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Abstract 
High-radiation-tolerant fiber-optic strain sensors were 

recently developed to measure the transient proton-beam-

induced strain profiles on the mercury target vessel at the 

Spallation Neutron Source (SNS). Here we report the strain 

measurement results and radiation-resistance performance 

on the latest SNS mercury target vessel equipped with he-

lium gas injection. The results have demonstrated the effi-

cacy of gas injection to reduce the cyclic stress on the target 

module. 

INTRODUCTION 

The Spallation Neutron Source (SNS) target module is a 

replaceable stainless-steel vessel through which the mer-

cury is circulated [1]. During the neutron production pro-

cess, the target module is subjected to short (~700 ns) but 

intense (up to 23.3 kJ) pulses of protons with an energy of 

approximately 1 GeV, 60 times per second. These pulses 

create pressure waves in the mercury which cause stress 

cycles on the vessel and lead to the development of fatigue 

cracks. The sudden pressurization induced by the beam, 

followed by relaxation within the vessel, also leads to cav-

itation of the liquid mercury, which causes erosion of the 

target module walls. Fatigue and cavitation erosion dam-

age have led to leaks and limited the lifetimes and power 

levels of operating targets. 

Among other physical parameters, strain is probably 

most directly relevant to the fatigue life of the target vessel. 

Therefore, measurement of strains on the target vessel is 

important to understand the dynamic response of the target 

to the proton pulse, improve theoretical modelling of target 

structure, and provides a direct evidence for target damage 

mitigation methods such as small bubble gas injection [2].  

Since 2015, SNS has established the capability to measure 

the strains in the target by installing fiber-optic sensors in 

the interstitial space between the mercury vessel and the 

outer water-cooled shroud. However, high radiation toler-

ance and high measurement bandwidth imposed major 

challenges on the commercial fiber-optic sensors. 

In this paper, we report the strain measurement perfor-

mance using the SNS customized fiber-optic strain sensors 

which have demonstrated an order-of-magnitude higher ra-

diation-tolerance and bandwidth than conventional fiber-

optic strain gauges. The sensors have been applied in the 

recent SNS jet-flow target that was equipped with gas in-

jector hardware for the first time. The strain measurement 

results have demonstrated the efficacy of gas injection to 

reduce the cyclic stress on the target module across the lo-

cation and proton power levels, and through continuous 

beam operation at 1.2 MW.  

SENSOR INSTRUMENTATION 

Fig. 1 shows a schematic of the fiber-optic strain sensor 

developed at SNS. The sensor head consists of a low-fi-

nesse Fabry-Perot interferometer (FPI) formed by cleaved 

end surfaces of two pieces of fibers assembled inside a 

glass capillary tube. The inset box in Fig. 1 shows a micro-

scopic image of the sensor head. The glass tube has an 

outer diameter of 209 m and an inner diameter of 127 m. 

A fluorine-doped single-mode fiber from Fujikura 

(RRSMFB) has been chosen as it demonstrated high radi-

ation tolerance in the light transmission around the wave-

length of 1300 nm [3]. The default gap between the two 

fiber end surfaces is approximately 65 m and the sensor 

length is around 7 mm. Each sensor has a 2.5 m long lead 

fiber with a polyimide coating and the outer diameter of 

the coating is 250 m so that it can fit in the interstitial 

space between the vessel and outer water-cooled shroud.  

Figure 1: Schematic of fiber-optic strain sensor. SLD: su-

perluminiscent laser diode, PD: photo-detector, FC: fiber 

coupler, M: mirror, BS: 50/50 beam splitter, PZT: piezo-

electric transducer actuator, DAQ: data acquisition unit. 

Inset box: microscopic image of sensor head. 

 

In the FPI-based fiber-optic sensors, the measurement of 

physical quantities is performed through an interrogation 

setup that demodulates the interferometric phase contain-

ing the optical path difference (OPD) variations in the sen-

sor head. To minimize the influence due to light source in-

stabilities and power fluctuations from sensing environ-

ment, a low-coherence interferometry technique has been 

employed in the signal detection of the current sensor. A 
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fiber coupled superluminescent laser diode (SLD) is used 

as a broadband light source. Since the laser coherence 

length (~ 30 m) is shorter compared to the default OPD 

of the sensor head, the reflecting light is coupled into a 

free-space local receiving interferometer (LRI) for the de-

modulation of the interferometric phase. The LRI is com-

prised of two pieces of reflectors forming a Fizeau inter-

ferometer. A novel phase demodulation scheme has been 

implemented which enables effective measurement with 

high adaptability to variations of the nominal sensor gap 

caused by ambient temperature and epoxy hardening due 

to radiation [4]. 

Figure 2: (a) Sensors mounted on the mercury target vessel. 

Strain measurement results from sensors A and B will be 

described. (b) Target module (mirrored image) mounted on 

target carriage in the target service bay. The target vessel 

is covered by water cooled shroud during operation. 

