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Abstract: Microbubbles have been applied in various fields. In the mercury targets of
spallation neutron sources, where cavitation damage is a crucial issue for life estimation,
microbubbles are injected into the mercury to absorb the thermal expansion of the mer-
cury caused by the pulsed proton beam injection and reduce the macroscopic pressure
waves, which results in reducing the damage. Recently, when the proton beam power
was increased and the number of injected gas bubbles was increased, unique damage mor-
phologies were observed on the solid–liquid interface. Detailed observation and numerical
analyses revealed that the microscopic pressure emitted from the gas bubbles contracting is
sufficient to form pit damage, i.e., the directions of streak-like defects which are formed
by connecting the pit damage coincides with the direction of the gas bubble trajectories,
and the distances between the pits was understandable when taking the natural period of
gas bubble vibration into account. This indicates that gas microbubbles, used to reduce
macroscopic pressure waves, have the potential to be inceptions of cavitation damage due
to the microscopic pressure emitted from these gas bubbles. To completely mitigate the
damage, we have to consider the two effects of injecting gas bubbles: reducing macroscopic
pressure waves and reducing the microscopic pressure due to bubble dynamics.

Keywords: microbubble; mercury target; cavitation damage; pressure wave; solid–liquid
interface; impact pressure; gas bubble vibration

1. Introduction
Microbubbles have been applied in various fields. For example, they are used to reduce

flow resistance by controlling the boundary layer in ships [1], to clean semiconductors by
using microscopic impact pressure emitted during bubble collapse [2], and more, including
as contrast agents in ultrasounds in the medical field [3]. In mercury targets, which are
high-intensity spallation neutron sources, microbubbles are injected into the mercury to
absorb the rapid thermal expansion of mercury. The neutron beams produced in the
mercury target are applicable to create innovative research. Neutron beams are produced
by spallation reactions when pulsed proton beams are injected into heavy metals. In
high-power spallation neutron source facilities such as the SNS in the US [4] and the
MLF/J-PARC [5], liquid mercury is used as the target material from the viewpoint of both
neutron yield efficiency and cooling performance. Pulsed proton beam injections (pulse
duration, 1 µs; repetition cycle, 25 Hz) cause macroscopic pressure waves (hereafter, called
MACP) due to the rapid thermal expansion of mercury. Cavitation incidents [6,7] induce
the nearby interface between the structure wall and the liquid mercury in the process of
MACP propagation in the mercury target vessel. As such, cavitation damage is imposed
on the vessel wall [8,9]. This cavitation damage becomes one of crucial issues for keeping
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the structural integrity and prolonging the lifetime of the target vessels. In order to reduce
the MACPs, the gas bubbles were injected into the flowing mercury to absorb the rapid
thermal expansion through the mechanism of the bubbles’ contraction, and thereby the
cavitation damage is expected to be mitigated [10–12]. On the other hand, microscopic
pressure (hereafter, called MICP) is emitted by the vibration of injected gas bubbles which
is excited by MACPs. The MICPs emitted by gas bubble vibrations are deduced to have
two kinds of effects: one is positive, and another is negative. As for the positive effect, the
inception of cavitation bubbles may be suppressed by the MICPs, a so called “suppression
effect” [13,14]. As for the negative effect, these gas bubbles could become cavitation nuclei,
which should be considered carefully.

It was confirmed by measuring the vibration of the vessel wall using a laser Doppler
vibration (LDV) system during the operation of mercury targets in MLF that the MACPs
were dramatically reduced by injecting gas bubbles, which resulted in decreases in the
cavitation damage. Nevertheless, damage, inferred to be caused by the MICPs emitted
by the gas bubbles vibrations, was observed. The pits, which are generated by cavitation
damage, were much shallower in depth and wider in radius under the gas bubble injection
conditions compared to the pits generated without gas bubble injection. And, damage
morphology was observed with these features as follows.

(1) Streak-like defects were observed, and the directions roughly coincided with the flow
direction of the injected gas bubbles, which was evaluated through computational
fluid dynamics (CFD) on the flowing bubble distribution.

