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The density and size of neon bubbles have been studied for the fluences of 6.2 x 1012 to 9.4x 102! 60-keV
(2Ne* ions)/m? in the bcc metals Mo and Ta and in the amorphous Ta,Os by means of the Doppler-shift
attenuation method through the reaction 22Ne (p, v) 2Na. The concentration dependence of the bubble
size was determined. Atomic Ne densities within the bubbles derived from the bubble sizes indicate over-
pressurized Ne bubbles in Mo and Ta in contrast to thermal equilibrium bubbles in Ta,Os.

In the gas-ion implantation of metals, the fluence range
of 108 to 10?! ions/m? is characterized by complete trapping
and clustering of the implanted gas in the damage within the
ion range.! Due to the very low solubility of inert gases in
metals,? the clustering of occupied trapping sites leads al-
ready at low concentrations to the formation of gas-filled
bubbles. In spite of the fact that He bubbles have been stu-
died by several authors, the information about the growth
of the bubbles below the blistering limit is scarce and, about
the overpressurized bubbles, controversial.! The informa-
tion about bubbles of heavier inert gases is limited to a few
studies on blistering and flaking,! and to our knowledge
only one study is reported on the pressure,’ but no studies
on the growth and density of gas bubbles below the blister-
ing limit (the fluence range 10'® to 10%! jons/m?).

In this study we report for the first time on extensive data
concerning the concentration dependence of the bubble den-
sity and the size and atomic density of bubbles of a heavier
inert gas in metals. A new method [the Doppler-shift at-
tenuation (DSA) method], in conjunction with the experi-
mentally known concentration distributions, has been used
to study neon bubbles in the bcc metals Mo (the DSA data
is from a previous work*) and Ta and, for comparison, in
the amorphous material Ta;Os as a function of the implant-
ed dose, ranging from an atomic concentration of about one

percent to a saturation value. We emphasize the concentra-

tion rather than dose or fluence dependence in the descrip-
tion of the properties of Ne bubbles for the following
reasons: (i) Because the implantation of inert gases heavier
than He produces high sputtering of metals’ the amount of
retained gas (dose) is lower than the fluence and saturates
at rather low fluences. (ii) The Ne concentration at a given
dose is dependent on the implantation energy also affecting
the sputtering yield. The information on neon bubbles
(bubble density, size, and atomic density of neon bubbles)
is extracted by Monte Carlo calculations reproducing the
DSA data and concentration distributions.

The DSA method has been conventionally used in our
laboratory to deduce the mean lifetime = of recoiling, y-
emitting nuclei formed by the (p,y) reaction between the
implanted target atoms and a beam of high-velocity pro-
tons.® In the case of a known lifetime, the velocity of the
recoiling nuclei at the moment of the y-ray emission
depends on the stopping power of the slowing-down materi-
al. The change in the velocity due to the changes of the
stopping conditions (bubble density, size, and atomic densi-
ty) can be obtained from the F factor, which is the ratio
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between the recoil atom’s velocity component along the
beam direction and the original velocity. How different
amounts of implanted target material ?Ne affect the F(7)
value is shown in Table I and illustrated in Fig. 1. The 2Ne
samples were prepared by implanting at room temperature
60-keV 2’Ne* jons into polycrystalline Mo and Ta and
5000-A-thick, amorphous Ta,0Os (electrolytically oxidized).
The F(7) values were measured for the 2.64-MeV state in
2Na. The lifetime 119+5 fs is in the region where the
F (7) value obtained through the ?Ne (p, y) *Na reaction at
E,=1005 keV is most sensitive to the changes in the
slowing-down conditions. The experimental methods in ob-
taining the dose and maximum concentration (the collection
curve) and the F(7) value have been explained previously.*
Neon bubbles used in the Monte Carlo simulation of the
F () values are briefly discussed in the following.

Because the F(7) value is affected by all retained Ne -
atoms, the bubble density and size to be determined include
both Ne trapped in microscopic bubbles and Ne clusters in
submicroscopic cavities. According to the experimental
data™® on He in Ni, Al, and Cu, the bubble density C, [(Ne
bubbles)/A’] was taken to be constant below the concentra-
tion limit of the bubble coalescence. It was a fitting param-
eter in reproducing the F(7) values. In the calculations,
the bubble radius was varied with the experimentally known
concentration distribution along the path of recoiling **Na
atoms. Thus, the bubble radius 7, is the mean radius at a
constant concentration. The values of 7, were obtained by
reproducing the concentration distributions and doses. The
effect of Ne atoms not contained in the microscopic or sub-
microscopic bubbles was estimated by assuming their frac-
tion to be half of the Ne dose. (According to the He data,!
this is, in the present case where submicroscopic bubbles
are also included, a very conservative upper limit in ap-
proaching this open question.) It was observed that C,
would be reduced to half of the original value, but 7, in-
creased by only 20%.

