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Molecular dynamics simulations of helium implantation into single-crystalline tungsten at 0 and
300 K have beenperformed. Non-damaging ion energiesof 50, 100 and 200 eV were used. Clusters
containing up to the order of 100 He atoms were formed. These clusters were nucleated athermally,
via the creation of (111) crowdion interstitials and interstitial dislocation loop punching. Ruptures
of He clusters were observed, but no assaiated ejection of W atoms.
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. INTR ODUCTION

In this study we examine the formation and growth
of helium clusters inside perfect tungsten, subjected to
high- ux non-damaging irradiation. Before preseriing
the motivation for this study, we give a brief review of
what has previously beendoneon the topic of He clusters
(or, equivalertly, clusters) in solids.

A. Formation and growth of helium clusters

Trapping of gasionsin solidswas rst obsenedin 1858
in direct-current gas discharge experimerts carried out
by Plucker, who found that the color of the discharge
changed over time!. Plucker discovered that this phe-
nomenon was causedby loss of gasinto the electrodes.
Subsequeh experimerts in this eld shawved that the re-
sults which were easiestto reproducewerethose obtained
by implantation of noble gases.

Turning to the speci c noble gasHe, it may be noted
that Barnes et al. 2 were amongthe rst researhers to
obsene cluster formation in metals (Cu, Al, and Be) ir-
radiated with He. They discovered that clusters grew
only in samplesthat had been annealed. The growth
wasattributed to thermal vacancies.This conclusionwas
challengedin 1973when Sassand Eyre® found evidence
for growth of He clusters in Mo at room temperature,
wherethe contribution from thermal vacanciesshould be
insigni cant. Similar ndings were obtained by Mazey et
al. 4in 1977.

A solution to the 'growth mechanism' problem waspro-
posedin 1978by Casperset al. °, who investigated He in
Mo. The solution was called 'trap mutation’, which was
proposedto work as follows. Assuming the He atoms
which form the cluster are all corntained in a single va-
cancy, the addition of one extra He atom will causethe
vacancyto mutate into a divacancy resulting in expulsion
of a self-interstitial atom (SIA) into the surrounding lat-
tice. If there are n He atoms in the cluster, the trap mu-
tation 'reaction’' can be written He + He,V ! Hep+1 Vo
+ |, whereV denotesa vacancyand | a SIA. Trap mu-
tation has beenobsened by at least Abd El Keriem et
al. ® for He in W. According to Abd EI Keriem et al. the

mutation in W takes place when 10 or more He atoms
have beentrapped by a single vacancy

The fate of the expelled SIA and the e ect on the
surrounding medium has beenelucidated by e.g. Evans,
van Veenand Caspers’ studying 150eV He implantation
at room temperature into single-crystalline, predamaged
and annealed(001) Mo. Helium platelets were obsened,
and it was found that thesegrew by punching out inter-
stitial loops in the (111) direction (a pressure-releding
mechanism originally proposedby Greerwod et al. (see
Ref. 7 and referencestherein)). A density of 2-3 He/V
was estimated.

In this context it may be of interest to review the pos-
sible trapping sitesfor He in metals. In the above discus-
sion it was mertioned that vacanciescantrap He atoms.
This was obsened by Kornelsen and Edwards in 1972
and 1974 (Ref. 8 and those in Ref. 1) and van Veenand
Caspersin 1979 (Ref. in 1), who investigated He in W,
Mo, and Ni. The vacanciesmay be native or created
during the irradiation.

Kornelserf alsofound that inert gasatoms suc as He
and Kr assaiated with vacanciesare able to trap He
atoms (in (001) W), verifying that He atoms should be
able to form clusters. Interstitial C and O atoms did
not appear to act astraps. In addition, Kornelsen and
van Gorkum?® discovered that He-V (a He atom in a va-
cancy), Ne, Ar, Kr, and Xe atoms act astraps for He. For
the inert gasimpurities the binding energy of the clus-
ter was obsened to increasewith the number of trapp ed
He atoms (up to a number of 100atoms), rendering these
traps nucleation certers for clusters. This binding energy
trend was opposite that for vacanciesand helium- lled
vacanciesfor which the energydecreasedvith increasing
trap occupancy Finally, it was shawvn by van der Kolk
et al. 1° that also the substitutional impurities Ag, Cu,
Mn, Cr, Al and In are able to trap He atoms.

It should be noted that if defectsand impurities are
absen in the samples,and if non-damaging irradiation
is used, it is not obvious from the above discussionthat
He clusters can not form.

Thomas, Swansiger and Baskes'! have investigated
3He intro ducedinto the face-cetered cubic (FCC) metal
Ni via the so called tritium trick (tritium is implanted
and decgs to helium) in poly-crystalline and single-
crystalline samples. They obsened that despitethe non-



damaging conditions He becametrapp ed in the samples
instead of diusing out. Subsequeh atomistic calcula-
tions by Wilson, Bisson and Baskes'? showed that He
atoms introduced into perfect Ni are able to form in-
terstitial clusters, which act as traps for additional He
atoms. When the interstitial cluster is large enoughit is
able to spontaneously create a Frenkel pair. For this par-
ticluar caseof He in Ni, v e clustered He atoms are able
to create a vacancy-irterstitial pair, and eight He atoms
are able to create two vacanciesand two interstitials. It
should be noted that this growth mecdanism is strictly
speaking not the sameastrap mutation, sincethe initial
cluster is madeup of interstitial atoms, not atoms caught
in a vacancy

Other experimental indications of spontaneous He
cluster formation under non-damagingirradiation condi-
tions have beenprovided by Thomas and BastasZ® who
implanted 300 eV He ions at 100K into annealedpoly-
crystalline Au foils. Analysis of the defectsindicated they
consistedof He clusterswith diametersof about 10 A and
self-interstitial clusters. In the absenceof damagethe for-
mation of these defectswere attributed to self-trapping
of He atoms.

