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Abstract

A liquid mercury target system for a megawatt-class spallation neutron source is

being developed in the world. Proton beam is injected to the mercury target to

induce spallation reaction. The moment the proton beams bombard the target,

pressure waves are generated in the mercury by the thermally shocked heat depo-

sition. The pressure waves excite the mercury target vessel and negative pressure

that may cause cavitation along the vessel wall. Gas-bubbles will be injected into

the flowing mercury to mitigate the pressure waves and suppress the cavitation in-

ception. The injected gas-bubbles conditions were examined and the effects were

predicted experimentally and theoretically from the viewpoints of macroscopic

time-scale and microscopic time-scale, i.e. in the former is dominant the interac-

tion between the structural vibration and the pressure in mercury, and in the later

is essential the pressure wave propagation process.
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1. Introduction

Neutrons are used for the innovative research that will bring about break-

through in scientific and engineering research fields, i.e. fuel cell, hydrogen em-

brittlement, protein structure, medicine, etc. Mercury has the benefits for pulse

spallation neutron sources because of the high neutron yielding efficiency and

usage as a coolant, and is available as target material to produce neutrons by spal-

lation reaction that is caused by the bombardment in mercury with high-energy

protons. The pulsed spallation neutron sources are being operated at the Mate-

rial and Life science experimental Facility (MLF) in the Japan Proton Accelera-

tor Research Complex (J-PARC) in Japan [1] and the Spallation Neutron Source

(SNS) in the USA [2], which are standing on the way to increase the power up

to megawatt-class. However, the higher the proton beam power, the severer the

mercury cavitation problems become apparent.

At the moment that the proton beam bombards in the mercury, thermal shock

is generated in the mercury and the pressure waves are induced [3–5], whose

amplitude is dependent on the proton beam power. On the process of the pres-

sure wave propagation aggressive cavitation generates in the mercury, which im-

poses damage on the solid wall of the target vessel. Therefore, the cavitation

phenomenon gets to be a crucial issue to increase the power in the mercury target

for the pulsed spallation neutron sources, which is illustrated in Fig. 1. Theoretical

and experimental investigations were carried out to understand the relationships

among pressure wave conditions, mercury cavitation aggressiveness, and damage

growth behaviors on some solid materials [6, 7].

Surface hardening treatments of the target vessel wall by coatings and/or sur-

face improvements, Kolestrising R©, nitriding, etc., were tried to reduce the cavita-
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tion damage formation [8, 9]. These techniques were not sufficient to protect the

vessel wall against damages due to very violent mercury cavitation. On the other

hand, microbubble injection for softening mercury is investigated from the view-

point of pressure wave mitigation. However, such technique is not straightforward

because of complicated phenomenon on interaction between injected gas bubbles

and cavitation bubbles under dynamic pressure responses, which are very depen-

dent on the interaction between the solid vessel wall and the impulsive pressure

induced by protons injection. As well, it was not easy to make the microbubbles in

flowing mercury which are theoretically predicted to mitigate the pressure: i.e. the

diameter of bubbles is less than 100 µm and the void fraction larger than 10−3 [10],

because mercury exhibits high surface tension, high density, low wettability, etc.

An innovative microbubble generator, therefore, a so-called swirl bubbler was de-

veloped to inject microbubbles into flowing mercury [11]. However, the bubbling

condition is not sufficient as compared with the theoretical prediction.

In this paper, the gas-bubbling mitigation effects are discussed based on the

experimental observation and the numerical simulation on the interaction between

the gas-bubbles and the cavitation bubbles.

2. Pressure waves in mercury target

2.1. Rapid thermal expansion by proton injection

Figure 1 shows the target vessel for the spallation neutron source at the MLF.

The target vessel is filled with the mercury circulating at approximately 1 m/s as

flowing along the beam window. The spallation reaction is induced when accel-

erated protons (1 MW, 3 GeV 25 Hz, and 1 µs pulse duration) are bombarded in

mercury and approximately a half of the power is dissipated for rapidly heating in

3



Beam window

Mercury target
Hg

0.6 m/s

Flow guide
Proton  

beam

Figure 1: Mercury target at J-PARC. The drawing illustrates the inner wall of target vessel: i.e.

the vessel consists of multi-wall structure to protect from the mercury leakage into the outside of

vessel.

the mercury [3, 4, 12]. Temperature rising ∆T in the mercury is given by

∆T =
∆Q
ρCV

(1)

where T is the temperature, Q is the heat density, CV is the specific heat capacity, ρ

is the density of mercury. As a result, pressure rapidly rises following the pressure

waves in the mercury. Pressure rising ∆T in the mercury is given by

∆P = βpKT∆T (2)

where P is the pressure, βp is the thermal expansion, KT is the bulk modulus.