(2) Series of beaded pits were observed in the streak-like defects. The distances between
each pit were wider in the upper area than in the lower area, which indicated a
correlation that bubble size distribution was affected by the buoyancy.

In this paper, the damage morphology observed in the mercury target vessel is de-
scribed in detail, and the damage generation mechanism by the gas bubbles is discussed
qualitatively. The MICP emitted by a single gas bubble vibration, PL, was estimated based
on the bubble dynamics. And, the MICP applied on the solid wall, Pimp, was estimated, con-
sidering the distance between the gas bubbles and the solid wall; the damage mechanism
due to the MICPs emitted by the gas bubbles is discussed.

2. Damage Morphology Observation
2.1. The Effect of Gas Bubbles on the (Macroscopic Pressure Wave)–Materials and Methods

Figure 1 shows the cross-sectional view of the mercury target vessel in J-PARC. The
mercury was enclosed with a mercury target vessel. The material of the mercury target
vessel was type 316 L stainless steel. The proton beams were injected through its tip (called
the beam window). The mercury flowed from the inlet side to the other side of the target
vessel. Flow guide vanes were installed in the target vessel so that the mercury flowed
across the proton beam injection path at the horizontal center of the vessel. A bubble
generator was installed at the mercury inlet side [11]. Since the heat generation in the
mercury owing to the proton beam injection was highest near the center of the beam
window, and the amplitude of the generated pressure wave (MACP) was also larger there,
the specimen for observing the damage was cut out from the center of the beam window
after the operation [15]. The bubble generator was about 400 mm away from the beam
window. Near the beam window, more bubbles were distributed on the upper area rather
than on the lower area in the direction of gravity due to buoyancy. Figure 2 shows the
distribution of the gas bubble radius obtained by computational fluid dynamics (CFD) in
the upper and lower areas in the mercury near the cut-out specimen [16]. Many of the gas
bubbles with larger sizes were distributed in the upper area compared to the lower area.
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Figure 1. Cross sectional view of a mercury target vessel. Pulsed proton beams were injected at a 
beam window. The mercury flowed from one side to another side. At the horizontal center, mercury 
flowed in, perpendicular to the proton beam’s injected direction. The bubble generator was set on 
the inlet side. 

 
Figure 2. The gas bubble population near the beam window calculated by CFD. Many gas bubbles 
were distributed in the upper area because of buoyancy. The mean bubble radius was larger in the 
upper area than that in the lower area. 

Figure 3a,b show photographs of the damage observed on the specimens cut out after 
operations in the cases that the amount of gas supply used to bubble was low and rela-
tively high, respectively. In the case of Figure 3a, gas was not supplied for 30% of the entire 
operation period because of trouble within the gas supplying system. The proton beam 
conditions in Figure 3a,b were 530 kW and 570 kW in the average power, and 165 days 
and 121 days in the operation time, respectively. That is, the accumulated beam powers 
were almost the same between the cases shown in Figure 3a,b. In Figure 3a, the maximum 
depth of damage reached 3.3 mm for a wall thickness of 5 mm. On the other hand, in 
Figure 3b, the maximum depth decreased to 0.4 mm, confirming a damage mitigation ef-
fect owing to the reduction in the MACPs due to gas bubble injection. The maximum 
depth occurred at the center of the gravity direction where the MACP was highest in Fig-
ure 3a, while in Figure 3b, it was observed in the lower area. This is thought to be due not 
only to the reduction in MACPs but also to the suppression effect of gas bubbles [13,14], 
which suppresses the inception of cavitation in the upper region where more bubbles are 
distributed, as shown in Figure 2. These results suggest that this number of gas bubbles is 
effective for the damage mitigation. Furthermore, the fatigue damage combined with cav-
itation erosion was recognized strongly in the case of Figure 3a. The fatigue phenomenon 
was also mitigated, owing to the reduction in MACPs by the higher number of gas bubbles 

0

50

100

150

200

250

20 40 60 80 100 120 140 160

N
um

be
r o

f g
as

 b
ub

bl
es

 (1
/c

c)

Gas bubble radius, Rg,0 (μm)

Lower

Upper

Figure 1. Cross sectional view of a mercury target vessel. Pulsed proton beams were injected at a
beam window. The mercury flowed from one side to another side. At the horizontal center, mercury
flowed in, perpendicular to the proton beam’s injected direction. The bubble generator was set on the
inlet side.