B. Aim of this work

The experimertal and theoretical ndings reported
above indicate He atoms implanted into metals with the
FCC lattice structure (such as Ni and Au) are able to
form clusters also in the absenceof radiation damage
and native defects. In the preser study we have chosen
to investigate spontaneous cluster formation in the body
cenrtered cubic (BCC) metal tungsten (W). The selection
of W as the matrix can be motivated as follows. The
formation of clusters should be dependent on the 'soft-
ness'of the matrix. SinceW is amongthe ten elastically
hardest elemenis'4, having a bulk modulus which is close
to twice that of gold's, it is a suitable material to study
for the extent of spontaneous cluster nucleation.

Tungstenis of particular interest alsosinceit hasbeen
included as a candidate material for the plasma-facing
wall (the socalled rst wall) in the International Ther-
monuclear Experimental Reactor (ITER) 17 . Speci -
cally, W is to be usedin the divertor, which is the part
designedto take the largest loads of heat and particles
exiting the plasma. The irradiation conditions are such
that 1 100eV deuterium (D) or tritium (T) ionswith
apeak ux of 10?* ionsm 2 s ! areincident on the
divertor surface. The estimated He ux is 1 10% of
this, makingit (0:1 1) 102 ionsm 2s 1.

If He atoms are able to cluster in defect-freeW then
they cangrow under prolongedirradiation until they may
form blisters, which are visible surface-nearbubbles. If
the pressure gets too large these blisters may rupture
and erode material into the fusion plasma. The intro duc-
tion of wall material into the plasma givesrise to energy
losses,sud that the higher the nuclear charge state (the
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Z value) of the material the greater the cooling e ect 8.
Therefore the possibledegrading e ects of W are worse
than for example of Be and C, which are also candidate
materials for parts of the rst wall and divertor, respec-
tiv ely'®.

Spontaneouscluster formation is possiblealsoif the ir-
radiation particles are H ions*®?? . In the particular case
of W, the clusters are formed at micrometer depths, sev-
eral orders of magnitude larger than the projected range.
In a related publication we propose an explanation for
this??, while we in the presen study focuson He in W.

Il.  METHODS

A. Molecular Dynamics sim ulations

Molecular dynamics simulations (MDS) were used to
implant 50, 100, and 200 eV He atoms into (001) W47,
In this sectionwe describe the details of the MDS perti-
nert to this study. A more extensive description of MDS
(especially for the investigation of cascadesyan be found
elsewherés.

For the 50 eV, and the rst seriesof 100 eV He im-
plantations, the initial, pristine W sample consisted of
16 16 10 unit cells, making the sidesabout 50.6 A
(x and y) and 31.7 A (2) long. For the other implanta-
tion serieslarger crystallites with sidelengthsLy = Ly =
1013 A and L, = 50:6 A were used.

In order to model implantation into a bulk sample,the
technigues of atom xing and temperature scaling were
used. Atoms in a 4 A thick layer at the bottom of the
sample were held xed at their original positions at all
times. Atoms in a 5 A thick layer above this region had
their velocities scaledtowards zero using the Berendsen
temperature cortrol method?*. This temperature con-
trol was also applied at the periodic x and y side walls,
although no atoms were held xed there. The simulation
cell was periodic in x and y, but not in z.

The incident He atom in ead of the runs is always
started from the same horisontal position. In order to
avoid an arti cal buildup of He at the samelocation near
the surface| which would not occur in areal experimert
where the incident ions cover a large surface| the sim-
ulation cell was shifted at the start of ead implantation
run. This meansthat all atoms were moved by a random
amourt in the x direction, and then the positions were
corrected using the periodicity. This was also done for
the y direction.

Each successie implantation started with a He atom
positioned outside the sample. The distanceto any other
atom was larger than the potential cuto radius of 4.4 A.
Each incident He atom was directed towards the surface
with a tilt (or polar) angle = 25 and a twist (or az-
imuthal) angle = 0. We chose = 25 sincerange
calculations shaved the projected range to be minimal
in this case. The initial energy of the He atom, 50, 100,
or 200 eV, was well below the energy neededto create



damagein the W sample®?” | which can be calculated
as follows. The maximum kinetic energy transferred to
a lattice atom by the projectile in a collision is given by
E®% = 4mim,=(m; + m,)?E, where E is the energy of
the incident atom and m;, m, the massesof the lat-
tice atom and the projectile, respectively?’. For $He
(my = 4:0026u) and the averageW atom (m, = 18384
u) (seeRef. 28), and the maximum energyE °equalto the
threshold energyof 42 1 eV (in the (100) direction, see
Ref. 29), the minimum He energyfor damageproduction
isE =503 12eV.

After starting the He recoil towards the surface, the
ewlution of the whole system is followed up to 5 ps.
At the end of ead implantation run the sample was
guended to zero Kelvin during the nal 500fs to avoid
a cortinous heating-up of the samplefrom oneimplanta-
tion run to the next. At the start of the cooling the tem-
perature was usually somewherebetween10 and 30 K.

The He ux to the smaller sample was 7:8
10?7 ions m 2 s 1, and for the larger sample 1.9
10?7 ionsm 2 s 1,

For the W-W interaction an improved® Embedded-
Atom Method (EAM) potential by Finnis and Sin-
clair was used. The He-He interaction was a pair-
potential based on Density Functional Theory (DFT)
calculations®. For the He-W interaction an ab initio
basedpair potential presered in an earlier study®? was
used.

B. Analysis of cluster nucleation

For ead implantation run in all the 50, 100,and 200eV
He seriesthe initial and nal positions of atoms were
compared. Atoms, whoseinitial and nal positions dif-
fered by 1 A or more were courted. If the total number
of displaced host lattice atoms in a run exceededsome
threshold value (mostly 4-5) the implantation run was
resimulated and the displacemens investigated in more
detail.

For the selectedruns the following elemerts of analy-
sis were carried out: (a) For atoms displacedby 1 A or
more vectors were drawn from initial to nal position.
This made e.g. (111) crowdion interstitial events, where
seweral host lattice atoms are coherertly displacedin the
(111) direction, easierto spot. (b) The motion of the
displaced atoms was visually inspected. (c) The coordi-
nate displacemens ,x, y and z aswell asthe total
displacemen r = = ( x)2+ ( y)2+ ( 2z)?2 were cal-
culated. These were comparedto the displacemerts of
atoms in an ideal (111) crowdion interstitial. (d) If nec-
essary the atoms undergoing displacemerts were plotted
as a function of time.

