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DAMAGE OF NIOBIUM SURFACES CAUSED BY BOMBARDMENT WITH He+ IONS OF DIFFERENT ENERGIES TYPICAL
FOR T-20
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The surface damage of cold worked and annealed polycrystalline Nb irradiated at room tempera-
ture with He**" ions sequentially at different energies over the range from 0.5 keV to 1.8 MeV
has been investigated. The individual energy and the dose of the H J + ion was chosen to match
the theoretically calculated He**" ion spectrum expected in the Tokamak T-20. In one set of
irradiations, targets were irradiated at Kurchatov Institute starting with 0.5 keV ^He+ ions
and extending up to 90 keV in eleven steps. Subsequently, the same area was irradiated at
ANL starting at 150 keV and increased in oight steps up to 1.8 MeV. The irradiations were
carried out for a total dose of 5.0 C/cm2. In another set of irradiations the sequence was
reversed. Scanning electron micros-.opy results show formation of blisters and exfoliation.
For the same dose the broad energy implant (due to sequential irradiation) appears to decrease
the blister diameter and density as compared to irradiation with monoenergetic He+ ions at a
given energy (in the energy range considered). Some estimates of surface erosion yields due
to blistering are given.

1. INTRODUCTION

The first wall of a fusion reactor will be ex-
posed to helium projectiles having a broad ener-
gy spectrum. There have been only a few studies
[1-4] of the surface damage of materials under a
broad helium energy spectrum, which was simula-
ted by irradiating sequentially with monoenerge-
tic ions. Many of these studies were restricted
to only a small energy range of helium ions. For
example, Roth et al. [21 studied blistering of
niobium implanted sequentially with ^He+ ions
over the energy range of 0.5 to 9 keV The au-
thors of this paper reported [1] results on
blistering of cold worked niobium irradiated se-
quentially with ^He+ ions for the energy range
ot 3-500 keV to a total dose of 1.0 C/cm2. Wil-
son et al. [3] also studied a multiple energy
sequential irradiation of stainless steel with
4He + ions for the energy range of 3-20 keV. It
should be noted that theotetical calculations of
the energy spectrum of helium projectiles strid-
ing the first wall surfaces indicate that for
near-term machines a substantial fraction of the
helium projectiles will have energies up to 3.5
MeV [5,6]. Fig. 1 shows a plot of the He ion
spectrum (dashed line) per energy interval as a
function of energy calculated [4,6] for the Tok-
amak T-20. The expression used for this calcu-
lation (as given in Fig. 1) has been discussed
by the authors in an earlier publication [4]
where a preliminary attempt was made to simulate
the calculated spectrum (up to 1.8 MeV) using
monoenergetic irradiation. The actual energies
used for the irradiations are shown by open
squares. In the previous study [4] only an-
nealed polycrystalli;ie niobium targets were ir-

radiated for total doses of 0.12 and 1.12 C/cm2.
The aim of the present studies was to study sur-
face damage due to blistering of both annealed
and cold-worked niobium (a candidate first wall
material for T-20) irradiated sequentially with
4He+ ions with energies shown in Fig. 1 for a
significantly larger total dose of 5.0 C/cm2.
This higher dose was chosen so that the criti-
cal dose for blister appearance is exceeded for
many of the monoenergetic irradiations. The in-
dividual doses for each energy were chosen to
match the calculated spectrum shown in Fig. 1
for T-20, and are listed in the following in
parenthesis in units of C cm""2 for a given ener-
gy in keV: 0.5(0.8), 1(0.886), 2(1.287),
3.5(0.725), 5(0.315), 8(0.052), 13(0.058),
29(0.063), 30(0.08), 45(0.1), 65(0.072),
90(0.072), 150(0.14), 200(0.03), 250(0.01),
300(0.025), 500(0.08), 1,000(0.11), 1,500(0.11)
and 1,800(0.0084).

