defect structures

n the post-exposure SEM images are small compared with the W

rains. Single vacancies are too small be visualized by SEM, hence

he observed structures are considered to be secondary features

roduced by clustering of primary defects, i.e., of stabilized sin-
Fig. 2. Comparison of 15 N NRA measurements of H profiles from a pristine a
le vacancies. The coarse structures in the SEM images of the SSL-

odified W surfaces only appear in backscattering contrast and are

ence not simply due to surface roughness, but must be caused by

he defect microstructure inside the SSL volume. Presently, the de-

ailed microstructure of these visible defects is still unknown. SEM

mages of an electron-transparent W sample [36] show a very high

efect density after the plasma exposure of 6 × 10 24 D ·m 

−2 (see

igure S2 in the Supplementary Materials ), which precludes iden-

ifying any individual structures. Experiments with lower particle

uence may be able to characterize individual defects in the initial

tage of SSL formation. We note in passing that additional implan-

ation experiments and SDTrimSP simulations confirm that SSL for-

ation is not related to Ar ions or typical plasma impurity species

C, N, O…), as their penetration depths ( < 2 nm) are much shal-

ower than those of HI ions and can therefore not account for the

bserved SSL thickness of ∼ 10 nm (see Fig. S3 in Supplementary

aterials ). 

.2. H/D depth profiles 

Fig. 2 shows the comparison of 15 N NRA γ -yield curves from

 pristine W sample and a 415-eV H plasma-irradiated W sample

i.e., with a HSSL). Both profiles exhibit a peak at the resonance en-

rgy (E res ), which is due to H adsorbed on the W surface. Whereas

he H profile of the HSSL sample extends into ∼10 nm depth as

escribed in detail below, the pristine W profile exhibits only the

urface peak and an empty W bulk, i.e., the H concentration in the

ristine W is below the NRA detection limit ( < 3 × 10 19 cm 

−3 ), as

ne would expect from the low H solubility and small defect den-

ities in pristine W. From the integrated intensity of the surface

eak, the H surface coverage can be quantified [32] to amount to

2.74 ± 0.26) × 10 15 cm 

−2 . The (full) width of the surface peak (pri-

arily caused by vibrational Doppler-broadening [32] ) is seen to

xtend into a depth of ∼3 nm, which limits the NRA depth resolu-

ion near the surface. 

The 15 N NRA γ -yield curve (‘H depth profile’) from the HSSL

ample is shown in Fig. 3 . The γ -yield is nearly constant in the

opmost 6 nm at an average level of 192 ± 22 cts/ μC, which cor-

esponds to a H concentration of (5.9 ± 0.7) × 10 21 cm 

−3 in the

lasma-modified surface layer, i.e. to a H/W ratio of 9.3 ± 1.1 at.%.

eyond ∼6 nm depth, the γ -yield gradually declines to the detec-

ion limit. The 15 N NRA depth resolution is ∼3 nm at the surface
nd a hydrogen-plasma irradiated W sample, i.e., after HSSL formation. 
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Fig. 3. Depth profiles of H and D in the supersaturated surface layers on W samples formed under exposure to 415-eV H and 215-eV D plasma. 
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(see Fig. 2 ) but deteriorates at increasing depth due to 15 N ion

energy straggling [32] , which blurs the falling edge of the profile

so that the region of 6–9 nm appears already H-depleted whereas

surplus γ -yield is detected in depths larger than the actual H dis-

tribution. The actual H distribution is very similar to that of D as

described below. The thickness of the HSSL can be judged from

the inflection point in the declining edge of the γ -yield profile.

A sigmoid fit to the data (blue line) locates this point in a depth

of 9.5 ± 0.2 nm. Three data points of about 250 cts/ μC in ∼1 nm

depth originate from H on the sample surface (cf. Fig. 2 ) and were

excluded from the fit. 