The pressure-radius relationship of bubbles at the
mechanical stability limit is given!® by

p=—2—7—+-‘-'"—b— s (4]
Ty Iy

where y is the specific surface free energy, u the shear
modulus of the metal matrix, and b the magnitude of the
Burgers vector of dislocation loops. As the values y=1
Jm~2, u=10" IJm™3, and 5 =2 A are typical for all met-
als,!' the 7, — nne relationship was approximated by the
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TABLE 1. Summary of the samples, F(7) values (%), and results obtained for the mean radii 7, and (7;)
(A) and atomic densities ny, (A~3) of Ne bubbles. The implanted fluence ¢ is given in units of 10%°
ions/m2, dose D in 10%° atoms/m? and maximum concentration C,, in at.%.

) D? C max” F(7) PP (Fp)® nNe™
Mo backingd
0.62 0.57 0.81 £0.04 356109 3.1 2.8 0.114
1.9 1.3 1.73 £0.09 345+09 4.1 3.8 0.109
5.6 4.2 6.9 +0.3 347+0.5 6.4 5.7 0.101
9.4 7.9 10.8+£0.5 354+0.5 8.1 7.4 0.093
31 16 27.0+1.1 39.4+0.7 13 12¢ 0.077
94 18 258+1.0 38.9+0.7 13 12¢ 0.076
Ta backing
0.63 0.31 0.63 £0.05 32220 4.3 3.8 0.109
4.0 1.8 3.87 £0.09 320+1.2 7.7 6.9 0.095
15 7.0 13.7£0.7 33.1+1.2 13 11 0.078
30 12 25.1+0.7 35.1+1.1 16 14 0.071
50 15 282+1.1 38.1+1.1 24 19¢ 0.065
94 14 27.0%1.1 382+1.2 24 18¢ 0.066
Ta,Os backing
0.63 0.3 0.39£0.04 38.7+1.0 25¢ 0.060
4.0 2.2 3.03+£0.08 41.1+£1.2 30¢ 0.057
15 7.6 11.9+0.9 52.0+1.1 100® 0.030
30 9.1 12.5+1.0 61.0+1.3 230¢ 0.018
50 9.3 112+1.0 63.0+1.4 260° 0.016
94 11 10.8 £1.0 60.9+1.3 - 230° 0.018

30btained in the measurements with the Rutherford backscattering (RBS) and nuclear-resonance-broadening
(NRB) methods (for details see Ref. 4). The concentration is the average over about 25 nm due to the
depth resolution of NRB at the depth of the maximum.

YThe uncertainty of 20% includes the statistical error of the F(r) values, the uncertainty in the 7,-ny, rela-
tionship (Mo and Ta) in the assumption of Ne bubbles of only one size (Ta,Os) and in the stopping power.
The systematic error (less than 20%) due to the portion of Ne not contained in bubbles is not included (see
text).

“Values are given for (7).

9The experimental data are from Ref. 4.

eBubble coalescence (see text).

results of the calculations by Trinkaus and co-workers,!®
where the high-density equation of state of He was applied
to He bubbles in Al and Ni and by the recent data® for Ne
bubbles in Al. The 25% uncertainty in the theoretical 7p-
nwe relationship!® was observed to produce 10% uncertainty
in the 75 and 30% uncertainty in the C, values.

The experimental data!? on He in the amorphous alloy
Fe-Ni-Mo-B show that the bubble density does not saturate
to a constant value as in polycrystalline materials. Further-
more, the F(r) values indicate that in Ta,Os the bubble
coalescence takes place already at low concentrations. Thus
the concentration-dependent bubble density was obtained
according to the formula

nOC

Co(C)=—
»(C) V[ (100 — C)nne + Cnypl

(2)

where ¥V, =4x(7,)>/3, the bubble radius (7,) is the aver-
age over all concentrations probed by the recoiling 2*Na (a
free parameter in the 3calculations), C (in at.%) is the Ne
concergtza}tion, no (A7) is the atomic density of Ta,0s, and
nne (A7) is the Ne density in bubbles. The fact that the
recoiling 2’Na atoms emit y rays around the maximum con-
centration, together with the results obtained at different

concentrations, reduce uncertainty in (7,) to 15%.