Nuclear heat generation of the JSNS was calculated with the Particle and Heavy

Ion Transport Code System (PHITS) [13] using the cross section data of Japanese

Evaluated Nuclear Data Library (JENDL) Ver. 3.2. Nuclear heat distribution are

very dependent on proton beam profiles. The maximum nuclear heat density

(Qmax) in the mercury is associated with the proton current density: Qmax is the

liner function of the proton current density. As assumed Gaussian distribution at

1 MW proton beam, the maximum heat density is approximately 12 J/cc with 1 µs

pulse duration. The maximum pressure become approximately 30 MPa.
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2.2. Macroscopic time-scale

Nuclear heat distributions ∆Q in the mercury target is very dependent on the

proton beam profiles and the maximum peak pressure attributes to a peak heat

deposition of the beam profile. In order to investigate the pressure propagation

and the dependency of pressure waves on the beam profiles, FEM analyses were

carried out using an explicit code LS-DYNA. The 1/4 symmetrical model was

used for the FEM. Mercury and stainless steel vessel were meshed as solid and

shell elements, respectively. The cut-off pressure model is applied to mercury

to simulate the tension failure in mercury due to cavitation [14]. In the cut-off

pressure model, a relationship between volumetric strain and pressure is linear

elastic when pressure larger than a certain value (the cut-off pressure), but the

mercury has no stiffness when the pressure is less than it. We used the cut-off

pressure of −0.15 MPa, whose suitability was confirmed experimentally. The

boundary condition along the interface between solid wall and liquid mercury

was tied. Pressure distribution in mercury due to the thermal expansion resulting

from the proton beam injection was applied for the initial condition.

Figure 2 shows the pressure time response nearby the beam window in liquid

mercury along the center axis in the proton beam injection direction under 1 MW

power. After the strong compressive pressure appears, the long period of neg-

ative pressure is 5 ms approximately, and the pressure increases gradually after

around 8 ms. The negative pressure with a relatively long period is induced by the

interaction between the solid wall and the liquid mercury.

The damage is dependent on the cavitation bubble growth and collapse behav-

iors, i.e. cavitation intensity, which are affected by the amplitude and the time-

response of pressure waves. In the macroscopic view, it can be said that the liquid
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Figure 2: Time-response of pressure waves nearby mercury target.

failed at the pressure lower than a critical tensile pressure to induce the cavita-

tion bubbles, i.e. so-called the Blake threshold, which is equivalent to the cut-off

pressure used in the pressure wave propagation analysis in the target [14]. The

period of negative pressure, therefore, seems to be one of crucial factors related

with the cavitation intensity. The relationship between bubble growth behavior

and pressure waves was investigated by using Rayleigh-Plesset equation The re-

sults showed that the cavitation inception is very dependent on the amplitude of

negative pressure, and if the negative pressure exceeds the threshold, the maxi-

mum bubble size increases with the amplitude and imposing period of negative

pressure.

2.3. Microscopic time-scale

The strong compressive pressure waves propagate toward the beam window

from the highest heat deposition area around 30 mm in downstream of the beam

injection direction with sound velocity in mercury. The compressive pressure

waves are reflected and the phase might be changed by the acoustic impedance

difference between the wall and the mercury so that the negative pressure oc-
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curs. Figure 3 shows the microscopic time-scale model, Pressure wave propaga-

tion Analysis Code in Mercury Target (PAC-MT) [10], to evaluate the effects of

acoustic impedance of solid wall and the injected gas-bubbles, which is expected

as one of the mitigation techniques to suppress the cavitation damage. The model

is one dimensional axisymmetric propagation model with a rigid and an elastic

wall and a heated area nearby the wall, which simulated the beam window of the

target vessel. The energy conservation equation, the equation of state for liquid

phase and the compressibility of liquid are considered. In the case of the gas liquid

bubbly mixture, the heat transfer between the gas inside interface is considered to

clarify the thermal damping effect for the bubble oscillation during the pressure

propagation through the bubbly liquid. The gas inside bubbles is assumed to be

noncondensable. The mass transfer through the gas-liquid interface such as evap-

oration, condensation and solution is not taken account. As for the elastic wall,

the stiffness and the density were chosen to be equivalent to the beam window of

2.5 mm in thickness. The detailed model description is seen in Ref. [10].