The D profile from the 215-eV D-irradiated sample obtained

through 

3 He NRA combined with Ar sputtering is plotted in filled

symbols in Fig. 3 . The DSSL disappears between 9 and 12 nm (the

depth resolution in this experiment was only 3 nm). A refined anal-

ysis [19] revealed a uniform D distribution throughout the layer of

10.4 ± 0.4 nm thickness and a D density of (5.9 ± 0.4) × 10 21 cm 

−3 

(i.e., D/ W = 9.4 ± 0.7 at.%). Hence, both SSLs formed under 415-eV

H 

+ and 215-eV D 

+ irradiation show a thickness of about 10 nm and

a retained H/D atomic fraction (at.fr.) in the order of 10 −1 . Together

with the virtually identical H/DSSL morphologies ( Fig. 1 ), the close

resemblance of the depth distributions of H and D in the SSLs thus

strongly supports our assumption that the SSL-forming modifica-
Fig. 4. SDTrimSP simulation for the impact of 50,0 0 0 hydrogen plasma ions with an in

distribution for H 

+ -W collisions with a transferred energy equal or higher than 5 eV. ‘Solu

applied irradiation (see Eq. (2) ). The stabilized vacancy formation probability (SVFP) is th

over depth equals unity. 
ion of the H/D plasma-irradiated W surfaces follows a common

hysical mechanism that scales with the collisional energy trans-

er to the W atoms. The identical H/D depth profiles obtained by

ndependent NRA methods clearly demonstrate also that there is

o significant distortion of the D depth distribution measured by
 He NRA in combination with Ar sputtering [19] , as no such ion

ombardment is applied prior to 15 N NRA for H profiling. 

.3. SDTrimSP simulation 

To demonstrate consistency with our proposed mechanism, we

lucidate the depth region in W that is potentially affected by the

ynergistic defect generation under H plasma irradiation with the

id of SDTrimSP simulations [37,38] , which model the transport of

nergetic H ions in the W matrix as a series of binary collisions

escribed by kinematics as in Eq. (1) . This reveals how the proba-

ility for H-W collisions that transfer more energy than the empir-

cal SSL formation threshold of 5 eV to W lattice atoms [19] varies

s a function of depth underneath the W surface and is shown by

pen symbols in Fig. 4 for H 

+ plasma ions impacting on W with

15 eV of initial energy. In the synergistic modification mechanism,

he formation of stabilized vacancies depends on both the kinetic

ollisions (i.e., the creation of temporary Frenkel pairs) and on the
cident energy of 415 eV on bulk W. The ‘H 

+ -W collision profile’ is the probability 

te H’ represents the steady-state concentration profile of solute H atoms during the 

e product of the former two distributions. It is normalized such that the integral 
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Fig. 5. 15 N NRA H depth profiles in SSLs formed at sample temperatures from 300 to 600 K on 415-eV H plasma-exposed W. 
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y  
rapping of nearby solute H atoms that can stabilize the created

acancies. The concentration profile of solute H atoms (filled sym-

ols in Fig. 4 ) is determined by the majority of the impinging hy-

rogen ions (97% of the plasma flux is H 3 
+ with 138 eV per H, see

ection 2.1 ) and was calculated in the 1-d flux balance model [17–

9] . Finally, the probability for forming a stabilized vacancy (SVFP,

efined as the product of the temporary Frenkel pair creation prob-

bility and the solute H concentration) is plotted as the bold line

n Fig. 4 . It is seen that the HSSL thickness is dominated by the >

 eV H-W collision probability depth distribution. A cutoff proba-

ility of 10 −5 – only one collision from 50,0 0 0 projectiles occurs

t the relevant depth with transferrable energy above 5 eV – re-

ults in an about 10-nm deep modified layer. This closely agrees

ith the observed HSSL thickness (see 1 H depth profile in Fig. 3 ).

n analogous SDTrimSP simulation of 215-eV D implantation into

 shows equally good agreement of the SVFP distribution with

he D depth profile in Fig. 3 (Figure S4, Supplementary Materials ).

ince the experimental H/D profiles shown in Fig. 3 appear rather

at within the SSL thickness whereas the SVFP varies strongly with

epth ( Fig. 4 ), we presume that the measured H/D distributions in

he SSLs represent a saturation of H/D trapping at accumulated and

gglomerated defects. 

