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ABSTRACT

The trapping of hydrogen ions in these metals has been
measured by a mass spectrometric technique, Targets are
bombarded by a mass analysed ion beam of 10~ 100 UA at 3-30
keV in a target chamber at ~ 10?7 torr., The rise in partial
pressure of hydrogen in the target chamber is measured during
bombardment, and subsequently during thermal desorption. The
absolute trapping coefficient can then be calculated from the

ratio of the total quantities of hydrogen emitted during these

two measurements,

The trapping coefficients have been measured as a func-
tion of dose and energy, It was found that Mo had initially
a high trapping coefficient but that tﬁe trapping coefficient
rapidly decreases with dose and saturation is reached at
~ 1017 jons/em? at room temperature, Ti, Ta and Zr exhibit
markedly different behaviour. Trabping coefficients as high
as 0.92 are observed and these are maintained constant with
dose up to the maximum so far used of nearly 1019 ions/cm?,
No appreciable variation of the trapping coefficient with

energy in the range investigated has been observed,

These results have been interpreted in terms of a model
taking into account the diffusion coefficient of hydrogen in

the metal and the potential barrier for hydrogen atoms at the

surface,



CONTENTS

INTRODUCTION

APPARATUS

METHODS OF MEASURING TRAPPING COEFFICIENT T
RESULTS

4.1 Absolute Trapping Coefficients: .Molybdenum
4.2 Absclute Trapping Coefficients: Ti, Ta, Zr.
4.3 Observations of Gas Sputtering

4,4 Dependence of 7T on dose

4.5 Energy Dependence of T

DISCUSSION

CONCLUS ION

ACKNOWLEDGEMENTS

REFERENCES

10
‘14
15
16






1, INTRODUCTION

The trapping of energetic ions in metals has been studied
extensively in recent years(l_S). It is of considerable practical
importance in devices such as sputter ion pumps and in the prepar-
ation of samples in electromagnetic separators, In spite of this,
however, the mechanism of the interaction 6f the ions with the
solid lattice is not completely understood, and in particular the
phenomenon known as gas sputtering which affects the saturation of

the target is still the subject of discussion(6),

In the investigations mentioned so far work has been primarily
concentrated on the interaction of rare gas ions with metal
surfaces in an attempt to elucidate the physical mechanisms without
the complication of using ions which may also react chemically with
the target material, Recently however the importance of trapping
hydrogen ions has been recognised in large thermonuclear devices,
and with hydrogen ions chemical reactions may well take place,
There have been conflicting results as to the trapping coefficient
of hydrogen ions in metals(?’s), and the present work has been
undertaken with the aim of trying to resolve the previous

uncertainties,

Because of the wide range of energies with which the secondary
particles may be re-emitted from the metal surface and the uncert-
‘ainty as to their charge state, the simplest method of measufing
the total number of re-emitted particles appeared to be to measure
the change in pressure produced when a target is bombarded(a), or
to measure the number of ions buried by subsequent thermal
desorption(a). In the present study a combination of these two

techniques has been used,

' 2. APPARATUS

The apparatus is shown schematically in fig, 1, It has been
described in detail in an earlier publication(g). The ion beam is
extracted from an R.F. source, accelerated to an energy in the
range 5-30 keV, mass analysed and focussed onto the target,
Particular attention has been paid to the vacuum system which is
constructed throughout of stainless steel with bakeable valves and

gold wire gaskets,

There are four differential pumping stages between the source



and the target chamber, The main gas load from the source is taken
by a mercury diffusion pump operating at 3,000 1/sec for hydrogen,
In the following three stages sputter ion pumps are used to avoid
the possibility of hydrocarbon contamination, Finally the target
chamber is pumped by a titanium sublimation pump with a speed in
excess of 104 litre/sec, The base pressure in the outer target
chamber (see fig, 1) is normally 1-2 x 10-10 torr and the pressure
in the presence of a 20 pA beam is = 4 x 1010 tory (N5 equivalent).
Maximum beam current is 300 pyA over 0.1 cm2, The pressure in the
inner target chamber 'does not normally rise above 5 x 109 torr

(N2 equivalent) with a 20 pA beam thus giving conditions under

which the beam to background gas bombardment ratio is ~ 102.