In W an atom in an igeal (111) Fgrowdion interstitial
is displacedby ro =2 3= xo 3= 274A, where
a= 3:1652A isthe W BCC lattice parameterand Xq =
1:58 is the ideal coordinate displacemen along all three
coordinate axes. When loking for crowdions, any W atom
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displacing such that 0:90 Xi= Xoi L1Gi=1,2;3
waslabeleda crowdion. This givesthe condition 2:44A

r 3:04A for r.

When groups of adjacert crowdions were obsened the
displacemen event wasconsidereda loop punching evert,
i.e. the formation of an interstitial dislocation due to the
high pressurein the cluster®®34. No further analysis,e.g.
of the Burger's vector of the loops, was carried out.

C. Calculation of densitites and pressures

Densitiesof He clusters have beencalculated in various
cases.Here we outline the method usedto obtain these
values.

In order to calculate a density of a cluster, one hasto
rst calculate the number of gasatomsin the cluster and
then the volume these atoms occupy. The rst calcula-
tion is straightforward. In general, the simplest way to
calculate the volume of an atom (or vacancy)in the BCC
lattice is to divide the volume of the conventional unit
cell with the number of lattice atoms, i.e. 2, obtaining
V, = a3=2. Sud a method would not work for arbitrary
systemsof atoms, such as (liquid) He clusters. Therefore
we have in this study adopted a volume de nition which
relies on the close-pa&ing of atoms. With this method
the volume of any atom is de ned as Vi, = 4 r3=3,
wherer is the shortest distanceto any neighboring atom,
divided by two. Here the label cp emphasizesthat the
close-pa&ing volume de nition is used.

Note that theolume of a vacancy in a perfect lat-
tice ig,Vy;op = 3 @3=16  repad=2 = rgVy, where
Fep = 3 =8 = 0:68is the close-pa&ing ratio of the BCC
lattice. With a = 3:1652A one obtains V, = 15856 A3
and V,.cp = 10:784 A® per vacancy

From the atomic density ., or (in units of
atoms A 3) the number density n (in units of atoms
per vacancy (V)) is calculated as n = Ve
(=rep)rVe = V, = 10784  oA° atoms/V =
15:856 A° atoms/V, i.e. n is independert of the
method to calculate atomic volumes.

Whenewer He cluster volumes V,, are mertioned the
close-pa&ing version is understood, since the computer
codes that calculate the volumes use only the close-
packing scheme.

Simulated pressures are compared to the Mills-
Liebernberg-Bronson (MLB) semiempirical equation of
state (EOS)%®. This EOS is consideredto be reason-
ably good®® for “He up to pressuresof 100 GPa, which
is 50 times the original upper limit in the experiments
from which the MLB EOS has beencalculated. By 'rea-
sonably good' it is meart that when the MLB predic-
tion for the pressureis comparedto theoretical calcula-
tions, the dierence is not more than 50%. The origi-
nal experimental limits were 75K < T < 300K and
0:2 GPa < P < 2 GPa, whereT is the temperature and
P the pressure®.



D. Calculation of uence-dep endent prop erties

Various time-dependert properties of the clusters, e.g.
pressure, have been calculated. When values for these
properties are preseried they are visually veried aver-
agesover short timest; t ty, sud that the value of
the property in question has not experiencedtoo violent
changeswhich would make the averagemeaningless.

I1l. RESUL TS

In the following results on the probability of backscat-
tering and the ux test are preseried rst. After that
the ndings on nucleation and growth of clustersare pre-
serted and summarized. The last sectionsdeal with clus-
ter properties, the critical pressurefor loop punching, and
the possibility of superlattices.

A. Probabilit y of backscattering

It may be of interest to have some estimates on the
ertrance probability of the impinging He atoms. In Ta-
ble I we presert valuesfrom TRIM calculations (TRIMC)
and MDS for this probability. The probability is calcu-
lated asNp=N;, where Ny, is the number of badkscattered
atoms and N; the total number of impinging atoms. The
TRIMC valuesare calculated using the SRIM-2003 soft-
ware package’’, and an angle of incidence = 25 (o-
normal). The W samplein the TRIMC was1000A deep.
Uncertainties in the counts were calculated using Poisson
statistics.

TABLE I: TRIMC and MDS results for the probability of
backscattering of He ionsincident on W at an o -normal angle
of 25 .

lon energy Backscattering probabilit y
(eV) TRIMC MDS
10 0:485 0:008
20 0:521 0:009 1:00 0:02
30 0:527 0:009
50 0:520 0:009 0:764 0:007
100 0:506 0:009 0:654 0:005
150 0:493 0:009
200 0:489 0:009 0:592 0:007
300 0:482 0:008
500 0:470 0:008
700 0:447 0:008
1000 0:442 0:008

B. Flux test

Kinetic Monte Carlo simulations (KMCS) 383° were
carried out in order to nd the minimum ux down to
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which our MDS results for the clustering depths remain
similar. Run number 1000 of the 50 eV He implantation

at 300K was usedto obtain the relevant parametersfor
the KMCS. This givesa uence of 3:9 10 Hem 2 and
an e ectiv e total migration time of 1000 4:5ps= 4:5ns
(accounting for the 500 fs quendiing time at the end of
ead run) sincethe start of the implantation series. The
size of the target surface,the ion ux, the implantation

pro le (assumedGaussian),and the averagetemperature
of the implantation-heated target for this run were used
asinput parametersin the KMCS. The results of the ux

test are preserted in Table |1, for a clustering radius of
3:16 A. The radius is de ned sothat when the distance
betweentwo atoms or a cluster and an atom is smaller
than this radius, then the two ertities are consideredto
be clustered.

TABLE [I: MDS and KMCS results for MDS run 1000 using
dierent uxes but the same uence. The rst group of data
(the rst line) contains the MDS result.