Fluids 2024, 9, x FOR PEER REVIEW 3 of 15 
 

 
Figure 1. Cross sectional view of a mercury target vessel. Pulsed proton beams were injected at a 
beam window. The mercury flowed from one side to another side. At the horizontal center, mercury 
flowed in, perpendicular to the proton beam’s injected direction. The bubble generator was set on 
the inlet side. 

 
Figure 2. The gas bubble population near the beam window calculated by CFD. Many gas bubbles 
were distributed in the upper area because of buoyancy. The mean bubble radius was larger in the 
upper area than that in the lower area. 

Figure 3a,b show photographs of the damage observed on the specimens cut out after 
operations in the cases that the amount of gas supply used to bubble was low and rela-
tively high, respectively. In the case of Figure 3a, gas was not supplied for 30% of the entire 
operation period because of trouble within the gas supplying system. The proton beam 
conditions in Figure 3a,b were 530 kW and 570 kW in the average power, and 165 days 
and 121 days in the operation time, respectively. That is, the accumulated beam powers 
were almost the same between the cases shown in Figure 3a,b. In Figure 3a, the maximum 
depth of damage reached 3.3 mm for a wall thickness of 5 mm. On the other hand, in 
Figure 3b, the maximum depth decreased to 0.4 mm, confirming a damage mitigation ef-
fect owing to the reduction in the MACPs due to gas bubble injection. The maximum 
depth occurred at the center of the gravity direction where the MACP was highest in Fig-
ure 3a, while in Figure 3b, it was observed in the lower area. This is thought to be due not 
only to the reduction in MACPs but also to the suppression effect of gas bubbles [13,14], 
which suppresses the inception of cavitation in the upper region where more bubbles are 
distributed, as shown in Figure 2. These results suggest that this number of gas bubbles is 
effective for the damage mitigation. Furthermore, the fatigue damage combined with cav-
itation erosion was recognized strongly in the case of Figure 3a. The fatigue phenomenon 
was also mitigated, owing to the reduction in MACPs by the higher number of gas bubbles 

0

50

100

150

200

250

20 40 60 80 100 120 140 160

N
um

be
r o

f g
as

 b
ub

bl
es

 (1
/c

c)

Gas bubble radius, Rg,0 (μm)

Lower

Upper

Figure 2. The gas bubble population near the beam window calculated by CFD. Many gas bubbles
were distributed in the upper area because of buoyancy. The mean bubble radius was larger in the
upper area than that in the lower area.

Figure 3a,b show photographs of the damage observed on the specimens cut out
after operations in the cases that the amount of gas supply used to bubble was low and
relatively high, respectively. In the case of Figure 3a, gas was not supplied for 30% of
the entire operation period because of trouble within the gas supplying system. The
proton beam conditions in Figure 3a,b were 530 kW and 570 kW in the average power,
and 165 days and 121 days in the operation time, respectively. That is, the accumulated
beam powers were almost the same between the cases shown in Figure 3a,b. In Figure 3a,
the maximum depth of damage reached 3.3 mm for a wall thickness of 5 mm. On the
other hand, in Figure 3b, the maximum depth decreased to 0.4 mm, confirming a damage
mitigation effect owing to the reduction in the MACPs due to gas bubble injection. The
maximum depth occurred at the center of the gravity direction where the MACP was
highest in Figure 3a, while in Figure 3b, it was observed in the lower area. This is thought
to be due not only to the reduction in MACPs but also to the suppression effect of gas
bubbles [13,14], which suppresses the inception of cavitation in the upper region where
more bubbles are distributed, as shown in Figure 2. These results suggest that this number
of gas bubbles is effective for the damage mitigation. Furthermore, the fatigue damage
combined with cavitation erosion was recognized strongly in the case of Figure 3a. The
fatigue phenomenon was also mitigated, owing to the reduction in MACPs by the higher
number of gas bubbles as shown in Figure 3b. The fatigue damage was complicated and
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included uncertainty factors including material degradation due to irradiation and/or
LME (liquid metal embrittlement), etc. That is, it is essential from the viewpoint of lifetime
estimation to eliminate the fatigue phenomenon caused by the MACPs as well.
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Figure 3. Damage at the beam window in contact with mercury in the cases of (a) low gas bubble
injection and (b) relatively high gas bubble injection. Damage was mitigated in (b) but inclined
streak-like defects were observed.