A quadrupole mass filter with a nude ion source is mounted in
the inner chamber (fig, 2). The targets are mounted on a turntable
with six positions each of which can be brought in line with the
beam in turn, The turntable is mounted on a molybdenum shaft
rotating in boron nitride bearings and is rotated by a '"wobble
stick'" welded into a stainless steel bellows as shown in fig, 2,
The targets, normally 2 x 1,25 x 0,025 cm are supported by split
tubes on the end of 1 mm molybdenum rods. They may be heated by

electron bombardment from behind up to ~ 2000°K,

The ion beam after being mass andlysed and refocussed by an
electrostatic quadrupole lens pair, passes through the main target
chamber and enters the inner target chamber where it strikes the
target., The passage of the beam through the outer chamber where

“10 orr before if enbers the inner target

the pressure is ~ 5 x 10
chamber, avoids the possibility of neutral gas flow interfering
with the pressure rise measurement, The beam is defined by a 5 mm
dia, hole and electrons in the beam are suppressed just before
entering the inner chamber, The target is held at a positive
potential with respect to earth to suppress secondary electrons

produced when the beam strikes the target,

3. METHODS OF MEASURING TRAPPING COEFFICIENT 7

Earlier experiments using similar.apparatus to measure
trapping coefficients of hydrogen ions in stainless steel showed
considerable disagreement, Work carried out by Simonov et a1(7)
indicated that saturation (i,e, M = 0) was reached after bombarding

stainless steel targets with doses > 1017D1+ ions/cm? at 20 keV,



Early work by Borovik(8) however, indicated a trapping coefficient
of 0.95 at 35 keV for hydrogen ions at doses up to at least 1019
ions/ecm?, More recent work by the present authors‘lo) indicated a
constant trapping coefficient of ~ 0.5 for doses > 1017 < 1019 of
Hi" ions in stainless steel, molybdenum and tungsten, This value
was moreover constant within a few per cent over the energy range
5-30 keV, but there was an uncertainty in the absolute value, which
could have amounted to a factor of 2., The reason for this uncert-
ainty, and in our opinion the major objection to experiments of
this type, is the difficulty of obtaining an absolute measurement
of pressure, Accurate pressure measurements are particularly
difficult to achieve with hydrogen in the ultra high vacuum region
because of the chemical and physical interactions it has with the
ion gauge, In another recent paper Borovik et altll) have shown
that this source of inaccuracy was to some extent responsible for
their earlier high trapping coefficients and the remeasured value
now appeared to be 0,5 for stainless steel at room temperature,

This value seemed to be confirmed by another measurement made at

the same time using a weighing technique.

In view of the confused situation we have undertaken these
experiments again and have modified the original technique so that
the absolute trapping coefficients can be measured from the ratio
‘of two pressure measurements without any absolute pressure calibra-
tion, This is accomplished by combining the original measurements
with the thermal desorption technique described by Kornelson(B).
The original method (to be called Method I) consisted in measuring
the partial pressure rise in the vicinity of the target during ion
bombardment, Assuming that no neutral gas is introduced with the
beam and that the re-emitted particles thermalize without multi-
plication on the other surfaces of the chamber the trapping
coefficient is given by

2eASAp x 273 o
NM=1-R=1-52"=t0x 303 xT 2t 20°C

1-10.6995—.5- « w & KLY

where Ap is the rise in partial pressure of hydrogen in torr,
S is the pumping speed out of the chamber in 1/sec,
A is Avogadros number,

I is the ion beam current in amps.



e is the charge on the proton.

R is the re-emitted fraction of the beam, °

If after the target is bombarded it is then heated, so that
all the trapped hydrogen ions are released and the pressure rise
during this release is measured with the same gauge under exactly
the same conditions as in the first set of measurements, then the
average trapping coefficient during the bombardment can be
calculated from the ratio of the total quantity of gas released
during the bombardment to the sum of the quantity of gas released
during bombardment and that released during subsequent thermal

desorption, i.e,

ff(pb) dt

where f(pp) is the variation of pressure during bombardment and
f(pg) is the variation of pressure during subsequent thermal
desorption., If the mass spectrometer is linear with pressure and
the respective currents measured with it during bombardment and

desorption are iy and ig, then

[f(kiy)dt

=t Jilkigldt + Jilkipldt e oo (3)

