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Reflecbion of 0.1 to 2 keV H atoms from i, Fe and their "metal
hydrides", together with the H sputtered from the 1atter; have been
calculabed using the binary collision cascade program KARLOWE. The
fraction of particles and energy reflected is found to decrease
with increasing hydrogen content of the metal hydride and this
decrease is independent of the sncident ion energy. It is found

- that the heavy metal atoms of the metal hydride are responsible for
the reflection and that most of the spubtering is produced by the
reflected jon as it exits through the surface layer. It is also
found that tritium ions sputter H from "FeH! much more effectively

tnan H ions sputter T from "FeT'.
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Introduction

The magnetic corfinement of the plasma in present-day tokamak reactors |

is poor. It is'estimated that a1l plasma particles strike the first

- wall and recycle back into the plasma several t:.nes, on the average,

1 .
during a single discharge. The hydrogen recycl:\.no be’c. wreen the plasm.a.

and the first wall therefore plays an important role in the part:.cle

and energy balancet of the system. 2,3 “Some i‘racticn oi the hydrogzen

that strikes the wall is reflected (backscathtered) with reduced energy

into the plasma. The remainder slows down and comes to rest within the

vall. There have been sévera_l recent experimentalh—ll and theoreul-

: ca].12 17 studies of the reflectlon of hydrogen ions m.th incident

energlea of a fen' keV or less, the. energy range most. re’7 evant to current '

- fusion needs. Experimentally, one of the biggest problems is the
difficulty in detecting low-energy, reflected neutral atoms. Insu.f’-
ficieﬁt knowledgé of 'Athe electronic energy losses for lozv;enérgy ions
is one of the major obstacles to- reliable theoretical celculations..

In additicn to the hydrogen that is directly reflected from the wall
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back into the plasm, a fractim pf the hydfogen that comes to rest
may also re—enter the plasma by either diffusive re—emissioﬁ;s or
through kinetic ejection by sputtering. The hydrogen implanted within
the wa.l_]sAnay also change the reflection pro'perties. of the wall
material., Experiments directed to this question are being done
currently.l9 However, to the author's knowledge, no calculations have
yet treated the sputtering of the implanted hydrogen or the infiuen@e
that it may have on the reflection properties-of a2 material; These

two topics will be treated in this paper.

Calculational Method

The present work investigates the reflection and the 3puttering of
hydrogen atoms from solids containing Qanying amounts of hydrogen.
The inéidént‘energy of the hydrogen ions fances from 0,1 to 2 keV,
The calculations have been made using tne binary colllslan cascade
computer program 1ARLOWEZO, Brwelly, the progectlle ion strikes the
target surface and is followed collision by colllslon until it leaves
the surface again (reflected), or until it slows dovn to an enefgy
below a preset limit (5 eV). In addition 10 followiﬁg the incident
primary ion, MARLOWE aléo follows theAmotion of'each‘hydrogen target
atom that receives, in any collision, a kinetic energy that is
greater than some threshold energy (chosen as 5 eV for these calcu-
lations). The struck target atom is assumed to recoil ﬁith'the full
energy received in the collisim (zero binding energy) and is
followed cqllision by collision until it is sputtered or until its
~energy falls below the preset limit (5 ev). A surface binding

energy of zero was assumed for the sputtered particles.
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Each collision with‘a‘target atom cénsists of an'elasiic and an

‘ inelastib part.A The elastic part is described by classicai scattering
~ theory using the Moliere approximation21 to the Thomas Fermi inter-
atomic potential. ~The inelastic stopping cross section per atom is
described using the sum of a local and a nonlocal loss. The nonlocal

~ loss term is chosen to equal one half of the electronic stopping |
oredicted by Lindhard et al. (LSS)22. Thé local loss term.depends

on the collision impact parameter and has been discussed in detail

previously;15 For energies above about 1 keV, the local and nonlocal

Aterms are equal and their sum is equal to LSS stopping. For lower .
energies, the local-loss‘is somewhat less thén the nonlocal-ioss. |
For a compound<tafget, the electronic stopping power is determined

'using Bragg's Lawe The calculations have been made using EARLOWE to
‘siumlate amorphous solids.'® A typical run consists of folloving the
motion of 1000 or more incident particles and recording the'statis~'
ﬁical information obtained for the reflected and for the'sputtered

particles,

‘Résulté

Figure 1 shows a comparison of the reflection of H from Ti aml the
reflection and the sputtering of H ffom TiHp for nomrmally incident

H jons of 100 eV. It is noted that both the fraction of incident.
particles reflected, Ry, and the fraction of incident enérgy re-
flected, R, are reduced by a factor of about o in going from Ti to
TiH,. The sputtering yield of H from TiHp, Sy, is about O.1 and the
fra;tion of incident energy carriéd-away by the sputtered particles,
Sg, is less than 0.02. The energy distributioné of the emitted H

atams are shovm in the top three histograms (a,b,c).  One can see
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that the peak in the energy distribution near the inciaént energy
(surface peak), whicﬁ is present for Ti(c), disappears for TiHp (b)e
This is mainly aAconsequence of the increased nuclear stopping poming
from the H atoms in TiHy,, For H ion energies in the range of 100 to
5 eV, the nuclear stopping cross section of a target H étom'varies»

from 2 to 10 times larger than its electronic stopping cross section.