Flux (10 Hem 2s 1) Cluster depth (A)

8:660 107 55 04
8660 10W 6:55 0:02
8:660 10° 6:50 0:01
8:660 10° 6:56 0:03
8:660 10’ 73 02
8:660 10° 1 2
8:660 10° 13 2
8:660 10 26 6
8:660 10° 64 15
8:660 107 149 62
8:660 10! 284 90
C. Cluster nucleation and growth

Before preserting the numerical results it is useful
to get an understanding of how the clusters grow in
size or volume during the implantations. The initial
cluster seedsconsist of interstitial clusters, which form
spontaneously in W when migrating He atoms come
close enough to one another. The interstitial clusters
are turned into substitutional clusters via ejection of W
atomsin or closeto tb e clusters, when they have reached
a large enough number of contained He atoms.

The most commonway for (substitutional) clustersto
grow is by direct absorption of the hot He ion, which
heatsup the cluster and rendersthe contained gasatoms
mobile inside their enclosure. This enablesthem to push
on ead other and collide with the atoms of the surround-
ing solid. If this motion is violent enough, W atoms will
be pushed aside temporarily or permanertly. Then the
cluster may grow in volume and its pressurewill be re-
duced. It is also possiblefor the cluster to leak He atoms
if it is closeenoughto the surface.

Also, in the simulations it was noted that rupturing of



clusters does not start immediately when the He ion is
caugh in them. The overall picture is that the rupturing
occurs relatively late, at around 1 ps or more since the
implantation of the individual ions.

Results for runs 1-799in the rst 100eV He implanta-
tion serieshave already beenreported in Ref. 32. Those
results will not be repeated here, but they will be in-
cludedin the ndings pertaining to all the relevant runs
between1 and 2585 (when the serieswasterminated due
to a signi cant cluster rupture) in this implantation se-
ries.

In Table Il an overview of the frequency of cluster
growth everts are given for the four 100 eV He implan-
tation seriesinvestigatedin detail. Here a cluster growth
evert is such an event wherea cluster grows either in vol-
ume or occupancy (number of He atoms). Emptying of a
cluster (atoms escapingfrom the cluster through the sur-
faceor into closely clusters) is also considereda growth
evert, sincea cavity capableof absorbing new He atoms,
is formed.

The runs and uences at which the rst crowdion in-
terstitial or loop-pundhing like everts occurred are shovn
in Table IV, for the implantation serieswhich have been
investigated in detail. Only evernts where the clusters
grow in occupancy have beenconsidered.In Table V the
temperatures and pressuresin the clusters participating
in the rst loop punching like evernts are shavn. 'Clus-
ter 1' and 'Cluster 2' denotesthe initial clusters which
are fused, and 'Final cluster' denotesthe cluster which is
formed in conjunction with the loop-punding like evert.
Here NA meansthat the cluster actually was an atom,
in most casesthe incident He ion.

1. 100eV, series 1

In about 15% of the 156 investigated runs the He ion
either created (111) crowdion interstitials by itself or af-
ter it was caugh in a small cluster of He atoms. About
13% of the runs displayed loop punching like events. In
onerun (corresponding to 0:6%) both crowdion and loop
punching like events occurred. The other remaining runs,
about 72%, did not reveal any other clearly discernible
medanism for cluster growth. However, in someof these
runs we noticed what onecould call internal crowdion like
ewvents, whereW atoms are moving alonglines connecting
clustersto ead other.

The rst crowdion event where a He cluster grows
occured in run 184, where a cluster containing two He
atoms absorbed the incident He atom.

The rst loop punching like event where a He cluster
grew occuredin run 402, where clusters containing 5 and
6 He atomsmerged. At 0:3 0:5 ps, beforedisplacemerts:

i1 = 0:392 0:002A 3, p = 0:426 0:007A 3. At
3:8 4:0ps,after displacemetts: ¢, = 0:417 0:004A 3.

The detailed investigation of this seriesof implantation
runs was endedafter a cluster rupture event in run 2586.
A cluster containing 236 He atoms was reducedto 64 He
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atoms. The average pressureand density values before
rupture at about 0.7 pswere37.6 0:3 GPa and 0:321
0:002 A 3, respectively. Shortly after stabilization, at
about 16 ps, the valueswere 2:14 0:05 GPa and 0:192
0:001A 3. Plots of pressureand number of atoms in the
rupturing cluster are shaovn in Fig. 1.

In Table VI the pressureand atomic density of He clus-
ters in someof the loop punching events are given. The
runs not included in the list did not shav any growth in
the occupancy of the involved clusters. Someeverts in
the table did exhibit both types of loop punching (vol-
ume and occupancy change)but the volume-grownth type
of theseeverts (10 all in all) are not listed.

In Table VII we presert a comparison between the
measured atomic densities and that predicted by the
MLB equation of state. The correspondenceis not per-
fect, but at least the densities are remarkably good.

250
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100
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0 5 10 15 20 25 30 35 40
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FIG. 1: Pressureand number of atoms in the shrinking cluster
in run 2586in the 100 eV He series1.

2. 50eV, series1

In about 26% of the 85 investigated runs crowdion
everts were found. Loop punching like everts were ob-
sened in 12% of the runs.

The rst crowdion event where a He cluster grew oc-
cured in run 142, where a ‘cluster' corntaining 2 He ab-
sorbed the He ion.

The rst loop punching like event where a He cluster
grew occured in run 715, where a cluster with 15 He
grew by absorbing the He ion. At 0:0 0:2 ps, before
displacemerts: ¢, = 0:43 0:01 A 3. At 20 2:2 ps,
after displacemerts: ¢, = 0:41 0:02A 3.

