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Abstract

Tungsten (W) specimens were irradiated by low energy (<65 eV) and high flux (�1022–23 m�2 s�1) helium plasma to

investigate the incident ion energy dependence of helium bubble formation. Experimental results indicate the existence

of the incident ion energy threshold for the bubble formation. The threshold energy around 15 eV could associate with

the surface potential for He ions entering to the W surface.
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1. Introduction

Impurity generation and gas retention in plasma

facing components are the most important issues in

plasma–surface interactions in fusion devices. Tungsten

(W) and its alloys have been considered to be candidates

as the plasma facing material for next-generation fusion

devices such as ITER.

In order to reduce the particle and heat flux onto the

divertor plate in ITER, a partially detached plasma has

been considered in the divertor region, in which the di-

vertor will be operated under a �low temperature and

high density� plasma condition [1]. In such a plasma
condition, it has been expected that there would be no

erosion of the plasma-facing materials, especially for

high Z materials. The incident energy of hydrogen and/
or helium ions, which is determined by the sheath volt-

age, is certainly lower than the threshold energy of

sputtering. However, it has been reported recently that a

lot of bubbles were clearly observed on the W surface

irradiated by He ions with a high flux (�1022 m�2 s�1)

and a high fluence (�1026 m�2), even at a low incident

energy (<50 eV) [2,3]. The mechanism of the bubble

formation has not been understood yet.

In this paper, we have investigated the incident ion

energy dependence of the bubble formation on the in-

cident He ion energy when the surface is irradiated by

the helium plasma. Such an energy dependence has

never been studied, especially the presence of threshold

energy in such a low energy range. It will contribute

to fundamental understanding on the mechanism of

the bubble formation. Experimental results show that

the threshold value of incident ion energy exists for the

bubble formation.

2. Experimental setup

Specimens were powder metallurgy W disks (Nilaco.

Co.), and their purity are 99.95%, 3–5 mm in diameter,
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and 0.2 mm in thickness. We did not perform any heat

treatment of the surface preparation such as annealing.

Specimens were cleaned with ultrasonic conditioning.

Nine specimens were irradiated by the helium plasma

using a linear divertor plasma simulator, Nagoya Uni-

versity Divertor Plasma Simulator (NAGDIS-II), which

can generate a high density plasma (P1019 m�3) in steady

state with the TP-D type discharge [4]. Fig. 1 shows a

schematic illustration of experimental setup. The W disk

was mounted at the head of the movable probe system,

and was electrically biased with respect to the vacuum

chamber to control the incident ion energy.

The single probe measurement was carried out with

the W disk to obtain the I–V characteristic. Ion satu-

ration current Iis to the W disk, electron temperature Te
and floating potential Vf can be obtained from the I–V

characteristic. The incident ion flux C was estimated

from the following equation:

Iis ¼ eCS;

where Iis is the measured ion saturation current, e is the
electric charge, S is the surface area of the specimen.
Plasma potential Vp was estimated from Te and Vf by
using the equation, Vp ¼ 4:0Te þ Vf [5].
The incident ion energy Ein during the plasma irra-

diation is determined from the difference between the

plasma potential Vp and the biasing potential of the W
disk Vb. It should be noted that the probe measurment
was made within a very short time before the irradiation.

The W disk was heated by the incident plasma heat flux.

The surface temperature Ts was measured through the
Pyrex window with the radiation thermometer as shown

in Fig. 1. Table 1 shows the plasma parameters in the

experiments. After the irradiation, scanning electron

microscopy (SEM) analysis was performed on each

specimen.

3. Experimental results and discussion

Fig. 2 shows SEM micrographs for eight specimens

designated as A–H. The incident ion energy Ein is con-
trolled from 64 to 1 eV by changing the biasing voltage.

The surface temperature Ts determined by plasma heat
flux onto the specimen is varied from 1850 to 2850 K.

These Ts are higher than re-crystallized temperature for
W(�1500 K). The fluence range from 0:5� 1026 m�2 to

2:1� 1026 m�2 as shown in Table 1. Many bubbles and

holes can be seen in the specimens A, B and C. On the

contrary, no bubble is observed in the specimens E, F, G

and H, but grain boundaries are clearly seen. The

specimen D seems to be the intermediate state between

the former and the latter. Furthermore, the traces of the

arc discharge were seen partially in the specimens D, E,

H. Though SEM micrograph of specimen I is not shown

in Fig. 2, the surface condition is similar to those of GFig. 1. Experimental setup.

Table 1

Specimen designation and parameters used in the experiments

Specimen

name

Incident ion energy

(eV)

Surface temperature

(K)

Fluence (1026 m�2) Flux (1023 m�2 s�1) Irradiation time (s)

A 64 2050 0.5 0.6 720

B 60 2300 1.5 2.6 600

C 26 1950 1.7 2.6 660

D 18 2250 1.3 2.2 600

E 12 2300 2.1 3.5 600

F 9 1850 0.5 0.9 600

G 7 2850 1.4 1.2 1200

H 6 2250 2.0 0.5 4200

I 1 1850 0.6 0.1 4200
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and H. Bubbles and holes are created with the incident

ion energy above 18 eV, but are not formed with energy

below 12 eV. It seems that these experimental results

indicate that there exists a threshold value of the inci-

dent ion energy for the bubble formation around 15 eV.

Fig. 3 shows experimental conditions with and without

the bubble formation. Closed circles represent the ex-

perimental parameters where the bubbles are formed.