"The top left histogram (a) depicts the energy distribufion of the

. sputtered H atoma. It is seen bhal the sputtered particles are less

energetic tiian those refiected. The dashed liné'in the-top center
histogram (b) gives the combined energy distribution of the H sput— |
tered and the H refiected.' Histograﬁs e and f give the nuadémnn
penetration depth reachéd by those particles that are later feflected
and histogram d gives the depth at which the sputnerea particles
originate. Most of Lhe sput ered partlcles are seen to orlﬂlnate

near the surface. The bottom three hlstograms (g,h, i) of fig. 1

give the angular letrlbutlon of the emlntea partlcles. The distri-

" butions are approximately cosine (dashed line).

Fig. 2 shows H reflection and sputtering for cases 51m11ar to flg. 1
except that here the incident H ion energy is 1.0 keV rather than

0.1 keV. The figure shows that the particle and energy reflection

coefficients (Ry and Rg) of TiHp (b) are about LOZ lover than of

Ti (a)e The dashed histogram (b) gives the total of both
sputtered and reflected H. As. in fig. 1, it is seen that the

energies of the sputtered atoms are much less than the majority
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of those reflected. The sputtering yield, Sy, is now only zbmt LOZ

of that found for 0.1 keV incident H ions (fig. 1, a). However, the

average energy per sputtered particle is now about SO eV whereas in

fig. 1, it is less than 20 eV. Histogram d gives the energy dis-

tribution of H reflected from Ti for the case in ﬁhidh the électronic

-stopping has been arbitrarily doubled. The reflectim coefficients

are reduced by 30 to‘hO% compared with that for normal eleétronic
stopping (a). :The peak-iﬁ the reflected particle energy distributim
and the average energy of a reflected particle héve both snifted t;
lower energy; The reflection features of Ti wiﬁh an:arbiﬁrarily
doubled electronic stopping are more similar to TiH, than to Ti with
normal electironic stopping. This is’not too surprising, as the wwo
hydfogeﬁ.ﬂarget atoms contribute little té the baékscaﬁtering,_but |
contribute 65% as much electronic siopping as ore Ti atom.’ Histo;H
grams'd, e, anc g give the maxirum penetration cepth of the_paft—
icles reflected and are similar to those of fig.11 except‘that here
the depths are greater, corresponding to vhat one would expect with
increased incident energy. Azain it is seen that fhé sPutteréd
particlés originaté at much shallower depths than those reflected. -
The angular distributions of the emitted farticles are shovmn in the
bottom four histograms (h, i, j, k). They approximate a cosine

distributiam (dashec line) fairly well.

The next three figures (3, L, and.S) treat the reflection and sput—

- tering of H from "iron hydrides" of varying hydrogen camtent. These

- target materials were chosen because of the current interest in the
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release of implanted hydrogen an:d deuterium from stainless steel
It shoulc be mentioned, however, that the computer results for T1H2
and FeHé differ by only a few percent because of the closeness of

the atomic number of Ti and Fe.

'Fig. 3 shows the reflection and sputtering ceefficients of H from.
FeH and FeH, for 100 and 500 eV H ions as a functim of the angle

of 1n01dence. ‘Both the particle and energy reflection coeiflclents,
Ry and Ry, increase with increasing incident angle in a manner
similar to that found for monatomic solidsls. On the other hend;,
the H sputtering yield, Sy, end the fractim of ineident energy
Sputtered Sgs 80 through a maximu: and then decrease as the angle
of incidence is increased. The latter mey be explained by the fact
that ab very large 1ncident angles most of the_incident'particles
are'reflected from the surfaee and henee have little chance,to

sputter.

Fig. b snows the ratio of the hydroéen.particle and energy reflec;
tion'coefficients of "iron hydrides" With>varying H centent to the
respective quantltles of pure iron as a functlon of the incident H
ion energy. It is seen that the reductlan in both the partlcle o
number and energy reflected is incdependent of the incident energy.in
this energy region. Both the particle reflectimn ratio and the |
energy reflection retlo decrease monotonlcally as the H content
increases. However, the reduction in the energy reflected is some-
| what greeter than the reduction in the particles reflected, showing

" that the average energy of those particies reflected decreases;

»23,
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Fig. 5 compares H reflectiocn and T sputtering from FeT with T re-
flection and H Sput'bering from FeH for normally incident ims of .
100 and 500 eV. At each incident energy,‘ bé)th"bhe‘particle‘ a;nd;'the
energy reflection of H from FeT is greater than that of T from Fell,
In contrast, both the sputtering yield anc the fraction of incident

energy carried away by the' sputtered particles are several times

‘larger for T incident on FeH than for H incident on FeT. The

differences in the above resulis are mainly due to the factor of “three

difference in mass betvieen tritium and hydrogen.