The detailed investigation of this seriesof implanta-
tion runs was endedafter a cluster rupture evert in run
2027. A cluster wasreducedfrom 35to 5 He atoms. The
averagetemperature, pressureand density valuesbefore
rupture, at about 0:6 0:8 ps, were T = 2010 40K,



TABLE I1I: Overview of cluster growth events for the implantation seriesinvestigated in detail. The number of runs that have
beenanalyzed is Ni, and the number of runs where one or more (111) crowdion interstitials were observed is N.. The quantity
Ny, is similar to N¢ but loop punching everts were observed instead of crowdions. The run where a signi cant rupture of a
surface-near cluster occurred is denoted N, .

lon energy Series N; N¢ Nip Nsr
(eV) 1 1000 1001 2000 2000 1 1000 1001 2000 2000
100 1,0K 156 21 2 0 5 8 7 2585
50 1,0K 85 16 7 0 5 5 0 2027
50 2,0K 70 14 11 0 3 4 0 1891
50 1, 300K 113 12 12 4 3 4 6 2242

TABLE 1V: Runs where the rst crowdion and loop punching like events occurred in the implantation seriesinvestigated in
detail. The events were such that He clusters grew in occupancy (number of contained He atoms).

lon energy Series First crowdion event First loop-punching event
(eV) Run number Fluence (He m 2) Run number Fluence (He m 2)
100 1,0K 184 7:2 10" 402 157 10%
50 1,0K 142 5:5 10 715 279 10®
50 2,0K 263 103 10" 996 389 10"
50 1, 300K 138 5:4 10 453 17.7 10
TABLE V: Temperature and pressure changes for the clusters participating in the rst loop punching like event for the

implantation seriesinvestigated in detail. The events were such that He clusters grew in occupancy (number of contained He
atoms). NA meansthat the cluster actually was an atom, in most casesthe incident He ion.

lon energy Series Cluster 1 Cluster 2 Final cluster
(eV) Temperature (K) Pressure(GPa) Temperature (K) Pressure (GPa) Temperature (K) Pressure(GPa)
100 1, 0K 35 04 225 1 1300 100 227 6 330 20 187 4
50 1,0K 6500 600 203 9 NA NA 2600 100 119 6
50 2,0K 25 4 185 1 NA NA 540 80 76 6
50 1,300K 3200 1000 250 20 NA NA 646 6 162 7

TABLE VI: Growth type, pressure and density values for someloop punching-lik e events in runs in the 100 eV He series1.
The growth type'm + n' meansthat a cluster containing m He atoms has grown by absorbing n He atoms. These n atoms can
be in another cluster, separate atoms, or a combination of these alternativ es.

Run Growth Pressure (GPa) changes Atomic density ¢ (He/ A%) changes
number Before After Before After
402 6+5 227 6 187 4 0:426 0:007 0:417 0:004
720 22+0 11196 0:04 93 1 0:3596 0:0001 0:343 0:.001
1035 4+0 244 1 216 7 0:455 0:010 0:4552 0:0010
5+0 194 1 187 1 0:4069 0:0009 0:422 0:006
1037 24+0 788 03 658 06 0:3312 0:0003 0:328 0:003
26+8 169 3 84 3 0:457 0:007 0:387 0:006
1450 13+0 10830 0:04 969 06 0:36204 0:00003 0:351 0:001
1451 15+0 1114 04 98 1 0:3709 0:0005 0:352 0:002
1452 13+0 1226 09 1012 11 0:370 0:001 0:354 0:003
30+0 925 0:2 930 03 0:3471 0:0006 0:350 0:002
1478 6+2 249 12 150 10 0:43 001 0:38 0:02
1869 11+7% 1692 02 124 1 0:4025 0:0001 0:377 0:002
73+18 771 03 689 05 0:3449 0:0007 0:346  0:002
1926 111+3 5042 0:11 481 06 0:3153 0:0004 0:3299 0:0011
2070 5+2 185 1 145 5 0:4294 0:0004 0:406 0:012
2087 129+0 3857 0:.04 36:02 0:02 0:28999 0:00010 0:2858 0:0001
2088 129+0 453 02 366 03 0:3329 0:0007 0:3113 0:0008
2370 184+5 477 04 381 06 0:353 0:002 0:333 0:002
2581 226+2 3441 0:.08 3236 0:09 0:3003 0:0003 0:3019 0:0007

aThe 18-atom cluster formed here is fused with the 73-atom clus-

ter on the following line.



TABLE VII: Atomic density of clusters after loop punching
like event has occured in runs in the 100 eV He series1.

Run Growth Atomic densities ¢, (Hel A3)
Simulated MLB
402 6+5 0:417 0:004 0.477
720 22+0 0:343 0:.001 0.436
1035 4+ 0 0:4552 0:0010 0.552
5+0 0:422 0:006 0.525
1037 24+0 0:328 0:003 0.367
26+ 8 0:387 0:006 0.304
1450 13+0 0:351 0:001 0.458
1451 15+0 0:352 0:002 0.435
1452 13+0 0:354 0:.003 0.429
30+0 0:350 0:002 0.423
1478 6+2 0:38 0:02 0.349
1869 11+7 0:377 0:002 0.374
73+ 18 0:346  0:002 0.362
1926 111+ 3 0:3299 0:0011 0.314
2070 5+2 0:406 0:.012 0.353
2087 129+ 0 0:2858 0:0001 0.368
2088 129+ 0 0:3113 0:0008 0.291
2370 184+ 5 0:333 0:002 0.276
2581 226+ 2 0:3019 0:0007 0.286

P =102 2GPaand = 0418 0006A 3. Af-
ter rupture, there were 5 He atoms in the cluster. At
34 36ps: T =490 80K, P =22 3GPaand
o = 0:26 0:02A 3. Plots of pressureand number of
atoms in the rupturing cluster are shown in Fig. 2.
In Fig. 3 the ewolution of the irradiated target is shovn
for run 2027.
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FIG. 2: Pressureand number of atoms in the shrinking cluster
in run 2027 in the 50 eV He series1.

3. 50eV, series?2

In about 34% of the 70 investigated runs crowdion
everts were found. Loop punching like everts were ob-
sened in 10% of the runs. In one run (corresponding

to 1%) both crowdion and loop punching like events oc-
curred.

The rst crowdion event where a He cluster grew oc-
curedin run 263, where a He passinga looselybound He
dimer was caugh by a nearby He atom. The motion of
the formed He dimer activated the loosely bound dimer,
and both fusedinto a 4 He cluster. A crowdion with 5
W was formed.

The rst loop punching like event where a He cluster
grew occuredin run 996, where a cluster with 8 He grew
by absorbingthe Heion. Two (111) rows, containing 3+ 4
W, were punched out. The cluster was near the surface,
below a surfacevacancy and someof the clusteredatoms
were able to escape from the sample. The cluster was
reducedto 3 Heatoms at about 2ps. At 0 0:2ps: ¢p =
0:419 0:001A 3. At2 22ps: = 034 002A 3

The detailed investigation of this seriesof implantation
runs was endedafter a cluster rupture evert in run 1891.
A cluster containing 25 He atoms was evaporated after
a collision with the He ion. The averagetemperature,
pressureand density valuesbefore rupture at about 0
0:1 pswereT = 3500 800K, P = 99 8 GPa and

o = 0:355 0:008A 3.