Figure 4 shows the dependence of pressure wave on the wall stiffness. The

strong compressive pressure is caused in the rigid boundary and the negative pres-

sure is induced by the deflection of the elastic wall. In this study, in order to inves-

tigate the negative pressure which causes cavitation damage, the wall was treated

as the elastic wall. The effect of injected gas-bubbles on the pressure waves will

be discussed in the next section.

3. Cavitation mitigated by gas bubbles

We are trying to inject microbubbles into the mercury to reduce the pressure

waves and suppress the cavitation inception [10, 15]. The initial compressive pres-
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Figure 3: Microscopic time-scale model. One dimensional axisymmetric propagation model in

the PAC-MT.
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Figure 4: Elastic wall effect on pressure wave propagation.
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sure wave is reduced by absorption of the thermal expansion of mercury due to the

contraction of microbubbles. The effect is expected at the heat deposited area and

at the onset of pressure wave propagation. During the wave propagation, the mi-

crobubbles can reduce the amplitude of the compressive pressure waves through

attenuation of the pressure waves due to the thermal dissipation of kinetic energy

and the dispersion. The cavitation inception needs a certain negative pressure

to grow the cavitation bubbles, i.e. so-called the Blake threshold. As assuming

that the cavitation intensity is associated to the bubble size, the negative pressure

magnitude and period are essential factor to determine the damage. It is deduced

numerically that the magnitude and period resulting from the interaction between

the intensive compressive pressure and the vessel wall and the inertia effect fol-

lowed by the propagation of intensive compressive pressure waves are dependent

on the beam power. The effects of microbubbles on the pressure waves and cav-

itation inception are conveniently categorized into macroscopic and microscopic

time-scale-events: i.e. ms and µs order events, as the followings.

3.1. Macroscopic time-scale effects

The pressure time-responses with ms-scale order are induced by the pressure

wave propagation interacted with the vessel wall. Experimentally, the effect of

gas bubbles was investigated by using electrical magnetic impact testing machine,

MIMTM, which can impose compressive pressure on mercury through the strike

disk of 100 mm in diameter [6, 15]. Figure 5 shows the schematic illustration

of the mercury experimental loop. Helium gas-bubbles were injected through a

porous tungsten bubbler from about 0.5 m upstream part under the ratio of the gas

flow rate to the mercury flow rate, controlled to be 10−3. The mercury flowing

velocity in the flow channel of 33 mm in width and 12 mm in height is 0.3 m/s.
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The mean radius of gas bubbles ranges from 50 µm to 100 µm. Figure 6 shows the

pressure time-responses measured at the upper lid of the MIMTM under the stag-

nant and the flowing with injected gas-bubbles. The negative pressures followed

the impulsive compressive pressures. The peak value of compressive pressure

was hardly affected by the mercury conditions. On the other hand, the negative

pressure was slightly changed by the conditions: i.e. in the case of the stagnant,

the negative pressure is saturated at −0.15 MPa approximately, which is almost

equivalent to the cut-off pressure used in the macroscopic time-scale model of

LS-DYNA to describe the cavitation behavior, and the gas-bubbles with 50∼100

µm in radius at void fraction of 10−4 ∼ 10−3 have worked to slightly increase the

negative pressure in the relatively long time-range pressure response.

Porous tungsten 

bubbler

Permanent magnetic pump

MIMTM

Electromagnetic impact

Surge tank

Flowmeter

∆P

∆
P

Helium gas

Pressure transducer

Mercury

Strike disk

Upper lid

Figure 5: Schematic illustration of the mercury experimental loop. The MIMTM test section

is located downstream of the bubbler. The upper lid of the MIMTM cylinder used in pressure

measurement was replaced with a glass window for the bubble observation, and with a circular

plate specimen for the damage test, respectively.