~i,e. M is independent of mass spectrometer sensitivity k, pumping

speed of the system S and ion beam current I,

This method (to be called Method II) is convincing only if it
can be unequivocably demonstrated that all the buried hydrogen can
be thermally desorbed again, Obviously for many metals with low
diffusion coefficients for hydrogen it may not be possible to drive
off all the trapped hydrogen at any temperature below the melting
point of the target, However once an absolute measurement of M
has been obtained by Method II for a refractory metal in which it
can be demonstrated that all the hydrogen is thermally desorbed,
subsequent measurements can be made relative to the first measure-
ment using Method I, In the present work Method II has been
applied to Mo, Ti, Ta and Zr independently and then it is shown
that all the measurements agree well with the relative trapping

coeéfficients measured using Method I,



4, RESULTS

4,1 Absolute Trapping Coefficients: Molybdenum

The technique for measurement of absolute trapping coefficient
was applied to molybdenum and an example taken with 95 yA of H1+
ions at 30 keV is shown in fig, 3. Because of the power input from
the beam the target reaches a temperature of ~ 500°C and the
temperature rise causes the small peak of thermally desorbed
hydrogen at the beginning of the run, The amount of trapped gas is
represented by the difference between the thermal desorption
following the bombardment and the thermal desorption of a previously
cleaned target as shown in fig, 3, Despite the very large number
of ions with which the target has been bombarded (equivalent to
0,1 torr-litres) the number themally released as gas at temperatures
up to 18009K is very small and is certainly less than 0,1% of the
incident flux, Using equation 2 this leads to 1 < ,001, The
trapping coefficient has been measured in a similar manner with
lower current densities and lower temperatures down to ~ 100°C with
the same result, In order to eliminate the background hydrogen
evolved from other surfaces when the target is heated to desorb the
trapped hydrogen, the experiment was repeated using deuterium ions
to bombard the target and monitoring the mass 4 deuterium peak with
the quadrupole mass filter, A typical result is shown in fig, 4,

- Because of the lower beam current the target is at a lower
temperature during bombardment and the rise to equilibrium level,
indicating an initial change in trapping coefficient, is slower
than in fig. 3 for hydrogen, Thus at this lower target temperature
more of the incident ions are trapped initially, The negligible
background with deuterium allows the ions to be more readily
detected when they are thermally desorbed again as shown in fig, 4,
and it is seen that the deuterium desorbed corresponds almost
exactly with that trapped during bombardment if the plausible
assumption is made that the equilibrium level p, corresponds to

target saturation or m = 0,

i.e. p.t = pflpyldt = J[f(p4)dt e oo (4)

This experiment was repeated while varying the total charge It
over a factor of 10, The change in temperature resulting from

changes in beam current produced a change in f(pgldt but in all
cases equation 4 was found to hold to better than 5% and in many



cases to better than 2%. This is fairly conclusive evidence that

all hydrogen is thermally desorbed and that 7 < ,05 at equilibrium.

There are three possible processes which might lead to an

erroneous result in experiments of this type,

(a) The re-emitted ions and neutrals could have sufficient
energy to bury themselves in the walls surrounding the target
in which case they would not contribute to the pressure rise
in the system. However if this were happening it would simply
reduce [ f(pp)dt and hence make the trapping coefficient even

closer to zero.,

(b) Any gas introduced into the system might be irreversibly
adsorbed on the walls thus lowering the pressure rise both
during bombardment and during thermal desorption., However it
is reasonably certain that the surface lifetime of hydrogen
molecules on stainless steel at room temperature is negligible
compared with the times being considered and this has been
checked by raising the hydrogen pressure for a sufficient time
to saturate all internal surfaces if adsorption was taking
piace, No change of reflection coefficient indicating satura-

tion has been seen,

(c) The re-emitted ions and neutrals could multiply by
desorbing hydrogen adsorbed on the surrounding walls, However
in the initial deuterium experiments there was no deuterium on
the walls and yet the results were the same as for hydrogen,
Moreover the hydrogen yield from the clean targets under

deuterium bombardment was very small,

4.2 Absolute Trapping Coefficients: Ti, Ta, Zr,

Measurements of 1 have been made for titanium, tantalum and
zirconium again using Method II., These metals are interesting
because they have a high solubility for hydrogen but thef are known
to release it almost completely at temperatures ~ 1000°C,
Borovik(ll) has recently reported high trapping coefficients for
35 keV H1+ ions in titanium and tantalum at room temperature, A
typical bombardment and thermal desorption curve for titanium
bombarded by 30 keV H;" ions is shown in fig. 5. The marked
difference in scale between these two curves and the corresponding
ones for molybdenum (fig, 3) is to be noted, Prominent desorption

