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Reflection of 0.1 to 2 keV H atoillS froill Ti, Fe and their 11metat 

hydrides" :J together •'iith the H sputtered from. the latter, have been 

calculated using the binary collision cascade program MARLC}tlE. T'ne 

fraction of pal~icles and energy reflected is found to decrease . 

with increasint; hydrogen content of the metal hydride and this 

decrease is independent of the incident ion energy. It is found 

that the heavy metal atoms of the metal hydride are responsib~ for 

the reflection and that most of the sputtering is produced by the 

reflectec ion as it exits through the surface layer. It is also 

found that triti1El ions sputter H from 11 FeH11 much more effectivelY 

than H ion s sputter T from 11 FeT11 • 
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Introduction · 

The magnetic confinement of the pla~ in present-day td~~ reactors 

is poor. It is estimated that all plas.oa particles strike the first 

YTall and recycle back into the plaswa several times, on the average, 

1 
during a si.."'lgle discharge. T'ne hydrogen recycling between the plasma· 

and the first Yfall therefore plays an important role in the particle 

and energy balanca of the system. 2,3 · So:i!e fracticn of the hydrpgen 

that strikes the wall is reflected {bac'icscat .. tered) Y1"'ith reduced energy 

into the plasma. The remainder sl<JNS down and comes to rest '.d thin the 

wall. There have been several recent experimental4-ll and theoreti­

cal12-l7 studies of the reflection of hydrogen ions with incident 

energies of a fe-.T keV or less, the "energy range most relevant to current 

fusion needs. Experimentally, one of the biggest problems is the 

difficulty in detect:ing lovr-energy, reflected neutral· atoms. Insu.f:... 

ficient kno~ledge of the electro~ic energy losses for lo~-energy ions 

is one of the r::aj or obstacles to reliable theoretical calculations." 

In adc:.iticn to the hydrogen that is directly reflected from. the wall 
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back into the plasrra, a fracticn of the hydrogen tha. t comes to rest 

may also re-enter the plasma by either diffusive ~e .... emission
18 

or 

through kinetic ejection by sputtering. The hydroeen implanted vdthin 

the walls rray also change the reflection properties of the wall 

material. Experiments directed to this question are being done 

currently.19 How·ever, to the author's knowledge, no calcu.J.a tions· have 

yet treated the sputtering of the implanted hydrogen or the :influence 

that it may have on the reflection properties of a material. These 

two topics viill be treated in this paper. 

Calculational Method 

The present work investigates the reflecticn and the sputtering of 

hydrogen atoras from solids containing varying amounts of hydrogen. 

The incident energy of the hydrogen ions ranges from 0.1 to 2 keV. 

The calculations have been made usi:1g the binary collisim cascade 

computer program ~'-1Lo·~·iE20•· Bciefly, the projectile ion strikes the 

target surface and is followed collision by collision until it leaves 

the surface again· (reflected), or U.'"ltil it slo•·rs down to an energy 

below a preset limit· (5 eV). In addition to follovdng the incident 

primary ion, MA...'U.OWE also follo7rs the motion 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 assu.rned to recoil with the full 

energy received in the collisicn (zero binding energy) and is 

followed collision by collision until it is sputtered or until its 

· energy falls belon th8 preset limit (5 eV). A surface binding 

energy of zero was assumed fo::- the sputtered particles.· 
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Each collision with a target atom consists of an ·elastic and an 

inelastic part. The elastic part is described by classical scattering 

theory using the Moliere approximaticn21 to the Thomas Fermi iriter-

atomic potential. Yne 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 

predicted by Lindhard et al~ (LSS)22 • The local loss term depends 

on the collision . impact paramet,er and has been dlscussed in detail 

previously.1.5 . For energies above about 1 keV, the local and nonlocal. 

terms are equal and their sum is equal to LSS stopping. For low·er 

energies, the local· loss is somewhat less than the nonlocal loss. 

For a COI!'!pOUii.d target, the electronic stopping power is determined 

usine Bragg • s Law·. The cal cula ticn s have been made using lr:AR.LOifE to 

s:ll,lulate amolphous solids.1.5 A typical run consists of folla.ring the 

motion of 1000 or more incident particles and recording the statis-

tical information obtained for the reflected and for the sputtered 

particles. 

·Results 

Figure 1 shows a comparison of the refle cticn of H from Ti ani the 

reflection and the sputtering of H fron. I'i.H2 for nonnally incirlent 

H ions of 100 eV. It is noted that both the fraction of· incident 

particles reflected, RJ:p and the fraction of incident energy re­

flected, R.,, are reduced by a factor of about tvro in going fran Ti to 
.l:!i 

T~. The sputtering yield oi' H fro::n TiH2, s11 , is about 0.1 and tm 

fraction of incident energy carried a~ay by the sputtered particles, 

SE, is less than 0.02. The energy distributions of the. emitted H 

atoms 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 incident energy 

(Surface peak:), rihich is present for Ti(c), disappears for TiH2 (b). 