Discussion

An additional calculatiom that sheds light on the calculatims pre;-
senved above is the following. It is found that the 'ref]'_ection‘ of
H from solid H targets is very small (< 1%) for normally incident

H ions of energies 0.1 to 1 keV. The amount of H sputtered is found

to be more than an order of magnitude smaller than that from the
_"'metal hydriae" targets discussed earlier.‘ These results show

, that H reflectimn is due to the meial atoms in the “metal hydrides"

and that the H sputtering occurs mainly ‘by the réfle cted ions as
they exit through the surface layers and not by the incident ions
as they enter. This .'latter result is not too surprising when one
recognizes that the maximu:n 1n the nuclear stopping of H ims in H
occurs at an energy of only about 30 eV. The abové result »coﬁ—
cerning spuﬁuering is for ions of normal incidence and would' not

be expected to be valid for angles of grazing incidence.

A cutoff energy of 5 eV was used in these computer simulation
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studies. It is found that the reflection coefficients are insensi-
tive to the exact value used, provided it is at least several times
iarger thaq the incident energj. AHowever‘, the sputtering resulfcé are
sensitivé to the cﬁtoff_energy. This 1s due to the fact that ‘most of
the H atoms aré sputtered vith low eriergies. This sensitiﬁtf to tile
cuf_.off enérgy should be kept in mind when usiné these calculations to
interpret experiments, In each of the cdmputer runs, the: target com~
position remains constant, that is, no a].lowa:ice is made for cranzes in
H concentra’gion in the target during the simulated ion bombérdmajxt. In

reality, the H concentration builds up when the sﬁm of the reflection

“and sputtering coefficients is less than one.- The calculations show‘

that the sum of the reflection and sputtering Ac‘:oeff icients of FeH and

of TiHlp is less than one, indicating that neither taiget is H saturate.d.
In contrast, it v;'as found experimentally*that_ the saturatidﬁ coﬁCentf—
tion of H in Ti at room temperature is about 200524225 and in Fe it is
ébout 100% at liquid nitrogen fempergturé26. However; the sensitivity

of the sputtering yield to the cutoff energy makes it hazardous to

apply these calculations directly to the study of saturation.

In a recent experiment, Eckstein and Verbeek3-9 have found the H re- -

flection coefficient of TiH, to be 202 lower than that of Ti for nor-

- mally incident H ions of 2.5 and 5 keV. " On the other hand, computer .

simtlations using MARLOWE predict a decrease of L0Z. The.reasm'fom_',
this factor of two diff erence bet‘ﬁéén the calculations anc ék;perijxent
is not clear. One possible explané.tim is that the calculatims -
assumed vtoo large an electronic stoppir@ cross _sectim for the Rk

target atoms. Above a few hundred eV, the electroni¢ stopping domin-

N N
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aﬁes the nuclear stopping and, accprding to the 1SS theory, two H

atoms contribute 85% as much electronic stopping as one Ti atome
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FIGURE CAPTIOLS

Fig. 1

Energy, maximum penetrat1a1 depth and angular distribution of H

-reflected from Tl and T1H2 for normally 1nC1aent H ions. For TiHp

the energy, depth of origin, and angular distribution of the H .
sputtered are shorm. The ordinate gives the number of particles
reflected or sputtered in each histogram channel. The dashed line

in histogram b gives the combined total of reflected and séuttered

particles. The dashed sloped line in each of the angular plots is a

cosine distribution shown for comparison.

Fig., 2
Energy, maximum penetratiom depth and éngular cistributim of H

reflected from Ti, TiH, and Ti (doubled electronic stopping) for

noraally incident H ions. For TiHp the cnergy, depth of origin and

the angular distribution of the sputtered H are shown. The ordinate

gives the number of particles reflected or sputtered in each histo-

gram channel, The dashed line in b gives the combined reflected and -

SPuttered particles. The dashed line in the angular plots is a

cosine distribution for comparisme.

Fig. 3

Particle anc energy reflection coeLf101ents anf soutterlnv yleld

Z(Sn) and the fraction of 1nc1oent4energy carried by sputteredl

particles (Sg) as functions of the angle (measured from surface

normal) of the incident beam.




Fig. L

Ratio of the hydrogen particle and energy reflected fran "ifon:
hydrides" to those quantities from pure iron as a function of fhe '
incident H énergy (normal incidenée). The erfor béfs reéresent the.
' standard deviations of the values plotted based on the Monteé C#rlo'

calculationse.

Fig. 5

Enexrgy distributians of H reflected from FeT, T reflected from FeH,
T spﬁttered from FeT and H sputtered from FeH fbr ﬁon@iLLy incident
ions. The distribution of the depth §f~origin-of the sputtered
particles is also shown. The ordinate gives the humber,of particlésA

rcflected or sputtered in each hislogram channel.
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