2.2. The Effect of MICP (Microscopic Pressure) Emitted from Gas Bubbles

Detailed observation of Figure 3b revealed many streak-like defects tilted downward
relative to the horizontal direction, i.e., the primary flow direction of mercury. Since the gas
bubbles were injected into the flowing mercury by using a swirling flow into the mercury
target [11], the trajectories of the injected gas bubbles may have also been tilted to the
horizontal direction. Figure 4 shows the trajectories of the injected gas bubbles on the
interface between the mercury and the wall of the mercury target vessel calculated by CFD.
It was noted that the darker colors indicated the trajectory of larger size bubbles. Although
a mixture of trajectories of large and small gas bubbles was recognized near the vertical
center, it was recognized that many large bubbles flowing in the upper section and many
small bubbles flowing in the lower section. The trajectories were tilted downward to the
direction of the primary flow of mercury. Compared to Figure 3b, the tilted slope of the
observed streak-like damage was consistent with the trajectories of the injected gas bubbles.
This result suggested that the injected gas bubbles are affecting the damage.

Furthermore, beaded pits were observed in the streak-like defects as shown in
Figure 5a,b, which show detailed observations in the streak-like defects in the upper
(Area 1 in Figure 3b) and lower (Area 2 in Figure 3b) areas, respectively. The distance to
the next pit, ∆D, was relatively wide in the upper area shown in Figure 5a than that in
the lower area shown in Figure 5b. These observation results seemed to correlate with the
radius of the distributed gas bubbles.
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mal expansion and reduce MACPs, could become the inception of damage. We focused 
on the natural period, 𝑇, of the gas bubbles and estimated the distance to the next pit, ∆𝐷ி, with the following assumptions based on the distribution of the gas bubbles shown 
in Figure 2.  

Pits are formed by repeated MICPs due to the repeated expansion and collapse (vi-
bration) of gas bubbles flowing in mercury. 

The natural period, 𝑇, of a bubble estimated by Equation (1) [17] depends on the 
bubble radius, 𝑅, (where the larger the bubble, the longer the 𝑇). 
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Figure 4. Gas bubble trajectories obtained by CFD analysis. Swirl flow, generated in a bubble
generator, affected the slopes of the trajectories, which were similar with those of the streak-like
defects observed in Figure 3b.
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Figure 5. Detailed observation of the streak-like defects in (a) Area 1 and (b) Area 2 in Figure 3b.
Beaded pits were observed in the streak-like defects. The distance to the next pit, ∆D, was relatively
narrow in the lower area in (b).

Therefore, we considered the possibility that the gas bubbles, injected to absorb
thermal expansion and reduce MACPs, could become the inception of damage. We focused
on the natural period, T0, of the gas bubbles and estimated the distance to the next pit,
∆DCFD, with the following assumptions based on the distribution of the gas bubbles shown
in Figure 2.

Pits are formed by repeated MICPs due to the repeated expansion and collapse (vibra-
tion) of gas bubbles flowing in mercury.

The natural period, T0, of a bubble estimated by Equation (1) [17] depends on the
bubble radius, Rg,0 (where the larger the bubble, the longer the T0).

T0
(
Rg,0

)
= Rg,0/

√
3γ

ρL

(
p∞ +

2σ

Rg,0

)
− 2σ

ρLRg,0
(1)
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where Rg,0 is the initial radius of the gas bubble, γ is the specific heat ratio of gas, ρL is the
density of liquid, and p∞ is the liquid pressure at a distance.