This is mainly a consequence of the increased nuclear stopping coming 

from the H atoms in Ti~. For H ion energies in the range of 100 to 

5 eV, the nuclear stopping cross section oi' a target H atom varies 

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

.. T'.ne top left histograJII. (a) depicts the energy disJ0ribution of the 

sputtered H ntom::J. ·It is seen tllal, the sputtered particles are less 

energetic t:-.an those reflected. The dashed line in the top center 

histogram (b) gives the combined ene:rgy distribution 'of the H sput-

tered and the H reflect,ed. Histograms e and :f give the maxi.u!UI!l 

penetration depth reached by those particles that are .. later reflected 

and histogram d gives the depth at vrhich the sputtered particles 

originate. Most of the sputtered particles are seen to originate 

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

give the angular distribution of the emitted particles. The d:istri-

butions are app:··oxir.tately cosine (dashed line). 

Fig. 2 shows H reflection and sputtering for cases sil!-.ilar to fig. 1 

except that here the incident H ion energy is 1.0 keV rather than 

0.1 ke V. The figure shows that the particle and energy reflection 

coefficients (~~ and BE) of TiH2 (b) are about 40% lower than of 

Ti (a). The dashed histogram (b) gives the total of both 

sput,tered and reflected H. As. in fig. 1, it is seen that. the 

energies of the sputtered atoms are much less than the m.ajority 
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of those reflected. The sputtering yield, s11 , is now only ab~t 4o-% 

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

average ene.rgy per sputtered particle is now about 50 eV whereas in 

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

tribution of H reflected from Ti for the case in which the electronic 

stopping has been arbitrarily doubled. The reflectim coefficients 

are reduced by 30 to 40% com;_)ared 1'lith that for normal electronic 

stoppins {a). The peak ·in the reflected particle energy dis tributicn 

and the average energy of a reflected particle have both shifted to 

lo·;ler energy. The reflection features of Ti vrith an ·arbitrarily 

doubled electronic stopping are :wore similar to TiH2 than to Ti \'lith 

normal electronic stopping. This is not too surprising, as the two 

hydrogen target atoms contribute little to the backscatte1~ng, but 
. . 

contribute 85% as much electronic s:.opping as om Ti atom.· Risto-

grc?..:iilS · d, e, anC. g give the max:ir.mm penetration C.epth of the part-

icles reflected and are similar to those of fig. 1 except that here 

the depths are greater, corr-esponding to vrhat one would e>..'?ect 1'7ith 

increased incident energy. Again it is seen that the sputtered 

particles originate at much shalloi'ter depths than t..~ose reflected. 

The angular distributions of the emitted JErlicles are shown -in the 

bottom four histograms (h, i, j, k). · They appro>jUnate a cosine 

distribution (dasl;led line) fairly ·uell. 

The next three figures (3, 4, and 5) treat the reflection and sput-

tering of' H from 11 iron hydrides" of var-jing hydrogen content. These 

target materials were chosen because of the cur:cent interest in the 
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release of implanted hydrogen and deuterium fr~m stainless steel3, 23 • 

. It sh6ul<i be mentioned, hov1ever, that the computer results for TiH2 

and Fe~ differ by only a few percent because of the closeness of 

the atomic number of Ti and Fe. 

Fig. 3 shows the reflection and sputterinJ coefficients of H from 

Fe..lf and F~ for 100 and. 500 eV H ions as a functicn of· the angle 

of incidence. Both the particle and energy reflection coefficients, 

Rl'l and RE~ increase with increasing incident angle in a manner 

similar to that found for monatomic solids15. On the other hand,. 

the H sputtering yield, SN, and thc fra.cticn of incident energy 

sputtered, SE, go through a ma.ximw~. and then decrease as the angle. 

of incidence is increased. The latter I!'2.Y be explained by the fact 

that at:. ve1.:y large incident angles most or the incident particles 

are reflected from the surface and hence have little chance. to 

sputter. 

Fig. 4 shows the ratio of the hydrogen particle and energy refl.ec-

tion coefficients of 11 iron hydrides" with varying H content to the 

respective quantities of pure iron as a function of the. incident H 

ion energy. It is seen that the reducticn in both the particle 

number and energy reflected is independent of the incident energy in 

this energy region. Both the particle reflecticn ratio and the 

energy reflection ratio decrease monotonically as the H content 

increases. · HmTever, the reduction in the energy reflected is some-

what greater than the reduction in the particles reflected, Sho,iing 

that the average energy of those particles reflected decreases. 
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fig. 5 compares H reflection and T sputtering from FeT ·with T. re-

flection and H sputtering from FeH for normally incident icns of 

100 and 500 eV. At each incident energy, both· the particle and. the 

energy reflection of H from FeT is greater than that of T from FeH. 