. Discussion 

The empirically observed energy threshold for SSL formation

nder HI plasma irradiation of 5 eV [19] is much smaller than the

inetic displacement energy threshold for stable Frenkel pair cre-

tion in a H-free W matrix (40–70 eV) [24] , which highlights the

rucial role of solute HI atoms in the defect generation process.

hile the formation of the defect-rich layer by HI ions with ener-

ies far below the kinetic displacement threshold energy is highly

eproducible and has been observed in numerous follow-up ex-

eriments (see Fig. 5 below), an atomistic description of the phe-

omenon is still lacking. We thus aim here to provide a first ex-

lanation for the generation of primary, atomic-level type defects

Frenkel pairs) in sub-threshold HI ion collisions with W lattice

toms in the presence of solute HIs, which represent the under-

ying elementary events that, ultimately, cause SSL formation. Note

hat the agglomeration of such primary defects into larger struc-
ures which give rise to the final SSL microstructure and trapped

/D contents observed by SEM and NRA, respectively, is not in-

luded in our consideration as we do not yet have information

n the nature of the defect agglomeration process and what de-

ermines the final H/D concentrations in the saturation state. From

he mechanistic viewpoint at the atomic level, one conceivable role

f solute HI atoms may be to enhance the production rate of tem-

orary vacancies under low-energy HI ion impact, e.g. by lowering

he kinetic energy barrier height for collisional Frenkel pair cre-

tion. Such a reduction of the kinetic barrier height may result

rom the local strain introduced by the volumetric contribution of

I atoms to the matrix (lattice expansion by HI [11] ), which en-

arges the distance and reduces the cohesion between W lattice

toms [12,13] . Another possibility is that the solute HI atoms may

lock the recombination of the temporary Frenkel pairs by trap-

ing in the vacancy or by binding to the interstitial W atom. Also

he latter can act as a trapping site for solute HI atoms as sug-

ested by recent DFT calculations [14] . Our model focuses on this

atter scenario, in which trapping of solute HI atoms at either the

acancy or the interstitial atom is expected to largely suppress the

ecombination rate of temporary Frenkel pairs. 

To stabilize a temporary Frenkel defect, a nearby solute HI atom

as to bind into the vacancy (or to the interstitial W atom) before

he Frenkel pair recombines. The time scale of this process is deter-

ined by the HI atom mobility in the lattice and the distance be-

ween the HI atom and the created temporary defect. The latter is

etermined by the solute HI concentration and the former depends

ainly on the sample temperature (i.e., HI lattice site hopping fre-

uency). According to the 1-dimensional flux-balance model [17–

9] , the maximum concentration of solute HI atoms at the mean

mplantation depth ( r impl , ∼5 nm under the applied conditions) ex-

ends nearly flat into larger depth ( ∼ 1 μm) [18] during irradiation

 Fig. 3 ) and is expressed as: 

 

HI 
max ≈

r impl × �impl 

ρW 

× D ( T ) 
(2) 

here ρW 

is the atomic density of W, D(T) the HI diffusion coeffi-

ient at temperature T , and �impl = �incident - �reflection , the differ-

nce between the incident particle flux �incident and the reflection

ield � . The probability for HI trapping at a created tem-
reflection 
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p  
porary W vacancy or interstitial atom (trapping probability, TP) is

proportional to the flux of passing-by solute HI atoms, which can

be described by the product between the local concentration of so-

lute HI atoms ( C HI 
local 

) at the site of a created temporary Frenkel de-

fect and the HI mobility. In the SSL-affected depth region ( ∼10 nm),

 

HI 
local 

decreases linearly from C HI 
max at r impl (about 5 nm) towards the

surface, where it becomes zero (see Fig. 1 in Ref. [18] ) but has a

similar dependence on �incident and T as C HI 
max . Thus, as an impor-

tant practical insight, SSL formation cannot be prohibited by ele-

vated temperatures during exposure to a given particle flux within

the thermal stability limits of HI trapping in vacancies [39–41] , be-

cause at elevated temperatures also the HI mobility increases. 