The bubble flows in mercury, and the flow speed of the bubble is represented by vHg.
Thus, ∆DCFD at any initial bubble radius can be calculated as

∆DCFD = vHg × T0
(
Rg,0

)
(2)

Figure 6a,b show the comparisons of the distributions between ∆DCFD and the ob-
served ∆D for the upper area (Figure 5a) and the lower area (Figure 5b), respectively.
The observed distribution of ∆D was similar to the distribution of ∆DCFD based on the
estimation. The peak value of ∆D was wider in Area 1 (upper part) where many large
bubbles were distributed. The results of these studies indicated that the distribution of the
gas bubble radius correlated with the distribution of ∆D, and that the gas bubbles injected
to reduce thermal expansion may become cavitation nuclei and cause damage.
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Figure 6. Comparison of the ∆DCFD distribution based on the bubble distribution by CFD and the
observed ∆D distribution for the (a) upper area (Figure 5a) and (b) lower area (Figure 5b). The
observed distribution of ∆D was similar to the distribution of ∆DCFD. The correlation between
bubble size and damage was recognized.

In the damage observation, not only were beaded pits observed in the streak-like
defects, but also isolated pits that were not on the streak-like defects. Morphologies of
the isolated pits, which are considered to be the initiation for the formation of streak-like
defects, were measured. The pit morphologies for depth, Dmax, and equivalent radius,
Rd, were measured with a One-shot 3D Measurement Macroscope VR-3200 (KEYENCE,
Osaka, Japan). The equivalent radius, Rd, was calculated, assuming that the area of the
measured pit was a circle. Figure 7 shows the relationship between the maximum pit
depth, Dmax, and the pit radius, Rd, of the isolated pits observed in Area 1 and Area 2 of
Figure 3b. Dmax in Area 1 and Area 2 were distributed with similar variations, but the
Rd tended to be larger in Area 1, where larger gas bubbles existed. This suggested that
the size of the gas bubbles affects the size of the damage. Furthermore, the isolated pits
observed in this study tended to have a larger radius and shallower depth than the ones
formed by microjets during cavitation collapse when microbubbles were not injected [7,18].
These results also suggested that the isolated pits observed in this study were formed by a
different mechanism than the pits caused by microjets.
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where cL is the sound velocity, pg is the pressure inside the bubble was estimated by
Equation (4), and the pressure at the bubble interface, pL, was estimated by Equation (5).
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The change in MACP around the bubble, p∞, was given as in Figure 8, simplifying the
change in the mercury target, since the duration of the negative pressure in the mercury
near the target vessel lasted for a few milliseconds in the pressure wave analysis of the
mercury target [12]. The estimation was performed by systematically varying Rg,0, p∞,0,
and t1 at 40~500 µm, −0.040~0 MPa, and 1~5 ms, respectively.
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Figure 8. The pressure change around a gas bubble. This time history was used for bubble dynamics
calculations in Equation (3).

Figure 9 shows the time behaviors of the gas bubble radius and the pressure at the
bubble interface under the condition that the initial gas bubble radius, Rg,0, was 100 µm,
and that the pressure around the gas bubble, p∞,0, decreased stepwise from atmospheric
pressure to p∞,1 = −0.02 MPa for t1 = 1 ms then returned to atmospheric pressure. While
the pressure, p∞, was negative, the bubble continued to expand. When the pressure
changed to positive, the bubble began to contract and reached a minimum radius. The
gas bubble then oscillated through repeated expansion and contraction. As the bubble
contracted, the pressure at the bubble interface increased. The increasing pressure at the
bubble interface was greatest at the initial contraction, and then local impact pressure at the
bubble interface decreased with the number of repetitions. Under the conditions shown in
Figure 9, the local impact pressures at the bubble interface exceeded the 0.2% proof stress
of the mercury target vessel material up to the fifth repetition. As shown in Equation (3),
the density and surface tension of the liquid affect the bubble behavior and the pressure
at the bubble interface. The density and surface tension of mercury were about 13.5 and
6.7 times higher than those of water, respectively. These effects on the local impact pressure
at the bubble interface, pL, was estimated. As a result, the pressure, pL in mercury was
10 times higher than that in water when Rg,0 = 100 µm, p∞,1 = −0.02 MPa, and t1 = 5 ms.