4, 50eV, series1, 300 K

In about 25% of the 113 investigated runs crowdion
everts were found. Loop punching like everts were ob-
served in 12% of the runs. In v e runs (corresponding
to 4%) both crowdion and loop punching like events oc-
curred.

The rst crowdion event where a He cluster grew oc-
cured in run 138, where the He ion joined an isolated
He atom and formed a dimer, causingthe formation of a
crowdion interstitial displacing 2 W atoms.

The rst loop punching like event where a He cluster
grew occuredin run 453, where a cluster with 9 He grew
by absorbingthe Heion at 0.1 ps after implantation. The
loop punching event involved 3 rows, containing 3+ 5+ 3
W atoms. At 0 0O:1ps: ¢ = 0:439 0.008A 3. At
43 45ps: o= 043 002A 3.

The detailed investigation of this seriesof implantation
runs was endedafter a cluster rupture evert in run 2242,
A cluster containing 27 He atoms catched the He ion, but
was unable to keepthe cluster together. Consequetly,
23 W atoms in 5 rows of approximately equal length
were displaced towards the surface, while He atoms es-
caped from the cluster through the surface. The aver-
agetemperature, pressureand density valuesjust before
rupture at about 229 3:1 pswere T = 1300 110K,
P=101 6GPaand =041 O001A 3

5. Comparison of implantation resultsat 0 K and 300 K

In Fig. 4 the e ect of the temperature on someof the
properties of the implanted targets are shown for the
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FIG. 3: lllustration of the cluster rupture in run 2027in the 50 eV He series1. (a) The 50 eV He ion is incident on the target.
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leaving the former cluster. (h) Final relaxed state of the target.



50 eV He implantaion series1. As expected, the reten-
tion and the number of clusters are smaller in the 300K
case,since the higher temperature makesthe He atoms
more mobile. This enablesthem to escape faster from the
sample, and also to get trapp ed by other clusters more
quickly.
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FIG. 4: (a) He retention and (b) the number of He clusters
in the sample as a function of the He uence, for the 50 eV
implantation serieswith the sampleat 0 K and 300K, respec-
tiv ely.

6. Summary of mechanisms

By the results given above we may concludethat the
clearestmechanismsfor cluster growth are the formation
of (111) crowdion interstitials or the punching out of in-
terstitial loops.

We have illustrated the formation of crowdion inter-
stitials in an earlier study3?. An illustration of a loop-
punching event is preseried in Fig. 5.

D. Cluster prop erties as a function of uence

In Fig. 6 the retention, the areal density of clusters,and
the ratio of gasatoms to metal atoms in the implanted
layer (down to the deepest lying He atom) are shawvn as
a function of the uence, for all the 50, 100, and 200 eV
implantation series.

The erosionyield is shavn in Table VIII. The largest
yield value is of the order of 10 4, exceptfor the 200 eV
He series. Disregarding this series,the erosionyield is
somewherebetween0 and 5 10 “. It should be noted
that this erosionis in generalnot causedby the rupture
of He clusters, it is more like physical sputtering. By
this argumert we will refer to this type of ejection of W
atoms as sputtering, not erosion.

TABLE VIII: Yield of substrate erosion for the dierent im-
plantation series. The yield is de ned as Ne=N;, where N¢
is the number of eroded W atoms, and N; is the number of
implanted He ions.

Series Ne Yield of substrate
erosion (Ne=N;)
50 eV, seriesl 0 0
50 eV, series?2 0 0
50 eV, seriesl, T = 300K 0 0
100 eV, seriesl 0 0
100 eV, series2 0 0
100 eV, series3 2 3 2 10°
100 eV, series4 1 @ 1 10°
200 eV, series1 4 8 4 10°
E. Cluster pressure

It might be of interest to know how the pressurere-
quired for e.g. loop punching to occur depends on the
size of the cluster. In the literature there are seweral
slightly dierent estimates(seeRef. 36 for a short review
of these) for this critical pressure,denoted P p. Herewe
will usethe relatively simple approximation 4°

Pp = —+

2 .
T ' (1)

b C
roor

where = 2:65 N/m is the surface energy =
1586 GPa the shearmodulus, and b the Burger's vector
of the loop. Putting b 1A, oneobtains C = 21:16 N/m
= 2116 GPa A. Using the values in Table VI, and
tting the resulting (r;P) values to Eq. (1), we get
C = 23646 0:006 N/m, in good agreemen with the
theoretical estimate. The data and the ts areillustrated
in Fig. 7.



10

FIG. 5: lllustration of aloop punching event. 0.0 ps: Initial con guration of atoms. Rows 1, 3 and 4 are clearly visible, row 2
is covered by row 1. Dark (blue) dots represent He atoms, light (yellow) dots represert W atoms. 0.2 ps: Atoms in row 1 start
to displace, especially atom A. 0.6 ps: Atom A has relaxed backwards, atom B has moved slightly towards the surface. The
surface atom in row 1 is closeto making a displacemert up onto the surface...0.8 ps: ...but it is not able to go through with
it. 1.7 ps: The rows 1 and especially 2 are being compressedby the activit y in the He cluster. Atoms in row 3 are about to
start moving. Atoms in row 4 are 0 to a slow start. 2.0 ps: Displacemerts in rows 1 and 2 are advancing. Atoms in row 3 are
starting to move. 2.5 ps: Atoms in rows 1 and 2 contin ue moving. The atoms in row 3 have beendisplaced by approximately
one half the h111i distance. Atoms in row 4 have moved forward somewhat. 3.4 ps: The atoms in rows 1 and 2 have relaxed
backwards and have nearly completed their displacemerts. Atoms in row 3 are more or lessin their nal states, after having
relaxed somewhat in the backward direction. Atoms in row 4 are in 'mid-igh t'. 3.7 ps: Atoms in row 4 are more or lessin
their nal positions, but some relaxation of the surface-nearatoms is still going on. 5.0 ps: Final con guration of atoms. A
total of 19 W atoms were directly involved in this loop punching evert.