To demonstrate this prediction, we performed both 415-eV H-

and 215-eV D-plasma exposures at different temperatures under

otherwise identical conditions. The 15 N NRA H profiles obtained

from the W surfaces exposed to 415-eV H plasma between 300

and 600 K shown in Fig. 5 clearly indicate that a HSSL forms at

temperatures up to 600 K. In all cases the appearance of massive

lattice defects in the SSL volume is also evident in backscattering

electron contrast SEM images (see e.g., Fig. S5, Supplementary Ma-

terials). Although the trapped H concentration and the HSSL thick-

ness in Fig. 5 decrease with increasing irradiation temperature, the

H concentration retained in the SSL at 600 K still reaches ∼5 at.%.

These temperature-dependent changes of the H profiles may par-

tially be explained by thermal de-trapping of H from the defects

inside the HSSL. It is also quite possible that the temperature af-

fects the defect agglomeration process that we still have to clar-

ify, as stated before. We prefer to leave these interesting aspects

for a future publication. For W [20] , D(T) = D 0 ·exp[ −0.39/k B T] with

D 0 = 2.9 × 10 −7 m 

2 s −1 and k B the Boltzmann constant, i.e., the so-

lute D concentration (D/ W = 10 −8 from Eq. (2) under our expo-

sure conditions) is 3 orders of magnitude smaller at 600 K than at

300 K (D/ W = 10 −5 ) [18,19] , yet evidently SSL formation, i.e., Frenkel

pair creation and HI-stabilization, still occurs at this temperature.

Further increasing the irradiation temperature until created vacan-

cies can no longer stably trap solute HI atoms may suppress or

even prevent SSL formation. Experimental de-trapping energies of

D from vacancies or their clusters in W [39] agree well with the-

oretical predictions [40,41] and correspond to D release between

∼500 and ∼850 K [39] . Hence plasma irradiations at temperatures

above 900 K should suppress HI trapping in vacancies thereby pre-

venting SSL formation. At present, verification of the latter expec-

tation is experimentally challenging, however, as the maximally

achievable temperature in our plasma source [35] is 600 K. 

In our proposed mechanism for lattice modification under HI

plasma irradiation at sub-threshold ion energies, the stabilization

of temporary Frenkel pairs via trapping of HI atoms plays a crit-

ical role. This poses the pertinent question whether a similar SSL

formation as observed here for HI plasma-exposed W might also

occur on He-irradiated W surfaces. Although at much lower con-

centration that the HIs (D, T), He is an inevitable component in

fusion plasmas, and as an implanted impurity in W lattices He in-

teracts even more strongly with vacancy defects (interaction en-

ergy ∼ 4 eV) [42] than HIs ( ≤∼1.5 eV [39–41] ). In principle, sta-

bilization of temporary vacancies by implanted He and a poten-

tial synergistic formation of a He-SSL might therefore also be ex-

pected to occur on W surfaces under He plasma irradiation. In fact,

the low-energy formation of surface vacancies and adatoms (e.g.,

Frenkel pairs) has been observed in molecular dynamics simula-

tions of He-implanted W [43] , and a modified trap mutation pro-

cess that can occur within a few atomic layers of a W surface to

produce a Frenkel pair (again in the form of a near surface vacancy

and a tungsten adatom) has been reported [44] . These processes

seem to bear some resemblance with our proposed synergistic de-

fect generation mechanism by HIs, although they are limited to a

region in much closer vicinity of the surface. 
On the other hand, the possibility to observe an SSL depends

lso on other factors such as the kinetic collisions and ion pene-

ration (stopping). The decisive differences between HIs and He in

his regard are the much larger penetration depth and lower sput-

ering yield of HI ions compared with He ions of the same energy.