Fluids 2024, 9, x FOR PEER REVIEW 9 of 15 
 

 
Figure 9. Time behaviors of the gas bubble radius and the pressure at the bubble interface at 𝑅, =100 μm, 𝑝ஶ,ଵ = െ0.02 MPa for 𝑡ଵ = 5 ms. An impact pressure exceeding the 0.2% proof stress of the 
wall material was generated, which indicated that the local impact pressure generated from the gas 
bubble had the potential to form a pit on the wall surface. 

3.2. The Estimation of MICP Applied on a Solid Wall 
Figure 10 shows a schematic diagram of the analysis for the estimation of MICP ap-

plied on a solid wall. Here, for the simple estimation of whether the MICP applied to the 
solid wall from the gas bubble vibration was enough to generate the damage, the follow-
ing were assumed: 
(a) There is no collapse of the bubbles, which would be accompanied by microjets since 

the correlation between the observed distance to the next pit, ∆𝐷, and the natural 
period of the existing gas bubbles was recognized, as shown in Figure 6; 

(b) The maximum pressure generated at the bubble interface when a single bubble con-
tracted at an arbitrary distance from the solid wall, h, propagated as a spherical wave 
[20]. 

 
Figure 10. Schematic diagram of the analysis for the calculation of pit morphology. For analysis, the 
applied pressure on the wall surface was assumed that the local impact pressure, 𝑝,௫, generated 

Figure 9. Time behaviors of the gas bubble radius and the pressure at the bubble interface at
Rg,0 = 100 µm, p∞,1 = −0.02 MPa for t1 = 5 ms. An impact pressure exceeding the 0.2% proof stress
of the wall material was generated, which indicated that the local impact pressure generated from
the gas bubble had the potential to form a pit on the wall surface.
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3.2. The Estimation of MICP Applied on a Solid Wall

Figure 10 shows a schematic diagram of the analysis for the estimation of MICP
applied on a solid wall. Here, for the simple estimation of whether the MICP applied to the
solid wall from the gas bubble vibration was enough to generate the damage, the following
were assumed:

(a) There is no collapse of the bubbles, which would be accompanied by microjets since
the correlation between the observed distance to the next pit, ∆D, and the natural
period of the existing gas bubbles was recognized, as shown in Figure 6;

(b) The maximum pressure generated at the bubble interface when a single bubble
contracted at an arbitrary distance from the solid wall, h, propagated as a spherical
wave [20].
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Figure 10. Schematic diagram of the analysis for the calculation of pit morphology. For analysis, the
applied pressure on the wall surface was assumed that the local impact pressure, pL,max, generated
on the bubble surface propagated as a spherical wave. The applied pressure on the solid wall was
expressed by pimp(r).

Therefore, the MICP applied on the solid wall, Pimp(r), was estimated by using the
general equation for the distance decay of pressure for a spherical wave in liquid, as shown
in Equation (6).

Pimp (r) = pL,max ×
Rg,min

L
(6)

L =
√

h2 + r2 (7)

where r is the distance on the wall surface from the center where the gas bubble exists
directly above it, Rg,min is the gas bubble radius at which pL,max occurs when the bubble
contracts, and L is the distance from the bubble center to any position on the solid wall
surface as expressed in Equation (7). The MICP applied on the solid wall varies with not
only pL,max but also the distance from the bubble center to the wall surface, h.