peaks normally obtained in thermal desorption (e.g., Kornelson>)



are visible, but no attempt has been made so far to correlate them

with specific activation energies,

No appreciable energy dependence was detected but the trapping
did appear to be temperature dependent, With the present turntable
arrangement precise temperature measurements were not possible,
but the variation of trapping coefficient with temperature obtained
by the Methods I and II agreed, making it unlikely that thé
variations obtained were due to any spurious effects. Both results
were consistent with the value relative to molybdenum obtained by
switching directly from the Mo target to each of the others using
the turntable. The proportionality between the results obtained
by the two methods in the temperature range 100-300°C is shown in
fig., 6 for all four target materials, The relative trapping
coefficients were obtained by Method I from measurements of
pressure rise/incident ion current, but for the purpose of compa=
rison with the absolute results obtained by Method II they have
been normalized to Mo = 0« Very satisfactory agreement is
obtained between the independent measurements on Ti, Ta and Zr,
and the extrapolated curve through the Ti, Ta and Zr points agrees
fairly well with the assumed value of 1M = 0 for molybdenum,
Careful extrapolation of the Ti, Ta and Zr results in fact leads
"to a value of nM0=:-0.11, i.,e, an appa?ent re-emission coefficient
R = 110%. This negative value of 7 is probably due to errors in
measuring the incident ion current on either Mo or Ti, Ta an& Zr,
Since the target is biased positively to suppress electrons, differ-
ences in secondary ion emission between the different targets
would alter the trapping coefficient as measured by Method I by
the same amount, A 6% secondary ion emission coefficient for

hydrogen ions incident on a tantalum target has been reported by

Petrov(lz).

4,3 Observations of Gas Sputtering

When a molybdenum target is bombarded first with D1+ ions and
then with Hl+ ions re-emission of the deuterium buried during the
first bombardment is observed, If following this ""gas sputtering"
thermal desorption is attempted, very small vields are obtained
(compare figs, 4 and 7). This procedure is illustrated in fig, T,
It can be shown by integration that the sum of the yields of
deuterium obtained during the initial bombardment, during the gas

sputtering with hydrogen, and during the subsequent thermal



desorption is all consistent with 100% re-emission of the
deuterium when equilibrium has been reached during the initial

bombardment,

This same procedure has been attempted with zirconium and
titanium bombarded first with deuterium and then with hydrogen, As
shown in fig, 8 less than 0,2% of the trapped deuterium was
re-emitted when bombarded with hydrogen, but it was all readily
desorbed thermally., These results illustrate a marked difference
in trapping mechanism between those metals which combine exother-

mally with hydrogen and those which do not,

4.4 Dependence of T on dose

A typical curve showing the dependence of trapping coefficient
on dose for molybdenum obtained using Method I is shown in fig., 9.
It is found that the initial shape of this curve is temperature
dependent, However because of the difficulty of measuring
temperature in the present experimental arrangement it was found
difficult to get reproducible results, At high target temperatures
an optical pyrometer could be used and values of T obtained at
controlled high temperatures are also shown in fig, 9., The
trapping coefficient at equilibrium was found to be the same within
experimental error as that at low temperature, Results are also
shown for titanium, tantalum and zirconium at low and high
temperatures, At low temperature the results are very different
from molybdenum, there being a uniformly high trapping coefficient
at doses up to at least 5 x 1018 ions/cmz. At high temperature

however the trapping was very close to molybdenum i,e, m = 0,

In an attempt to find out the maximum concentration of
hydrogen that titanium would absorb before the eventual change to
zero trapping coefficient, an attempt was made to presaturate some
standard titanium specimens by heating them in a hydrogen
atmosphere at 400°C., The change in weight indicated a composition
TiHp,7. These samples were then bombarded with H1+ and the
trapping coefficient was found to be very similar to a clean
titanium metal target except for a large burst of hydrogen gas
which was emitted when the target was first bombarded, This was
thought to be due to hydrogen adsorbed on the target surface from
the residual gas in the vacuum system, which in this case could not