F. Cluster occupancies and sup erlattices

Runs from seweral 100eV and 200eV implantation se-
ries were investigated in order to obtain the distribution
of cluster occupancyand to determineif any superlattices
of He clusters had beenformed. Run number 7000, cor-
respondingto a uence of 1:9 10°” Hem 2s ! 7000
5ps= 665 10° Hem 2 10?°° He m 2 was (arbi-
trarily) chosen. The cluster occupancy distributions are
plotted in Fig. 8.

Pair correlation analysis was carried out on the clus-
ters. In all casesthe resulting distribution had only one
peak near the origin, and decreasedalmost monotoni-
cally towards zero for larger distances, indicating that
there were no cluster superlattice presen.

IV.  DISCUSSION

A. Probabilit y of backscattering

From the results in Table | for the probability of
badscattering, we nd that there is a clear di erence be-
tweenthe TRIMC and MDS results. TRIMC predicts a
probability of about 0.52,which decreaseslightly to 0.44
when the ion energy is increasedfrom 20 eV to 1 keV.
On the other hand, the MDS results indicate that the
probability goesfrom 1.00to 0.59when the ion energyis
increasedfrom 20 eV to only 200eV. However, the trend
of decreasingprobabilities towards the TRIM valuesis
clear. The main di erence betweenthe TRIM and MD
values is therefore mostly con ned to the low energies,
at which many-body atomic interactions becomeingreas-
ingly important. SinceTRIM is designedfor calculations
of the range of energeticions impinging on more or less
stationary target atoms, it relies on the binary collision
approximation to descibe atomic collisions. Therefore
TRIM cannot be expectedto give accurateresults at low
ion energies,comparedto MD, which include many-body
interactions.

B. Flux test

The resultsin Tablell indicate that the averagecluster
depth remains at the sameorder of magnitude down to
a ux of 8660 10°* Hem ?2s ! 1022 Hem 2s 1.
This value coincideswith the lower limit of the estimated
He peak ux in ITER, which is 1% of the deuterium and
tritum peak ux of 10°* ions m ? s ! (seesec.|B).
In other words, this indicates that the results from the
high- ux investigations carried out in this work should
be relevant to studies using even the lower limit of the
He ux in ITER.
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C. Cluster nucleation and growth

The MDS resultsreveal that He atoms are able to clus-
ter inside pure, single-crystallineW at initial sampletem-
peratures of 0 and 300K. This indicates that interstitial
He atoms and clusters act as traps for other He atoms.
The results also show that clusters can grow even under
non-damagingirradiation. The clusters grow mainly by
pushing out self-interstitial atoms (SIAs), preferertially
in the (111) direction, thereby producing (111) crowdion
interstitials and groups of these (interstitial dislocation
loops).

As mertioned in the introduction (sec.l), it hasbeen
experimertally obsened that a He cluster should con-
tain at leastabout 10 He atoms beforeit is able to spon-
taneously push out a SIA when an additional He atom
becomestrapped in it. In our MDS there seemsto ex-
ist no suc limit, even 'clusters' cortaining only two He
atomsare ableto create(111) crowdion interstitials when
a third He atom becomesabsorbed in it. This is due
to the closely surface,which o ers much lessopposition
than a bulk region.

In our simulations the He clustersdo not grow only by
direct absorption of the incident He ions. Growth is pos-
sible alsoif the impinging He ion passeghrough the clus-
ter onits way deeper into the target. Someof the kinetic
energy of the He ion will be transferred to the cluster,
which may becomehot enoughto punch out SIAs. Also,
if the target has become'porous' enough (containing a
high concerration of small clusters) then the He clus-
ters are able to communicate via interconnecting rows or
lines of W atoms. If a cluster is unableto punch out SIAs
directly, the increasedpressuremay be ‘communicated’
to a closely cluster which is more able to create SIAs.
In addition, He atoms becoming absorbed in a cluster
may alsocomefrom clusters rupturing or leaking a small
amourt of He atoms.

The fact that clusters are formed, also at 300 K, is
consistert with an estimate basedon the di usion con-
stant. The largest linear displacemen theoretically pos-
sible for the He atom gfter it has cometo rest at the
projected rangeis d HR2i = 6Dt, where D is the
di usion constart andt is the time the atom spendsdif-
fusing. We have previously (Ref. 32 and sec.ll A) ob-
tained Do = (3:6 0:4) 10 8 m? s ! and the migration
energy Ep = 0:29 eV in the usual Arrhenius expression
D = Dge Ev=keT) With t = 5psand T = 300K one
obtains d = 0:038 10 2 A. Clearly the time between
implantations is not long enoughto allow He atoms to
escape through the surface, which results in a net depo-
sition of He atoms inside the W sample.

In practice the migration rate may be somewhat
higher, sincethe He atoms are relatively closeto the sur-
face and thus it is easier for them to somewhat push
lattice atoms aside and move from one location to the
next. Also, it should be pointed out that the He atoms
'migrate’ (rather than collide with lattice atoms) in the
lattice during the implantation, enabling them to trap at
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FIG. 6: (a) Retention, (b) areal density of clusters, and (c) the ratio of gasatoms to metal atoms in the implanted layer, as a
function of uence, for the 50, 100, and 200 eV He implantation series. The line curvesare guides for the eye.
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FIG. 7: Pressuresin clusters before they undergo loop punch-
ing events, in the rst seriesof 100 eV He implantation. The
theoretical estimate of the critical pressureand and t of the
data to this expressionare also shown.

clusters or escage from the lattice. In other words, the
above result for the average displacemen of implanted
He atoms is to be consideredonly an estimate.

The present nding that non-damagingHe irradiation
is able to produce clustersin W also at room temper-
ature (RT) is substartiated by experimens. In a eld
ion microscopy (FIM) study of 200 eV implantation of
single-crystalline (011) W at RT carried out by Nichol-
son and Walls*! it was obsened that small 'voids' and
dislocation loops were produced. Howewer, Walls et al.
42 have pointed out that 'voids' obsened by FIM are not
necessarilyreal cavities | they can be regionsof empty
space,or they could be gas clusters. But since 200 eV
He atoms have insu cien t energyto createvacancieshat
may form the obsened voids, and the temperature is rel-
atively low for vacanciesto be collected into voids from
e.g. the surface,these'voids' are most likely He clusters
and not vacancy clusters.