Figure 11 shows the relationship between the initial gas bubble radius and the nor-
malized MICP applied on the solid wall, P∗

imp,r=0, for different distances of the gas bubble
to the solid wall, h, for p∞,1 = −0.02 MPa and t1 = 5 ms. MCIP applied on the solid wall,
P∗

imp,r=0, depended on not only the radius of the initial gas bubble but also with the distance
between the gas bubble and h. P∗

imp,r=0 became larger when larger gas bubbles existed near
the wall.
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Figure 11. Relationship between the initial gas bubble radius and the maximum applied pressure on
the wall surface, Pimp,r=0, for different distances between the gas bubble and the solid wall, h, in the
case of p∞,1 = −0.02 MPa and t1 = 5 ms. The maximum applied pressure, Pimp,r=0, increased with
increases in Rg,0 and decreases in h.

4. Discussion
4.1. The Generation Mechanism of Streak-like Defects with Beaded Pits

As shown in Figure 3, the damage was mitigated by the stable injection of gas bubbles
to reduce MACPs. On the other hand, damage that might have been caused by the gas
bubbles was observed. In this section, the generation mechanism of the streak-like defects
with beaded pits is discussed. The following are possible reasons for the generation of
damage caused by the gas bubbles.

(A) Generation of isolated pits

Figure 12 shows a photograph of a series of the isolated pits together with the pressure
history emitted from the gas bubble (Enlarged Figure 9). As shown in Figure 12, the
gas bubble near the solid wall vibrated by being subjected to the macroscopic pressure
changes and the MICP emitted when the gas bubble contracted. The local impact pressure
caused the plastic deformation to form a pit on the solid wall. In the photograph of
Figure 12, the isolated pits were aligned with a slope consistent with the trajectory of the
gas bubbles shown in Figure 4. The radius of the pits decreased with the direction of the gas
bubble travel, and the distance between the pits became smaller. On the other hand, in the
numerical results, local impact pressure was generated when the bubble contracted, and the
local impact pressure decreased with the number of contractions. As such, the time interval
between the next pressure generation incident became short. These results reproduce the
observed results. That is, a series of isolated pits can be caused by the vibration of a single
gas bubble.
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the gas bubble (Enlarged Figure 9).

(B) Generation of the streak-like defects

In a mercury target, about 108 pulsed proton beams were injected during the lifetime
of the vessel. It is thought that the continuous pits overlap in the paths where the gas
bubbles pass more frequently, as shown in Figure 13, resulting in streak-like defects.
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(C) Formation of bead-like continuous pits over the streak-like defects

It is thought that gas bubbles pass over the streak defects, and the miniscule impact
pressure released by the vibration of the gas bubbles forms a series of beaded pits in the
streak-like defects.

4.2. The Effect of the Initial Bubble Radius on the Generation of Isolated Pits

As shown in Figure 11, the MICP applied on the solid wall, Pimp(r), depended on the
gas bubble diameter, Rg,0, and the distance between the gas bubble and the wall, h. In the
mercury target, larger gas bubbles were distributed in the upper part of the target (Area 1)
than in the lower part (Area 2) as shown in Figure 2, and thus larger pits were expected
to be observed in the Area 1. However, the observations shown in Figure 7 showed no
significant difference in pit depth between Area 1 (upper) and Area 2 (lower), although
the pit radius was larger in Area 1. The applied pressure on the wall depends not on the
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initial bubble radius, Rg,0, but also on the distance between the bubble and wall, h, as
shown in Figure 11. Therefore, we discuss the distance between the gas bubble and the
wall surface. Figure 14 showed a distribution in the radial direction of the MICP applied
on the solid wall, Pimp(r), while varying Rg,0 and h. Comparing Pimp(r) with the same
Rg,0, Pimp(r = 0 µm) became larger with decreased of h. However, Pimp(r > 150 µm) was
almost similar. On the other hand, comparing Pimp(r) with same h, Pimp(r = 0 µm) was
larger when Rg was larger, regardless of r. These results indicated that larger bubbles
existing away from the solid wall and small bubbles existing near the solid wall generate
pits with similar depth, but the former generates relatively wide pits.
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Figure 14. Distribution in the radial direction of the MICP applied on the solid wall, Pimp(r), while
varying Rg,0 and h.