be fhermally desorbed before bombardment without risk of decomposing



the hydrides., This explanation was confirmed by bombarding with
H1+ a similarly prepared target which had been '"deuterated!" rather
than "hydrogenated', A trapping coefficient of 0,91 for the
incident hydrogen ions was obtained and the initial burst of
hydrogen rather than deuterium was observed, No deuterium at all
was observed under bombardment until the temperature of the target
was raised sufficiently to drive it off.thermally. This is
illustrated in fig, 10 where the energy of the ion beam was
arranged to slowly heat the target up to the critical temperature,
Initially the trapping coefficient for the incident beam is high
and no deuterium is observed. As the target heats up under the
bombardment, the deuterium is evolved at an ever increasing rate,
It is noticéd that the trapping coefficient of the incident ions
is beginnning to decrease at the same time, This must be because
of the temperature increase rather than saturation as it is not

observed when using lower power inputs to the target,

4.5 Energy Dependence of 7

Measurements have been made of the trapping coefficient as a
function of energy for molybdenum, titanium, tantalum and zirconium
(fig., 11), The measurements were taken using Method I at ~ 100°C
and under the conditions where the trapping coefficient had reached
equilibrium, i,e, at doses > 1017 ions/cmz. The measurements have
been normalized to M = 0 at 30 keV for molybdenum, Each point is
the average of approximately 10 runs, The energy range has been
extended to values below 10 keV using H2" and H3+ ions and assuming
that these are equivalent to 2 or 3 ions with proportionally lower
energy, This appears to be justified since the values of 7

obtained from H;¥, H," and H3" bombardment at 10 keV/atom agree

within experimental error,

It is seen that there is no appreciable variation of 7 with
energy in the range 10-30 keV, Below 10 keV the trapping.
coefficient for Mo appears to decrease slightly relative to that at
higher energies, This indicates a steady state re-emission of abaut
110% of the incident beam which is physically unreasonable, It has
been observed repeatedly despite rigorous outgassing, Since these
measurements were made by Method I the error is possibly due to a
variation with energy of the proportion of ions re-emitted in the

charged state, thus affecting relative measurements of beam current,



5., DISCUSSION

5,1 The Method II which has been adopted, because of its
elimination of the need for pressure or current calibration, would
seem to be the most satisfactory way of obtaining absolute trapping
coefficients, The result of 7 * .01 which has been obtained for
Mo is consistent with all the other experimental evidence, A

summary of the facts which point to this conclusion is:

(2) Thermal desorption of hydrogen and deuterium from a
bombarded Mo target corresponds to that trapped at doses up to
1017 ions/cmz. ' For larger doses of up to nearly 1020 ions/cm2
there is no further increase in the number of ions which can

be thermally desorbed,

(b) The equilibrium value of M is independent of energy in

the range 10-30 keV,

(c) The equilibrium value of N is independent of temperature

in the range 20-900°C,

(d) The values of M for molybdenum deduced from absolute

measurements of M in titanium, tantalum and zirconium are each

independently consistent with Mo = 0.

(e) The values of 1 for Ti, Ta and Zr all fall to that of

molybdenum at high temperatures,:

5.2 The present results shed some light on the mechanism of
release of buried atoms, The release rate and the total dose at
which saturation takes place for molybdenum, cannot be accounted
for in terms of erosion of the metal surface by sputtering, as has
been proposed by Burtt et a1‘13) for heavier ions, The H1+
sputtering coefficient of 0,1 for molybdenum(14) is much too low,
An alternative explanation in terms of a bombardment induced
release mechanism is suggested by the gas sputtering results
obtained with molybdenum, These results are similar to the
bombardment induced emission of gas from glass surfaces observed
by James et al(ls). An explanation in terms of gas sputtering
must also account for the non release of gas when similar experi-

ments are carried out on reactive metals such as zirconium,

~ The high trapping coefficients of the reactive metals and the
difference in the total quantity of gas released in the reactive

and non reactive metals can in fact be explained in terms of

- 10 =



thermal diffusion of the gas in the metal when account is also
taken of the barrier potential at the metal surfaces, The incident
ions have an initial mean range of several thousand angstroms(16).
As bombardment continues their range decreases due to scattering

of the incident ions by those already trapped (this has been
observed in the case of rare gases(5)), so that a high concentration
of hydrogen will tend to build up between the surface and the

depth corresponding to the initial range in the solid, The build-up
up will continue until the rate of loss of hydrogen by escape {from