The cavitation inception and its bubble growth are very dependent on the nega-

tive pressure amplitude and imposing period. In order to evaluate the effect of gas

bubbles on the cavitation inception, the cavitation bubble growth was predicted
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Figure 6: Pressure time-responses measured at MIMTM under stagnant and flowing with bubbles.

by using the Keller equation [16] as following:(
1 − Ṙ

CL

)
RR̈ +

(
3
2
− Ṙ

2CL

)
Ṙ2

=
1
ρ

(
1 +

Ṙ
CL

)
(Pb[t] − Pex[t + R/CL] − P0) +

R
ρCL

Ṗb[t] (3)

where R = R[t] is the time-dependent bubble radius, R0 is an initial bubble radius

(here, R0 = 20 µm), CL is the sound speed of liquid, ρ is the density of liquid, Pex

is the time-dependent external pressure which was given by the measured pressure

under mercury condition, subscript 0 denotes the initial state, and overdots are the

time derivative, respectively. Pb and Pg are the pressure on the liquid side and gas

side of the bubble’s interface as follows;

Pb[t] = Pg[t] − 2σ + 4ηṘ[t]
R[t]

, (4)

Pg[t] =
(
P0 − PV +

2σ
R[t]

) (
R0

R[t]

)3κ

+ PV (5)

where σ is the surface tension, η the viscosity, PV the vapor pressure, respectively.

The cavitation bubble growth behaviors for the pressure responses measured for

stagnant and gas-bubbling conditions in Fig. 6 were calculated as shown in Fig. 7.
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The cavitation bubble grew under stagnant condition, on the other hand the cav-

itation hardly did. It can be said that the cavitation inception was sufficiently

suppressed by the injected gas-bubbles. One possible reason for the suppression

of cavitation inception is the compressive pressure waves emitted by expanding

gas bubbles are superimposed on the negative pressure wave around cavitation

nuclei and reduce the amplitude to a value lower than the threshold. This means

that the compressive pressure emitted from gas bubbles suppresses cavitation in-

ception [15].
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Figure 7: Bubble growth and collapsing behavior calculated using the Keller equation using the

pressure responses shown in Fig. 6. (R0 = 20 µm)

Figure 8 (a) and (b) shows the typical photographic sequences of bubble col-

lapsing behavior under both conditions, which were made from the captured im-

age sequence obtained from high-speed video camera. More precisely, the upper

lid of the MIMTM experimental loop was replaced to the rid with a glass win-

dow, bubbles behavior in contact with the glass window which were excited by

the impulsive pressure were captured using the high-speed video camera. Then,

the slice line of 1pixel in width passing through the bubble center was extracted
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from the each frame of captured image of 1.05×105 f/s in frame rate, and bound

in order of time. The changes in radius in various bubbles measured from the im-

ages were shown in Fig. 8 (c) and (d). It can be seen that the collapsing behavior

of gas-bubble is much milder than that in cavitation bubbles occurred in stagnant

condition. As predicted in Fig. 7, the cavitation inception was not recognized

optically under the flowing with gas-bubbles. Figure 9 shows the damaged plate

fixedly-mounted on the upper lid of the MIMTM under both conditions: stagnant

and flowing with gas-bubbles. The number of imposed impulsive pressures is 104

cycles. The damage was hardly observed on the specimen under the gas-bubble

condition, as compared with that under stagnant condition. We can understand

well from Figs. 6 to 9, the gas bubbles with 50∼100 µm in radius with 10−3 ∼

10−4 void fraction are sufficiently workable for mitigating cavitation damage in

macroscopic time-scale.

3.2. Microscopic time-scale effect

In the early stage within 10 µs after proton beam bombarding in mercury, a

compressive pressure wave reaches the beam window and a negative pressure is

induced by the phase change of compressive wave. Numerically was investigated

the effects of injected microbubbles on the pressure wave propagation process by

using PAC-MT. Figure 10 shows the effects of gas-bubbles with 50 µm in radius

at various void fractions on pressure time-responses. The mitigating effects by

gas-bubbles are likely to be dependent on the void fractions. The compressive

pressure was hardly affected by 50 µm gas-bubbles except for a relatively high

void fraction of 5 × 10−4, while the period of negative pressures is reduced as

increasing the void fraction.