2. EXPERIMENTAL PROCEDURES

Polycrystalline cold-worked niobium foils
(̂  125 Mm thick, Marz Grade) were obtained from
Materials Research Corp. The surface prepara-
tion of all targots were done at ANL, first by
metallographic polishing and then electropolish-
ing in the manner described earlier [1]. One
set of targets were annealed at 1200°C for 2 h
in a vacuum of i> 6.7 x 10-5 pa afier metallo-
graphic polishing, but before electropolishing.
For the implantations with 4He+ ions in the en-
ergy range from 0.5 keV to 90 keV, a mass anal-
yzed beam from an isotopic separator at the
Kurchatov Institute was used. During these ir-
radiations the ̂ He+ ion flux on target was held
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FIG. 1. Double logarithmic plot of He ion spec-
trum (dashed line) per energy interval as a
function of energy calculated for Tokamak T-20
by Guseva et al. [6]. Open squares show actual
He+ energies used to simulate theoretical spec-
trum.

at 1.2 x 1 0 ^ ions sec"! cm""2 and the vacuum was
6.7 x 10~5 Pa. For the implantations with 4He +

ions in the energy range from 150 to 1800 keV, a
mass analyzed beam from a 2-MeV Van de Graaff
accelerator at ANL was used. The beam was high-

ly collimated (half angle of divergence ^ 0.01°),
the fluK was "v 1 x 10W ions sec-1 cm"2, and the
vacuum in the target chamber was "\/ (4-6.7) x
10-& Pa. All irradiations were carried out at
room temperature. The targets were carefully
transported by air between Kurchatov and ANL af-
ter irradiation in well-padded plastic holders
for shock-proofing. This shipping technique
proved to be adequate since micrographs taken of
a blistered surface at one location prior to
shipment and taken again after receipt of this
shipment at another location showed no changes.
The niobium surfaces were examined before and
after each type of irradiation with a Cambridge
Stereoscan S4-10 scanning electron microscope.
The blister diameters were analyzed from the mi-
crographs using a Zeiss particle size analyzer.

3. RESULTS AND DISCUSSION

3.1 Irradiation of annealed Nb

Fig. 2(A) shows a typical surface of annealed
polycrystalline Nb after irradiations at Kurcha-
tov with 4ne+ ions at discrete energies starting
at 0.5 keV and increasing up to 90 keV for a to-
tal dose of 4.5 C/cm2 (the individual dose for
each energy is given earlier in Sec. 1). Most
of the blisters observed after the Kurchatov ir-
radiation have ruptured and their diameters vary
from one grain to the other (see Fig. 2A) and
range from ^ 0.1 ym to "f 3 |im. The blister dia-

FIG. 2. Scanning electron micrographs (SEMs) of annealed polycrystalline surfaces irradiated at
room temperature (A) with 0.5-90 keV '*He+ Ions at Kurchatov for a dose of 4.5 C/cm^; (B) same area
as in Fig. 2(A) after further irradiation at ANL with 150-1800 keV *He+ ions for a dose of 0.5 C/cm2;
(C) enlarged view of same type of surface shown in Fig. 2(A); (D) enlarged view of same type of
surface shown in Fig. 2(B).



FIG. 3. SEMs of annealed polycrystalline Nb irradiated at room temperature (A) with 1800 - 150 keV
4He + ions for a dose of 0.5 C/cm2; (B) the same area as in Fig. 3(A) after further irradiation with
90 - 0.5 keV 4He + ions for a dose of 4.5 C/cm2; (C) an enlarged view of the blister skin shown in
Fig. 3(B).

diameters fall into several size classes but the
two dominant size classes have blisters with
most probable diameters of ^ 0.27 pm and 1.7 ym.
Using the relationship Dmp = 0.1 E^-?

4 between
the most probable blister diameter Dmp (\im) and
the projectile energy E (keV) given earlier [7]
one can estimate that the larger diameter (1.7
Um) blisters are most likely caused by the 45-
keV 4He + irradiation. This is further confirmed
by the measurements of blister skin thickness
which yields a value of 0.22 ym that is close to
the projected range of 45-keV 4He + ion in Kb.
Fig. 2(B) shows the same surfaces as in Fig.2(A)
but after subsequent irradiation at ANL with
150 - 1800 keV '•He"1" ions. A comparison of Figs.
2(A) and 2(B) show that subsequent it-radiation
of the niobium surface which was pre-irradiated
with 0.5 - 90 keV ions, with 150 - 1800 keV 4He +

ions does not cause any detectable change on the
surface. This is shown more clearly in the
higher magnification micrographs in Figs. 2(C)
and 2(D) of the same area after only 0.5 - 90
keV and after 0.5 - 1800 keV irradiations, res-
pectively.