the surface and thermal diffusion into the body equals the rate of
arrival,

Let us now consider the build up of equilibrium distribution
under two extreme conditions, I{f on the one hand there were no
diffusion into the bulk of the metal then equilibrium would be
reached when the number of ions back scattered and the number of
ions dislodged by incident ions equalled the number arriving, If
on the other hand we assume that we have a surface barrier
preventing any escape of ions from the surface but a high diffusion
rate for the trapped hydrogen in the metal lattice, then the
initial distribution will gradually spread through the metal
lattice. The distribution can be readily calculated if we assume
a 8 function source Q, at the plane X = o of a semi~infinite slab,
The solution of the diffusion equation
32

aC C
?j_t- a]c_z o L] '] (5)
can be shown to be(l?)
2
C(x, t) = JE%? exp (5%?\ e oo [6)

The variation of concentration C across a sample of dimensions
typical of those used in the present experiment is shown in fig, 12
for various values of Dt, Taking a typical value t = 1000 secs it
is seen that a diffusion coefficient D = 10~2 cmzlsec results in
the original distribution of gas being well spread through the
bulk of the metal,

In any practical material both re-emission from the surface
and diffusion into the bulk must be taking place simultaneously,
There are however, two major differences between the hydrogen

reactive metals and the non hydrogen-active ones which can explain

= 31 -



the difference in behaviour of their respective trapping
coefficients, The first is simply that the exothermic reaction
implies a potential barrier at the surface for any hydrogen atom in
the metal, The size of the barrier depends to some extent on the
concentration of hydrogen in the metal, but results obtained from:
heat of solution experiments shown in Table I indicate values in

the region 20-40 k cals/mole,

The second difference between the two classes of metals is that
in general the diffusion coefficients are higher in the reactive
ones than in the unreactive ones and that the activation energy for
diffusion is lower, The lower activation energies are only
apparent when measurements of the diffusion coefficients in the
reactive metals are made by a technique which involves transport
solely within the metal rather than across the surface, where the
heat of the solution may predominate. Unfortunately very few
measurements have been made in this way but those which are

available are quoted in Table II, the diffusion coefficient being
. (—E
expressed in the usual form D = Do exp X ﬁTj

The values quoted in Tables I and II show that for titanium,
zirconium and niobium the activation energy for diffusion is
considerably smaller than the heat of solution. The differences
in behaviour between the endothermic non reactive metals and the
exothermic reactive metals is most easily visualized by means of an

energy diagram, fig, 13,

It is now clear why the reactive metals have high trapping
coefficients, The potential barrier at the surface prevents the
escape of migrating atoms and the diffusion coefficient allows the
atoms to diffuse into the bulk of the metal, which with its high
solubility provides an effectively infinite reservoir for the beam
currents which have been used, The small fraction of the incident
particles which is not trapped may be due to those ions which are
deflected through 180° by a small number of large angle scattering
collisions in the lattice and arrive back at the surface with

sufficient energy to escape,

For the non reactive metals as soon as the initial
concentration begins to rise at the mean ion range, if there is no
potential barrier at the surface the surface concentration will be

zero and there will be a steep concentration gradient towards the



surface, At equilibrium the concentration gradient from the mean
ion range away from the bombarded surface must be so small that the
main diffusion flow of the trapped ions is towards the bombarded

surface as illustrated in fig, 14. This will be the case where the

target thickness is much greater than the range of the incident

ions,

The model described will also explain the results obtained
during the gas sputtering experiments, Here it was found that on
bombarding a Mo target initially with D1+ ions and then with H1+
that nearly all the Dl+ ions trapped during the first bombardment
were released on bombardment with H1+ ions, Similar observations
where a large fraction, though not always 100% of the trapped
ions are re-emitted have been made on other non reactive metals,
However in the case of Zr and Ti only a very small fraction of the
trapped ions could be released when the same experiment was
attempted. 1If we consider again the concentration distribution
of the gas in the metal predicted by equation {6) then we can
calculate the total quantity ol of gas within the layer between the
surface and the range of incident ions R

R

1 ;
Q" = J C{x,t) dx
R 2
= WDt . J  °XP gpp dx r = x K7D

i,e, the number of buried ions with the range R is uniquely

determined by Dt, A
Taking a range R = 2 x 10"5 cms as typical of 20 keV Hl+ ions
(16)

in metals we obtain on integrating (7)