In contrast, both the sputtering yield and. the fraction of incident 

energy carried array by the sputtered particles are several times 

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

differences i...l"l the above results are mainly due to the factor of ··three 

difference in mass betvTeen tritiwn &"1d hydrogen. 

Discuosion 

An additional calculatim that sheds light en the ca:J_C\Jlatims pre-

sented above is the following. It is found that the reflection of 

H from solid H targets is very small ( < 1%) for nol'illally incident 

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

to be more than an order of magnitude srrraller than that from the 

. 11metal hydri<ie11 targets·discussed earlier. These results show 

that H reflecticn is due to the raet.al atoms i."l the 11metal h;)drides11 

and that the H sputtering occurs· mai...Dly ~the reflected ions as 

they exit through the surface layers and not by ~he incident ionS 

as they enter. This latter result is not too surprisin2 ..,·;hen one 

recognizes that the maximu1n in the nuclear stopping of H im s in H 

occurs at an energy of only about 30 eV. The above result co."l-

cerning sputtering is for ions of nortlal incidence and would not 

be expected to be valid for angles of grazing incidence. 

A cutoff energ'J of 5 eV vias used in these ca.11puter sirrrulation · 
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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 

larger than the incident energy. However, the sputtering results are 

sensitive to the cutoff energy. Thi.s is due to the fact that most of 

the H atoms are sputtered Yrith lo-N energies. This sensitivity to the 

cutoff energy should be .kept in mind when using these calculations to 

interpret experiments. In each of the computer runs, the target com-

position rer:Jains constant, that is, no alloYrance is made for changes in 

H concentration in the target during th.e simulated ·ion bombardment. In 

reality, the H concentration builds up Yrhen the sUm. of the reflection 

·and sputtering coefficients is less than one. The calculations show 

that the sum of the reflection and sputtering coefficients b:f FeH and 

of TiH2 is less than one, indicating that neither target is H saturated. 

In co!ltrast, it vras found experimentally that the saturation concentr­

tion of H inTi at room temperature is about 200%24,25 and in-Fe .it is 

about 100% at liquid nitrogen temperature26. However; the smsi. tivity 

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 Verbee~9 have found the H re­

flection coefficient of TiHZ to be 20% lower than that of Ti for nor­

mally incident H ions of 2.5 and 5 keV. On the other mndi computer 

simulations using MAH.LOWE predict a decrease of 40.%. The reasm for 

this factor of two difference between the calculations and e:h.'"Periment 

is not clear. One possible explanatim is that the calculatims 

assumed too J.arge an electronic stopping cross sectim for the H 

target atoms. Above a few hundred eV, the electronic stopping domin-
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ates the nuclear stopping and, according to the LSS theory, tvm H 

atoms contribute 85% as much electronic stopping as one Ti atom. 
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FIGURE CAPTIOl-iS 

Figo l 

Energy, maximum penetratim depth and angular distributicn of H 

reflected from Ti and TiH2 for normally incident H ions. For TiH2 

the energy, depth of origin, and angular distribution of the H 

sputtered are shovm. The ordinate gives the number of ra rticles 

reflected or sputtered in each histogram channel. The dashed line 

in histogram b gives the combined total of reflected and sputtered 

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

cosine distribution shovm for comparison. 

Fig. 2 

Energy, ma.x:inru.In penetraticn depth and angular ci.istributim of H 

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

nor.uaJJ.y incident H ions. For TiH2 the energy, depth of origin and 

the angular distribution of the sputtered H are · shovm. The ordi..Tla.te 

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 cmaparis an. 

Fig. 3 

Particle anc energy reflection coefficients and sputterin~ yield 

(S ) and the fraction of inciden.t. energy carried by sputtered·. 
n 

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

normal) of the incident beam. 
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Fig. 4 

Ratio of the hydrogen particle and energy reflected fran II iron. 

hydrides11 to those quantities fro~ pure iron as a function of the 

incident H energy (normal incidence). The error bars represent the 

.standard deviations of the values plotted based on the Monte Carlo 

calculations. 

Fig. 5 

Energy distributions of H reflected from FeT, T reflected from FeH, 

T sputtered from FeT and H sputtered fro.n FeH for nor.nally L~cident 

ions. The distribution of the depth of origin of the sputtered 

particles i::; also shown. The ordinate gives the number of :fE.rlicles 

reflected or sputtered in. ~ach hi::; l:.ogram channel. 
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