When the irradiation sequence was reversed,
i.e. started at the highest enargy of 1800 keV
and finished at 0.5 keV, slightly different re-
sults were obtained than the ones described
above. Fig. 3(A) shows surfaces of annealed
polycrystalline Nb after irradiation with 1800 -
150 keV 4He+ ions for s total dose of ^0.5
C/cm^ where no blisters could be observed. Fig.
3(B) shows the same surface after irradiation
with energies of 90 - 0.5 keV 4He + ions, where
many blisters have formed and exfoliated. In
addition, some large scale exfoliation is ob-
served and an enlarg-.d view of one such exfolia-
ted skin is shown in Fig. 3(C). Here, one can
see that many small blisters have formed on the
top of the large exfoliated blister skin. The
thickness of this large exfoliated skin is
^ 0.42(im which is close to the calculated pro-
jected range for 150-keV 4He + in Nb. It should
be noted that since the targets were mounted on
thick metal blocks no temperature control was

provided. Since the highest power deposition
during the sequential irradiations reached only
a value of 1.5 W/cm2 at 90 keV, surface heating
is considered to have a negligible effect on the
large scale exfoliation.

3.2 Irradiation of cold-worked Nb

Fig. 4(A) shows a typical surface of cold-
worked Nb after irradiations with 4He + ions with
increasing energy from 0.5 to 90 keV for the
doses indicated earlier in Sec. 1. Here, the
blister diameters range from 0.1 ym to 3 um and
most of the blisters have exfoliated. As in the
case of annealed Nb (Fig. 2A), here also the
blisters fall into several size classes, but the
two most dominant ones have most probable blis-
ter diameters, Dmp of ^ 0.27 ym and^ 2.0 ym.
The skin thickness of the larger blisters (Dmp ^
2.0 ym) was measured to be^ 0.23 ym, indicating
that these blisters were most likely caused by
the irradiation with the 45-keV 4He + ions, a re-
sult which is similar to the one observed for
the annealed target. Fig. 4(B) shows the same
area as in Fig. 4(A) but after irradiation with
150 - 1800 keV 4He+ irradiation for a higher
dose of 0.66 C/cm2 than that used earlier for
the annealed Nb target. In this case, the dose
for the 150-keV 4He+ irradiation, which is the
most dominant component in this energy range,was
increased from 0.14 to 0.3 C/cm2, a dose which
is much higher than the critical dose for blis-
ter formation of cold-worked Nb for a single
irradiation with 150-keV 4He + ions [8]. This was
intentionally done to see the effect of prior
sequential irradiation (with 0.5-90 keV 4ne+) On
blister formation during subsequent irradiation
with high energy ions (150-1800 keV). Now, a
few additional blisters (marked by arrows in
Fig. 4(B) can be seen which were not present be-
fore (see Fig. 4A). Fig. 4(C) shows a cold-
worked Nb surface which has been irradiated only
with 150 - 1800 keV 4He + ions (and not preirra-
diated with 0.5 - 90 keV 4He + ions) for the same
doses as the target shown in Fig. 4(B). By com-
paring Fig. 4(B) and 4(C) one can clearly see
that prior irradiation with 0.5 - 90 keV 4He+



FIG. 4. SEMs of cold-worked Nb irradiated at room temperature (A) with 0.5-90 keV 4He + ions for a
dose of 4.5 C/cm2; (B) the same area as in Fig. 4(A) after further irradiation with 150^1800 keV
4He+ ions for a total dose of 0.66 C/cm2; (C) with only 150-1800 keV 4He + ions for a dose of 0.66
C/cm2.

has helped in significantly reducing blistering.
For example, the blister density has been re-
duced to "\- 8 x 105 blisters/cm2 for 0.5 - 1800
keV ^He+ irradiated sample as compared to
3 x 106 blisters/cm2 for the 150 - 1800 keV 4He +

irradiated sample. The largest blister diameter
in the 0.5 - 1800 keV *He+ irradiated sample is
"v- 3 vim, whereas it is ̂  9 pm for the sample ir-
radiated only with 150 - 1800 keV Ĥe"1" ions. It
may be pointed out that other authors [2] have
reported a reduction in blistering of Nb due to
multiple energy implantation over a much smaller
energy range (0.5 keV to 9 keV) than the energy
range investigated in the present experiments.