Gas bubbles flowing near the wall are subject to centripetal force and drag force due
to wall interaction. Near the beam window, bubbles tend to move away from the beam
window due to the centripetal force caused by the upstream corners in the mercury target.
The mercury flow bends from the entrance side to the beam window. Therefore, centripetal
force acts on the bubbles toward the center of the radius of curvature. The centripetal force
acting on the bubbles in the flow is generally expressed as shown in Equation (8), which
depends on the size of the bubble diameter, like the buoyancy force.

Fc = ρ × a × 4
3

πR3
g,0 (8)

where a is the acceleration of the mercury in the direction of the center of curvature in
the corner.

Guan et al. calculated the trajectory of a gas bubble rising near a wall in a static liquid
and showed that the gas bubble rises while leaving the wall. And, when the bubble’s
Reynolds number is high, i.e., the bubble radius is large, the distance between the bubble
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leaving the wall while rising becomes larger due to the lift generated by the influence of
the wall surface [21]. In the mercury target vessel, the large bubbles were considered to be
moving away from the wall, resulting in the applied local pressure, Pimp(r), equivalent to
that of the small bubbles.

5. Concluding Remarks
In the mercury target vessel of a spallation neutron source, it has been recognized that

gas microbubbles reduce the MACPs caused by the thermal expansion of mercury due to
proton beam injection. On the other hand, the mechanism of damage formation by the
MICP emitted by the gas bubbles’ vibration was considered in the formation of isolated
pits, streak-like defects, and the beaded pits in these defects, which had not been observed
under low proton beam power. The knowledge obtained in this study is as follows:

(1) As a result of operating the mercury target at a high proton beam power with sufficient
injection of gas microbubbles, streak-like defects with beaded pits were observed
in the mercury target vessel. The direction of the streak-like defects were almost
consistent with the flow direction of the gas bubbles estimated by CFD analysis. The
distance between the continuous beaded pits observed on the streak-like defects was
wider in the upper area than in the lower area in the gravity direction. The distance to
the next pit on the beaded pits was estimated assuming that the gas bubbles moved
with mercury flow velocity and pits were formed by the natural period of bubble
vibration, based on the bubble distribution results from the CFD analysis. The distance
was wider in the upper area where more large bubbles were distributed, which was
consistent with the observation results;

(2) In the estimation based on the Keller-Miksis equation, the gas bubbles expanded,
then contracted, and repeated the expansion and contraction again. The MICP was
emitted in each contraction. The MICP emitted by the gas bubble vibrations decreased
with the number of repetitions of the vibration and its period became shorter. In the
observed series of isolated pits, the damage size decreased and the distance between
the pits became shorter in the flow direction of the gas bubble. These results indicated
a correlation between the motion of the gas bubbles and the damage;

(3) The MICP applied on the solid wall, which were generated in the contractions of gas
bubbles, could be sufficient to generate the plastic deformation and pits in the wall
material. The applied pressure on the solid wall was higher when the initial radius of
the gas bubble was larger and when the gas bubble existed closer to the solid wall;

(4) In the observed damage, in the upper area of the gravity direction where many of
the gas bubbles with a large initial radius existed, the pit radius tended to be large,
although the maximum pit depth was similar to those in the lower area. This was
considered that the large gas bubbles were further away from the wall surface than
the small gas bubbles and the maximum MICP applied on the solid wall surface was
similar in the upper and lower areas.

In this paper, we showed the potential of gas microbubbles in causing damage on
solid wall surfaces. In the mercury target, gas microbubbles reduce MACPs, resulting
in suppressing cavitation damage. On the other hand, the gas microbubbles emit MICP,
which causes the damage. Increasing the number of gas microbubbles is effective, but
the gas bubbles may become cavitation nuclei which emit MICP. It will be important to
optimize the number of gas bubbles to be injected, taking into account the interaction
of multiple gas bubbles for the operation with a higher proton beam power and longer
lifetime of the mercury target vessel. In addition, for various application techniques using
gas microbubbles, especially when damage is a concern, it is necessary to consider the local
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impact pressure emitted from the gas bubbles themselves as shown in this paper, not only
the microjets generated in the bubbles collapsing near the solid wall.
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