The calculation of the F (7) value has been described pre-
viously.* The slowing down of the recoiling 2*Na atoms was
calculated with the correction parameters f,=0.78 +£0.07 for
the nuclear stopping and f,=1.00 £0.17 for the electronic
stopping in Mo (Ref. 4), f,=0.70 £0.07, f,=1.15£0.15 in
Ta (reanalyzed values from Ref. 13), and f,=f,=1 in
Ta,0s and 2Ne. The uncertainties in the C, and 7, values
due to the uncertainties in the stopping powers are 30% and
10%, respectively. The recoiling 2°Na atoms are produced
inside a Ne bubble at a distance of PY37, from the center,
where the random number Pis 0 < P < 1. At this point the
polar angles 6 and ¢ of the center are given by

0=arccos(1—2Py) , ¢=27P; , 3)

where P; and P, are random numbers. The distance trav-
eled by 2*Na before penetrating to a succeelling bubble is
given by

d=—(Com7d) " 'InP - (F2-FH)V? , @

where yp = PY 27, is the impact parameter determined at the
original point.
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FIG. 1. Experimental F(7) values for various fluences of 60-keV

Ne™* in (a) Ta, (b) Mo, and (c) Ta,Os. The solid lines show the
F(7) values calculated as a function of the bubble radius. The
dashed lines in (a) and (b) are obtained by assuming the bubble
coalescence which reproduces the experimental F(7) values (see
text). The point dashed line in (b) is obtained by assuming the
coalescence of two Ne bubbles.

Bubble sizes obtained with the bubble densities
C,=(3.6+18)x10% m~2 and (1.2+£0.6)x10% m~3 in
Mo and Ta, respectively, are given in Table I. The sys-
tematic error due to the Ne not contained in bubbles is not
included in the error limits. The fifth column shows 7, at
the maximum concentration and the sixth column shows
the mean radius (7,) probed by the recoiling >*Na atoms
around the maximum concentration. It is evident that bub-
bles in Mo are smaller than in Ta and that the growth is
slower. The calculated F(7) values are illustrated by the

solid lines in Fig. 1. It can be seen that at the saturation
concentrations [fluence ¢ > 3x10?! (Ne* ions)/m? in Mo
and ¢ > 5x10% (Ne* ions)/m? in Tal, the experimental
F (1) values are higher than the calculated ones. This indi-
cates a decrease in the atomic density due to the bubble
coalescence. The experimental F(r) values were repro-
duced by the fitted bubble densities Cp = (2.5 +1.3) x10%
m~3 (Mo) and (0.6 £0.3) X102 m~3 (Ta) and the increased
bubble radii (Table I). In deriving these radii the bubble
surface area was assumed to be conserved!* 7,
(coalescence) =+/27,. The results indicate that on the aver-
age two Ne bubbles coalesce in Ta, whereas in Mo this
would yield considerably higher F () values than observed
(Fig. 1). Note, however, that the assumption holding for
an ideal gas probably does not give consistent C, and 7,
values.

The present values =(25+1.3)x10® m~3 and
(Fs) =123 A obtamed for Mo at ¢=31x10* (Ne*
ions)/m? [dose 16x10%° (Ne atoms)/m?] are not in
disagreement with the values” C,=1.5x10* m~* and
=12 A for $=30x10% (He*ions)/m? in Mo. No He
data are available for Ta.

If for Ne an empirical formula of the form as proposed
for the pressure-density relation!® of He is used, the present
atomic densities indicate overpressurized bubbles in Mo
(e.g., 88 kbar for (7,) =5.7 A) and Ta (e.g., 64 kbar for
(Fs)=6.9 A) As already indicated by the partial coales-
cence, bubbles in Mo have relative high presgure also above
the critical dose (e.g., 25 kbar for (75) =12 A). In compar-
ison with the recent values® for Ne bubbles'in Al (Ne con-
centration about 3 at.%), which are in agreement with the
He data!® in Al, the present values show that in metals with
essentially higher elasticity moduli'’ (2.8x10'° kgm~2 for
Mo, 1.9x10'° kgm™~2 for Ta, to be compared with 0.7 x 10'°
kgm~2 for Al) bubble sizes are considerably smaller and
atomic densities and Ne pressures higher. The present and
previous® data indicate that Ne bubble sizes at a constant
concentration are inversely proportional to the elasticity
moduli. In Ta,;Os the pressure values 11 kbar ((7p) =25
A) to 1.1 kbar ((7s) =260 A) show that there are no over-
pressurized bubbles, as can be expected on the basis of He
data in an amorphous material’?> and the rapid growth of
bubbles indicated by the fast increase of the F(r) values.
However, the Ta,Os data demonstrate the high atomic den-
sity and pressure values obtained in Mo and Ta under the
same experimental circumstances.

In conclusion, the first systematic data on non-He inert
gas bubbles indicate a strong concentration dependence of
the growth and pressure of Ne bubbles in heavy metals Mo
and Ta and in comparison with the Ta,Os data a high pres-
sure in the bubbles.
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