The effect of microbubble injection on the cavitation bubble growth was in-
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Figure 8: Cavitation and gas-bubble growth behaviors.
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Figure 9: Effect of micro bubbles on cavitation damage after 104 impacts in the MIMTM.
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Figure 10: Pressure time-response in bubbly liquid mercury with 50 µm gas-bubbles at various

void fractions.

vestigated by using the Keller equation Eq. (3), where Pex is the pressure time-

response shown in Fig. 10. Figure 11 shows the cavitation bubble growth behav-

iors, which clearly depend on the void fraction. It is noted that the core of the

cavitation bubble, initial bubble radius, was defined as 1 µm. The bubbles grow

up to the maximum radius in less than 10 µs after the peak negative pressure ap-

pearing, i.e. the time delay due to inertia and viscous effects is recognized. The

negative pressure period seems a critical factor for the cavitation bubble size. The

cavitation growth in microscopic time-scale is certainly suppressed by the injected

gas-bubbles. The cavitation intensity IC, i.e. acoustic pressure injected during

collapsing process, is associated with the third power of the maximum expansion

ratio, (Rmax/R0)3 [16], as given by

IC = f
(Rmax

R0

)3 (6)

In fact, it was recognized that the incubation period of mercury cavitation erosion

is linearly related with the third power of cavitation bubble size [17]. Therefore,

the cavitation damage might be mitigated by injected gas-bubbles even in the mi-
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Figure 11: Cavitation bubble growth behavior for pressure time response shown in Fig. 10. (R0 = 1

µm)

4. Discussion

As for the mercury target for the spallation neutron source, in the microscopic

time-scale, µs scale, the compressive pressure waves induced by the proton beam

bombarding in mercury propagates outward to the target vessel and reflects with

the phase changing to the negative pressure due to the impedance difference be-

tween the vessel wall and the mercury, and propagates inward. After that, in the

macroscopic time- scale, ms scale, alternate pressure changes result from the in-

teraction with structural vessel vibrations through the propagation. In the former

the strong compressive and relatively high negative pressures are induced in a few

µs, and in the latter low negative pressures impose continuously for a few ms.

The possibility of the cavitation inception is present in both cases. The cavitation

damage determines the target lifetime and is the most crucial issue to increase
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the proton beam power. In order to mitigate the cavitation damage, therefore, the

gas-bubble will be injected into the flowing mercury.

One considers whether the gas-bubbles themselves will work as the violent

cavitation bubbles or not. Figure 12 shows the expansion ratio R/R0 in the macro-

scopic time-scales, which are calculated by using Eq.3 with R0 of 50, 100, 500 µm

and the pressure responses given in Fig. 6. The R/R0 is likely to be associated with

acoustic pressure generated at collapsing. In the case of R0 < 10 µm, the bubble

growth was not observed as shown in Fig. 7 in the macroscopic time-scales, be-

cause the magnitude of negative pressure was reduced by the gas-bubble injection

so that the pressure get to be beyond the tensile threshold for bubble growth.
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Figure 12: Expansion ratio in macroscopic time-scale.

Figure 13 shows R/R0 in the microscopic time-scale at R0 = 50 µm for gas-

bubbles and R0 = 1 and 0.5 µm for cavitation bubbles under gas-bubble injection

with void fraction 10−4 at 50 µm in radius. It was deduced from Figs. 12 and 13

that the R/R0 for cavitation in the microscopic time-scale is clearly much larger

than those of gas-bubbles and the cavitation caused in the microscopic time-scale

is likely to be the most dangerous, in particular, much the worse as taking ac-

17



count of radiation induced cavitation [18]. A neutron-nucleus interaction might

result in the nucleation and the growth of tiny bubbles leading to the cavitation

phenomenon in microscopic time-scale. That is, the negative pressure is strong

enough for such tiny bubbles to grow up, even if the gas-bubbles are injected.
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Figure 13: Expansion ratio in microscopic time-scale.

5. Conclusion

Mercury cavitation gets to be a crucial issue to increase the power in the mer-

cury target for pulsed spallation neutron sources. The gas-bubble injection into

the mercury will be applied to mitigate the pressure wave that induces the cavi-

tation phenomenon. The injected gas-bubbles will be workable well to suppress

the cavitation inception in the macroscopic time-scale because the magnitude of

negative pressure is raised by the bubble injection beyond the tensile threshold for

the cavitation inception. In the microscopic time- scale, the gas-bubbles certainly

mitigate the cavitation intensity, but not sufficiently: i.e. in other words, the possi-

bility of the cavitation inception is present in mercury with injected gas-bubbles.
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