he presently applied energy of 215 eV for D is below the threshold

or W sputtering by D ( ∼250 eV), but already significantly above

he sputtering threshold of He atoms ( ∼110 eV). At the same ion

nergy, even if formed, a He-induced SSL would thus be unlikely

o survive the sputtering; a problem that is further exacerbated

y the abundance of He 2 + ions (carrying twice the energy) in the

lasma. Given that He ions transfer twice the energy of D to W lat-

ice atoms according to our model ( Eq. (1) ), an energy window to

reate an SSL with He while staying below the sputtering thresh-

ld may still exist. However, in this case the expected thickness of

he SSL would reduce significantly to about 1/8th (half the energy

nd 2 2 = 4 times the stopping) of the HI-induced SSL, i.e., to about

 nm, which again implies increased susceptibility to sputtering by

mpurities and He 2 + . It should thus be very challenging to exper-

mentally resolve a He-distorted layer, which we would expect to

e extremely thin. These arguments equally apply to all other el-

ments heavier than hydrogen and thereby emphasize the likely

nique ability of HI plasmas to create SSLs on material surfaces.

oreover, regarding trap mutation under He irradiation, we note

hat the strong self-trapping binding energies of He atoms [45] can

ven exceed those between He and primary vacancies [42] . He

toms may thus be preferentially absorbed by He-clusters rather

han by a newly collision-created vacancy. Hence, the probability

f vacancy stabilization by He may be even lower than that on HI-

rradiated W surfaces under comparable irradiation conditions. 

Having pointed out the probably unique ability of HI plasmas

o create SSLs on W surfaces by synergistic Frenkel pair creation,

e note that also other types of defects can be produced in the W

atrix during HI plasma exposure, such as dislocations [46,47] and

racking [17,36,48] . There still exists a gap in our model between

he generation of primary Frenkel pairs and the evolution of the

icrostructure that is eventually observed as SSL after agglom-

ration of the atomic defects, so it is possible that other defect

ypes contribute to SSL formation. Taking dislocations as an exam-

le, we note that the generation mechanism of dislocations un-

er HI plasma irradiation [46] is very different from that of an

SL. Firstly, SSL formation involves kinetic collisions. These are

ot at all relevant for dislocation generation, which takes place

n depths far beyond the implantation zone during the irradiation

46] . Hence, a critical ion energy (threshold) is observed for DSSL

reation [19] but not for D-induced dislocation production in W

47] . Moreover, the stresses induced by ion implanatation are com-

ressive within but tensile beyond the implantation zone, which

re just opposite conditions for SSL formation to the ones favor-

ble for dislocation formation in larger depths [46] . Therefore, and

ince also the concentration of D trappd at agglomerated defects

n the DSSL very largely exceeds typical dislocation densities, it ap-

ears questionable whether dislocations play an important role in

SL formation. 

We would finally like to emphasize that our proposed mech-

nism of defect generation by HI atom-ion synergy is a simple,

euristic model that aims to provide a first interpretation of the

SL formation process and explains in particular the evident im-

ortance of kinetic collisions at sub-threshold energies and its re-

roducibility for H and D. A promising modeling path towards elu-

idation of the key dynamical processes would be the simulation

f collision cascades in pure and hydrogenated tungsten combined

ith a time-dependent (TD) study of the formation and anneal-

ng of defects as a function of the primary particle energy, hydro-

en concentration, and sample temperature. For sufficiently high

rojectile energies and sample temperatures these processes and
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heir relative contributions should in principle be observable in

imulations. However, a proper scaling towards the experimental

onditions (i.e. energies below the threshold, room temperature)

ill most likely require accelerated Molecular Dynamics methods

49] and dedicated rare-event handling [50] . For this purpose, the

D-potentials need to be sufficiently accurate as the rates to be

stimated depend exponentially on the MD-energy barriers. Thus,

 dedicated MD/TDDFT-modeling approach appears feasible but

till presents a formidable task that is far beyond the scope of the

resent work. 