For Dt = 10°%  Q'/q - 0,1%
Dt = 10-6 Qg - 1.1%
Dt = 10-8 ol/q - 11%
Dt = 10-9 Ql/Q = 35%
Dt = 10-10 QI/Q = 88%

Assuming that all those ions which are within range R can be
dislodged by further bombardment then the fraction re-emitted is a
measure of the diffusion coefficient, This calculation is not
however likely to be quantitative until a more realistic approxi-
mation than the & function is used for the form of the initial ion
distribution and the mean ion range. On the basis of the present

calculation the difference between the high gas sputtering yield

T -



for Mo and the low yield from Zr could be explained by a difference
of ~ 10% in their respective diffusion coefficients, which is
larger than the difference in the reported values, Further
investigation of the measurements of the diffusion coefficients

are desirable, There is still however the possibility that the
small percentage of buried ions which are gas sputtered from Ti and
Zr is due to the high potential barrier of the surface rather than
to the high diffusion coefficient keeping the concentration low
near the surface, The importance of the surface barrier could be
determined by investigating the gas sputtering over a large
temperature range since the diffusion coefficient will vary exponen-
tially with temperature and thus vary the concentration within the
range of the incident ions, Although no systematic data is
available, Borovik{1!) has shown that the trapping coefficient for
Ti decreases with dose at 100°K and thus it seems that the

diffusion process plays the dominant role,

6. CONCLUSION

The use of the technique of partial pressure rise measurements
during bombardment and during subsequent thermal desorption of
trapped ions has been found to be a convenient and reliable method
of measuring the absolute trapping coefficient of ions in metals,
The behaviour for molybdenum when compared with results for
tungsten and stainless steel already reported[lo), would seem to
indicate that it is typical of metals which do not react exother-
mically with hydrogen. This has been confirmed by more recent

results on Al, Cu, Fe, Ni and Pt,

The measurements made with hydrogen ions on Ti, Ta, and Zr
show that it is possible to obtain trapping coefficients 1 > 0,9
at or near room temperature, This high trapping coefficient may
be of considerable practical importance in the design of certain

types of nuclear fusion research experiments,

The results of the trapping coefficient measurements and of
the experiments on gas sputtering have been explained in terms of a
model which takes into account the diffusion rate and the heat of

the solution of the gas in the metal,
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SOLUBILITY OF HYDROGEN AND DEUTERIUM IN METALS

TABLE I

Concentration

Heat of Solution

System Range kcals/mole Ref,
; Atomic Ratio AH

Ti-Hy <0.1 21,6 18

Ti-Hy < .04 19 19
0.,21-1,3 27=34

Zr-H, < .02 29 19
0,69-1,15 33-40

Zr-Hy ,025-1,74 34,9 20

Ti-D, .02-0,1 22,5 21
0,2-1,8 31,8-29.1

.Zr-Dz .02~,05 29 21
0,2-1,8 38.9-32,9

Nb—H2 ,01-0,1 15,9=-16.9 22
0,2-0,7 18.,1-23,0

Pd-H, ? 2,04 23

MO-HZ - - 3.5 23

Cu-Hjp - - 14,1 23

Ni -HZ = - 5.6 23
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TABLE I1

DIFFUSION OF HYDROGEN IN METALS

Diff, Coeff,

Do B
(o]
Metal atZIOO C sz/sec keatelmole Ref,
cm?/sec
Molybdenum 8,5 x 10-10 7.6 x 10=3 8,4 24
Austenitic S/S 7.1 x 10-~10 2.1 x 10~2 11,0 24
ENS58E 15,6 25
Ferritic S/S % 1076 6.5 25
Copper . 10-10 1.6 x 10-7 Fui 24
Nickel i.6 x 10-8 2,04 x 10-3 8,7 26
Zirconium 10-7 7,06 27
5,7 28
Niobium 3,7-5,0 29
Tantalum 2,6=3.7 30
Palladium 1.5 x 10~ 6.8 31
Titanium - 5.3 32
9,4-10,2 33
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Curve 1. Molybdenum target bombarded with 95 pA,
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Variation of trapping coefficient of hydrogen ions with energy.
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Concentration distribution of gas in metal target
under steady state ion bombardment, assuming
surface concentration is zero