Since the floating potential of the W disk Vf was fluc-
tuated in time with an peak-to-peak amplitude of �5 V,
Ein could also fluctuate. The plasma potential Vp was
estimated from the floating potential Vf and the electron
temperature Te as mentioned before, the Ein determined
by the Vp and the biased voltage of the W disk Vb has the
error around �5 eV.
It is obvious from Fig. 3(a) and (b) that the bubble

formation arises in the parameter region bordering on

Ein of 12–18 eV. It should be noted that there also exist
the threshold values of the fluence and the surface

temperature for the bubble formation as found in the

previous experiment [2]. The bubbles were observed at

the larger fluence than 1025 m�2 with Ein � 50 eV and
Ts � 1800 K. On the other hand, no bubble was formed
at Ts below 1500 K with Ein of 50 eV and the fluence of
1:5� 1026 m�2. In addition to these thresholds, our ex-

perimental results indicate that no bubble is created

below the incident ion energy even at sufficient fluences

and sufficiently high surface temperature Ts mentioned
in the previous experiment. The surface temperature and

the fluence could also be important parameters for the

bubble formation. However, there is no clear depen-

dence of these two parameters for the bubble formation

in the parameter range concerned in the present exper-

iment.

Fig. 2. SEM micrographs of specimen A–H. All pictures have same magnification.
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Fig. 4 shows a cross section of the specimen B irra-

diated by 60 eV He ions with a dose of 1:5� 1026 m�2 at

2300 K. Bubbles are clearly seen within the depth of 1–2

lm from the top surface while the bulk seems to be re-

crystallized (Fig. 4(a)). An average size of diameter of

the visible bubbles is about 0.5 lm. However, He ions
with the Ein of below 100 eV cannot penetrate into mi-
crometer-order depth from the W surface, because the

projected range of the He ions is estimated to be below

10 �AA. It seems that the He contained in the bubbles come
from the surface region by a diffusion process. This

means that the mobility of He in the W is one of the

most important factors for the bubble formation as well

as He intrusion in the surface.

The mechanism of the bubble formation in this ex-

periment has not been well understood yet, but we try to

discuss the mechanism of the bubble formation from our

experimental results.

If there are vacancies as trapped sites in W, many He

atoms which diffuse in W can be trapped in the vacancy

and become nano-scale bubble because the potential

well of the trapped site is very deep for He [6]. It is easier

for He atoms in the W to enter into bubble or void ra-

ther than to escape from them. Then, many He atoms

can be absorbed in the bubbles or voids. An increase in

the internal pressure of these trapping sites result in

mutation of crystal lattice, leading to an expansion of

the bubble. Of course the collision between the small

bubbles would also form bigger bubbles or blisters in W.

Three important factors should be considered in the

bubble formation: the vacancy concentration, the He

concentration and the mobility of the vacancies and He

atoms in W.

Origins of the vacancies in this experiment come from

the intrinsic defects (vacancy) and thermal vacancy. The

defects made by incident helium ions collision with W

atoms in solid could not be generated in this experiment

because the incident energy of He ions is too low to

make displacement defects.

Fig. 3. Summary of experimental conditions with and without

bubble formation in the parameter spaces of (a) incident ion

energy Ein and surface temperature Ts, (b) incident ion energy
and fluence.

Fig. 4. SEM micrographs of the cross section of specimen B.
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The intrinsic defects exist commonly in all specimens,

but its concentration is unclear. Furthermore, many

thermal vacancies are born in W at high Ts. For ex-
ample, the concentration of the thermal vacancy can

be estimated to be 10�9 fraction to total W atoms at

2000 K, and 10�6 at 3000 K. Though intrinsic defects

would disappear due to the effect of annealing at tem-

perature higher than 1500 K (re-crystallized tempera-

ture), the irradiation time is too short to disappear

intrinsic defects in specimens except for H. Then it can

be supposed that there are a lot of vacancies existed in W

at high Ts�s in our experimental condition. Such a high Ts
also provides larger mobility of vacancies and He atoms

in W.

From the above discussion, the reason why no bub-

ble forms below a certain Ein even at the huge fluence
and high Ts could be associated with the He concentra-
tion in W. We suppose that He ions below the threshold

Ein cannot penetrate into the W surface because there is

a surface potential barrier on the W for He ions.

There have been few studies on the evaluation of

surface potential for He entering into W. However, one

theoretical calculation gives 5.5–5:9 eV as a solution

energy for He into the W interstitial site [6]. To inves-

tigate the discrepancy between our experimental value

and this reference value is future work.

4. Conclusion

We have investigated the threshold value of incident

ion energy for the bubble formation on powder metal-

lurgy W specimens (purity: 99.95%) irradiated by low

energy and high flux helium ions. Bubbles and holes

were observed in the specimens irradiated by He ions,

whose incident energy is above 18 eV. On the contrary,

no bubble was formed at an incident energy below 12

eV. Three important factors should be considered in the

bubble formation: the vacancy concentration, the He

concentration and mobility of the vacancies and He at-

oms in W. There are a lot of vacancies existed in the W

at high Ts�s in our experimental condition. But the He
concentration would be too low in the specimens irra-

diated by He ion whose incident energy is below 12 eV.

As a result, no bubble was observed in these specimens.

The speculation is that He ions below the threshold Ein
cannot penetrate from the W surface into the bulk be-

cause there is the surface potential barrier on the W for

incident He ions. The barrier energy would range be-

tween 12 and 18 eV.
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