 

The developed sensors have been applied to strain meas-

urement since 2016. Both measurement bandwidth and ra-

diation tolerance of the sensors have demonstrated an order 

of magnitude higher than their commercial counterparts 

[5]. Fig. 2 shows a picture of the sensors mounted on the 

target vessel T18 (the 18th target used in SNS operation 

since 2006). The sensor and multiple spots of the lead fiber 

are mounted to the mercury vessel using a Stycast 2850T 

epoxy cured with Catalyst 11. The radiation dose (or the 

absorbed dose) at the sensor and along the fiber cable is 

calculated based on the energy deposition from all particles 

including neutrons, protons, and photons on the target ves-

sel. For sensors A and B indicated in Fig. 2(a), the esti-

mated radiation dose rates at the sensor head are 15.9 

MGy/MWHr and 1.63 MGy/MWHr, respectively, where 

the MWHr (or 3.6 GJ) represents the proton beam energy 

on the target. The water-cooled shroud is mounted after the 

installation of the sensors. The fiber sensors are connected 

to the signal processing electronics (located in the target 

manipulator’s gallery) through relay fiber cables. The final 

connection between the fiber sensors and signal processors 

is conducted by remote handling after the installation of the 

target module to the carriage.  

STRAIN MEASUREMENTS ON THE TAR-
GET WITH GAS INJECTION 

The target T18 was the first target module to be equipped 

with gas injector hardware at SNS [6]. The fiber-optic 

strain sensors were used to assess the effects of gas injec-

tion to reduce the beam-pulse-induced mercury vessel 

strains.  The initial testing involved pulse-on-demand. The 

test pulses were varied in pulsed proton flux to represent 

equivalent power levels at 60 Hz for beam powers of 100 

kW – 1.4 MW. Tests without gas injection were performed 

first. After the tests without gas injection, the gas injection 

was turned on and strain measurements were conducted for 

the same pulse proton flux values so that the effects of gas 

injection could be assessed.  

Figure 3: Strain waveforms measured with sensor A (a) and 

sensor B (b) at gas injection off and on. The proton beam 

power is 1.2 MW (equivalent) in both cases. 

 

Along with other type of sensors, six single-mode fiber-

optic strain sensors have been successfully installed on the 

current target. Four sensors were mounted near the front of 

the target and the other two in the back (~ 0.5 m from the 

front). Fig. 3 shows examples of the measured strain wave-

forms from sensor A (a) and sensor B (b). In each case, we 

show strain waveforms of a 1.2 MW proton pulse meas-

ured with and without the gas injection. The mechanism 

for the difference between the strain waveforms measured 
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in the front and back of the target vessel has been discussed 

in our previous paper [5]. A clear reduction of the strain 

magnitude due to gas injection has been verified. The strain 

magnitude reduction percentages were calculated to be 

about 37% for (a) and 48% for (b). The amount of gas in-

jection is 0.4 standard liter per minute (SLPM) which is 

about 0.035% of the mercury flow by volume. 

The SNS target was switched to the neutron production 

mode after the initial test. The proton beam power was 

ramped up to 850 kW in the first week and was then in-

creased to 1.2 MW in the second week. The same proton 

power was maintained until the end of the operation cycle. 

While the front sensors were lost in the first week, the 

strain sensors mounted in the back lasted to the end of the 

operation cycle. Fig. 4 shows the measured strain magni-

tude from sensor B from Nov. 7 to Dec. 21, 2017. The pro-

ton beam power has been 1.2 MW during the entire period. 

Compared to the strain magnitude measured without gas 

injection, the strain magnitude reduction of 50% was ob-

served over almost the entire period.  

Figure 4: Strain magnitudes of 1.2 MW neutron production 

beam measured from sensors B on SNS target T18 with gas 

injection. The reference level indicates the strain magni-

tude of the 1.2 MW beam measured without gas injection.  

Figure 5: Normalized fiber transmission of sensor B and 

proton beam energy delivered on the SNS target T18. 

To characterize the radiation tolerance of the sensor, 

we also measured the radiation-induced absorption (RIA) 

of the fiber during the operation cycle of the target. Fig. 5 

shows the measured fiber transmission (normalized to th 

initial value taken right after the first proton pulse was de-

livered on the target). The proton beam energy on the target 

is also plotted in the figure and the radiation dose on the 

sensor can be calculated from the beam energy. The sensor 

survived through the entire cycle of the target with an ac-

cumulated proton beam energy of 1260 MWHr. The corre-

sponding radiation dose is estimated to be ~ 2×109 Gy. The 

non-uniform variation of the fiber transmission curve is 

probably due to the slow sensor gap expansion caused by 

high radiation around the sensor head. 

CONCLUSION
Radiation-resistant fiber-optic strain sensors have been 

developed at SNS to measure the strain in the mercury tar-

get. The sensor demonstrated unprecedented radiation tol-

erance and high bandwidth. The strain measurement stud-

ies using the developed fiber-optic sensors has successfully 

verified the effect of injecting helium gas into the mercury 

target material.  
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