From a wider perspective, lattice modification by solute hydro-

en atom-particle synergy has implications that reach far beyond

he formation of nanometer-thin HI-supersaturated layers on HI

lasma-irradiated W surfaces. The synergy effects are neither re-

tricted to HI-plasma irradiation nor to surfaces; they may also af-

ect deeper bulk regions as well as materials other than W. Syner-

istic defect generation is principally expected whenever tempo-

ary Frenkel pairs are created by sub-threshold collisions of en-

rgetic particles with lattice atoms in the presence of solute HI

toms. Such conditions exist at the end of collision cascades of

igh-energy projectiles (ions, neutrons) injected into materials that

lready contain HIs, as demonstrated by Schwarz-Selinger et al.

23] . Synergistic defect generation occurs also during simultaneous

o-implantation of HIs with other ion species [51,52] . In both cases,

tabilization of irradiation-induced temporary vacancies by solute

 at the end of the collision cascades (where the W projectile en-

rgy falls below the kinetic threshold for permanent Frenkel pair

reation) explains the observed D retention enhancement. Analo-

ous defect generation by hydrogen-neutron synergy is expected

o enhance HI retention in the bulk of materials irradiated simul-

aneously by HI plasma and neutrons (such as in fusion reactor

essels), and may contribute to the embrittlement of uranium fuel

od cladding (consisting of H-dissolving zirconium) in nuclear fis-

ion reactors [53] . Sub-threshold hydrogen atom-ion synergy might

lso affect medical diagnostics [54] and material analysis [55] with

roton beam techniques, as well as H plasma treatments in the

emiconductor device industry [3,4] , as the incident protons may

reate more defects in the irradiated materials than so far antici-

ated. 

Aside of the potentially detrimental enhanced defect genera-

ion in materials, H atom-ion synergy during low-energy HI plasma

or ion) irradiation may offer exciting perspectives to fabricate

anometer-scale HI-rich surface layers on materials that do not

aturally dissolve hydrogen (such as demonstrated here for W).

uch plasma-modified hydrogen-rich surface layers could have out-

tanding application potential in heterogeneous catalysis of hydro-

arbon hydrogenation, where hydrogen below the catalyst surface

s well known as a crucial reactive species [56–59] but has hith-

rto been exceedingly difficult to produce in metals with negligible

I solubility [57] . Here, synergistic low-energy H plasma modifica-

ion may present a facile route to introduce substantial amounts

several at.%) of sub-surface hydrogen into non-Pt-group metals to

roduce low-cost and sustainable catalyst materials for organic hy-

rogenation sythesis and fuel cells [60] . 

. Conclusion 

In summary, we have experimentally validated a sub-threshold

attice modification process on W surfaces exposed to two differ-

nt low-energy hydrogen isotope (HI) plasmas and reproduced the

esulting hydrogen/deuterium depth profiles in the created SSLs by

djusting the ion energy such as to appropriate equal energy trans-

er to W lattice atoms in collisions with incident HI ions. We ten-

atively explain the observed massive creation of primary defects

y HI ions implanted into W with sub-threshold ion energies by a

ynergy of temporary W Frenkel pair generation in collisions with
I ions and stabilization of these temporary defects by trapping of

olute HI atoms. Our proposed model of hydrogen atom-ion syn-

rgy is expected to be relevant also in other systems wherever

ub-threshold particle collisions with lattice atoms create tempo-

ary Frenkel pairs in presence of solute HI atoms. We strongly in-

ite additional experiments and theory to further verify (or falsify)

ur model and to clarify the influence of experimental parame-

ers such as ion flux/fluence, ion energy, and temperature on the

SL formation and to reveal the nature of the defect agglomeration

rocess. The synergistic low-energy defect creation mechanism we

ropose may have wider implications for materials under simulta-

eous exposure to hydrogen and energetic particle irradiation, as

ell as application prospects as a versatile route to fabricate novel

atalytic or functional materials with H-enriched surface layers. 
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