He clusters have also beenobsened in poly-crystalline
W samplesirradiated with 250 eV at room tempera-
ture up to a uence of 5:0 10°° He m 2 (Ref. 43).
Platelets and dislocation loops of similar sizeswere ob-
sened down to a depth of 200 A already at a uence of
0:14 10°° Hem 2.

D. Cluster prop erties as a function of uence

From Fig. 6(a) it is clear that the retention increases
when the ion energy becomeslarger. The retention goes
up with energysincethe ions are penetrating deeper into
the sample,and therefore are lessable to get badk to the
surfaceand escafe.

The (b) part of the gure shows that the number of
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FIG. 8: Cluster occupanciesat the end of run number 7000
for the 100 eV He seriesl (a) and 200 eV He series1 (b).

clusters grows with increasingion energy This is rea-
somable, since higher energy means larger range and
more energydeposition in the matrix, making cluster for-
mation (but also ion escape through the surface) more
likely. The fact that the 200 eV ions are going deeper
a ects the gasto metal atom ratio in the (c) part of the
gure, which necessarilybecomessmaller than for 50 eV
and 100 eV ion implantation.

The results in Table V111 indicate that the substrate
sputtering yield is between0 and 5 10 4. The experi-
mental values™ for the sputtering yield of polycrystalline
W targets under He irradiation are about 4 10 “ (for
100eV Heions) and 1 10 2 (for 200eV He ions). Our
yield valuesare in good agreemem with these.



E. Cluster pressure

The theoretical pressurerequired for loop punching to
occur is closeto the pressuresobsened in our simula-
tions. In fact, replotting Fig. 7 using a larger value than
1 A for the Burger's vector b, it turns out that the theo-
retical critical pressurebecomeslarger than what is ob-
sened in our simulations. For example,usingb= 2:73 A
(half the distance of the spacediagonal in the BCC unit
cell), we get that P p should be sligthly more than twice
the valuewhenusingb= 1 A. This is not in contradiction
with our results, sincethe clustersare closeto the surface
and therefore needlesspressureto punch out material.

Large He platelets (with an average radius of 200 A
(Ref. 36)) have beenobsenedin Mo by Evansetal. 7 us-
ing 100-150eV irradiation. The density in the platelets
was calculated to be 2-3 He/V, and can be considereda
good approximation of the true density®6, sincethe low-
energy implantation is not likely to create small traps
where He could reside undetected (and give rise to a
smaller value for the density). The number density corre-
spondsto the atomic density = (13 19) 10?2 Hecm 3
= 0:13 0:19He A 3 (close-pa&ing de nition not used)
and a pressure9-35GPa at 300K accordingto the MLB
expression.

These values may be compared to the last two
simulated ones in Table VII. The atomic densities
0.286He A 2 and 0.301He A 3 of the relaxed clusters
convert to 3.08 He/V and 3.25He/V, respectively. The
pressuresare about 39 GPaand 34 GPa, and onemay cal-
culate cluster radii of 4.7 A and 5.6 A after approximat-
ing the clusters as spherical. Although our densitiesand
pressuresare larger than those estimated by Evans, the
trend is clear from Table VI I: the pressureand density in
the cluster is reducedwhen the cluster sizeis increased.
This is also seenfrom Fig. 7, where the simulated criti-
cal pressuredfor loop punching are showvn. Therefore our
simulated results are not in conict with the experimen-
tal ones.

One may ask if these high pressuresare reasonable,
since they appear to be larger than the theoretical
strength of the lattice. For Mo the strength can be esti-
mated as c;,=30= 4 GPa (Ref. 14), with c44 = 120GPa
(Ref. 36), making the MLB-EOS cluster pressureabout
2-9 times the lattice strength. The theoretical strength
of W is ¢44=30= 160=30GPa 5 GPa, making the pres-
suresin the above mentioned simulated clusters7-8times
the lattice strength. Clearly the cluster pressuresexceed
the theoretical strength of the lattice in both thesecases.

There are seweral possible reasons why the cluster
pressurescan be larger than the theoretically estimated
strength of the crystal. First, the estimate is basedon a
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simple analytical calculation4. Second,it assumesa ge-
ometry wherethe external force (or stress)causesplanes
of atoms to move relative to ead other, whereasnow
the force on the lattice due to the high-pressure clus-
ter is roughly spherically symmetric, the radius of curva-
ture being quite small. Third, the pressurein the metal
is signi cantly lower than that in the cluster just a few
atomic layers from the interface. This is possible, since
the boundary conditions for the stresstensor do not re-
quire that ead tensor elemen (e.g.the hydrostatic pres-
sures) be cortinous acrossthe border®.

F. Cluster occupancies and sup erlattices

The absenceof cluster superlattices is no surprise, since
the high ux valuein combination with the quend at the
end of eadh individual implantation limits the time eat
incident He atom can spend freely migrating in the lat-
tice. This leadsto a limited mobility of He atoms, ruling
out any homogenizationin sizeof the clusters. The nd-
ing of cluster superlattices by Johnson and Mazey*® in
W and other BCC metals doesnot corntradict our results,
sincein they used 50 keV He ions and an implantation
temperature of 773K. Theseconditions should be enough
to create vacanciesand keepthem and the He ions mo-
bile, enabling a more homogenousgrowth of clusters.

V. CONCLUSIONS

It wasfound that non-damagingHe irradiation of tung-
sten (helium ion energylessthan about 500eV) at 0 and
300K can produce He clusters corntaining up to the or-
der of 100 atoms. The athermal nucleation of the clus-
ters proceedsvia the creation of (111) crowdion inter-
stitials and groups of these, i.e. interstitial dislocation
loops. No strict limit was found for the minimum occu-
pancy of a cluster required to be able to produce self-
interstitial atoms was found. This is mainly attributable
to the closely surface, which o ers lessopposition than
the bulk. Insigni cant erosionof tungsten atoms was ob-
sened, but not in conjunction with rupturing clusters.
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