Fig. 5 shows the results for cold-worked Nb
for the reversed irradiation sequence, i.e.
started at 1800 keV and finished at 0.5 keV.
The micrograph in Fig. 5(A) shows a typical sur-
face after irradiation with 1800 - 150 keV *He+

ions for a total dose of 0.5 C/cm2 (note: the
dose for 150-keV was kept at 0.14 C/cm2 as ex-
pected for T-20 spectrum). In contrast with the

results for annealed Nb (Fig. 3A) where no blis-
ters were observed, here, many blisters have
formed on the surface, some of which have ex-
foliated (Fig. 5A). The measurements of blister
skin thickness indicate that the blisters have
been formed primarily by the 150-UeV 4He + irra-
diation. These results indicate that the criti-
cal dose for blister formation for cold-worked
Nb for 150-keV ^He+ irradiation is < 0.14 C/cm2,
whereas for the annealed Nb it is > 0.14 C/cm2,
a result that is consistent with our earlier ob-
servation [9] that the critical dose for blister
formation is lower for the cold-worked samples
than for the annealed ones. Fig. 5(B) shows the
same surface as in Fig. 5(A), but after irradia-
tion with 90 - 0.5 keV 4He + ions. Here, one can
see that many additional blisters have formed
and some of the previously formed blisters have
ruptured. Many blisters have also formed on the
top of the blisters formed during the irradia-
tions, as shown in the enlarged micrograph in
Fig. 5(C).

FIG. 5. SEMs of cold-worked Nb irradiated at room temperature (A) with 1800-150 keV 4He + ions for
a dose of 0.5 C/cm2-; (B) the same area as In Fig. 5(A) after further irradiation with 90-0.5 keV
*He+ Ions for a dose of 4.5 C/cm2; (C) an enlarged view of the same type of surface as shown in
Fig. 5(B).



Table I. Erosion yields due to blistering of Nb
irradiated sequentially with 4He + ions
in the energy range of 0.5 keV to 1800
keV.

Type of
Nb

Target

Erosion Yield (atoms/ion)

Irradiation
started at
0.5 keV

Irradiation
started at
1800 keV

Annealed

Cold-
worked

(1.4 ± 0.7)
x 10-2

(1.5 + 0.7)
x 10-2

(1.4 + 0.7)
x 10-2

(5.4 + 2.0)
x 10-3

From the measurements of blister skin thick-
ness and the area lost by blister exfoliation
crude estimates of the erosion yields due to
blistering were made for the four cases des-
cribed above. These yield values, with their
estimated overall errors, are summarized in Ta-
ble I. For the annealed Nb target the erosion
yield was i* 1.4 x 10-2 atoms/ion, irrespective
of the Irradiation sequence for the dose range
(5.0 C/cm2) studied. It may be noted that in
our earlier studies [4] for a much lower dose
range of 1.12 C/cm2f a lower erosion yield was
observed when the irradiation sequence was start-
ed at the high energy of 3.5 MeV, as compared to
the irradiation sequence started at 0.5 keV.
For the cold-worked Nb target, however, the ero-
sion yield was about a factor of 3 lower for the
case where irradiation was started at 0.5 keV
(see Table I), a trend which is in agreement
with our previous observations typical for
annealed targets.

4. SUMMARY

In summary, the results presented in this
paper indicate that for sequential irradiation
with 4ne+ ions having an energy spectrum similar
to that expected for the Tokamak T-20, most of
the erosion due to blistering (for the dose
range studied) is contributed by the 0.5 - 150
keV 4He"̂  ion component. For a total dose of
0.5 C/cm2, the erosion yield due to helium blis-
tering of Nb ranges from (5.4 ± 2.0)x 10-3 to
(1.5 ± 0.7) x 1C-2 atoms/ion. For the cold-
worked Nb target the results indicate clearly
that the *He+ implantations for the energy range
from 0.5 to 90 keV help to reduce both the den-
sity and diameter of blisters formed by subse-
quent He-implantation for the energy ranging
from 150 to 1800 keV.
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