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Abstract A thorough detector response calibration using
radioactive sources is necessary for the Jiangmen Under-
ground Neutrino Observatory. Herein, we discuss the
design of a source positioning system based on ultrasonic
technology, aiming for a 3-cm precision over the entire
35-m diameter detector sphere. A prototype system is
constructed and demonstrated for the experiment.
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1 Introduction

The Jiangmen Underground Neutrino Observatory
(JUNO) [1] is being developed to study the neutrino mass
hierarchy [2-4] using a large underground liquid scintil-
lator (LS) detector in Guangdong, China. The central
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detector (CD) is enclosed in an acrylic sphere with an inner
diameter of 35.4 m and a thickness of 12 cm, which con-
tains approximately 20,000 tons of LS [5-7]. The CD is
covered by approximately 17,000 and 25,000 20-inch and
3-inch photomultipliers (PMTs), respectively [8, 9], loca-
ted in an outer layer of ultrapure water to reach > 75%
photocathode coverage. For this large detector, the neutrino
mass hierarchy can be determined by performing accurate
measurements on the reactor neutrino energy spectrum at a
baseline of approximately 53 km with an unprecedented
energy resolution (approximately 3% at 1 MeV of detected
energy) and excellent energy scale uncertainty (< 1%)
[10, 11]. To address both requirements, a thorough cali-
bration program is designed to deploy multiple radioactive
or optical calibration sources to a wide range of positions
inside the CD. The automated deployment systems are the
following four: automatic calibration unit (ACU, central
axis, similar to Daya Bay’s design [12, 13]), cable loop
system (CLS, one vertical plane), remote operate vehicle
(ROV, 4r), and guide tube (GT, one loop on the outer
circumference of the CD). See Fig. 1 for the overall
schematics [14]. In all these systems, the location of the
source is required to be known to a few centimeters. For
the ACU and GT, the source deployment is confined by the
gravity and a tube, respectively. Therefore, the source
position can be determined accurately by the length of the
cables. For the CLS, effects such as the self-weight of the
cable, buoyance force, internal tension result in an inac-
curacy of source locations based on the cable lengths alone,
in particular for locations near the boundary. The remotely
operated vehicle (ROV) has even more freedom as it is
driven by its internal jet pumps. Thus, a dedicated posi-
tioning system serving both the CLS and ROV is required.
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Fig. 1 (Color online) Overall schematics of calibration deployment
system

We herein report the design of an ultrasonic positioning
system, with emitters located on the CLS and ROV, and
receivers fixed in the CD. The remainder of this paper is
organized as follows. The requirements are discussed in
Sect. 2, followed by a brief description of the working
principle in Sect. 3. In Sect. 4, the technical design of the
system is discussed. The construction and performance of a
prototype system is detailed in Sect. 5, followed by con-
cluding remarks in Sect. 6.

2 Requirements and technical choice

According to preliminary Monte Carlo simulations, the
resolution of the event vertex reconstruction based on
JUNO PMTs alone can achieve a level of 10 cm [1, 13].
This is important because a fiducial volume cut is envi-
sioned to remove the peripheral background events. As a
key physical requirement, the positioning system must
determine the location of the source to better than 5 cm in
the entire 35-m detector sphere, to serve an unbiased
control of the vertex reconstruction. It must also operate
without maintenance for 20 years, thus placing a strong
requirement on the simplicity of the underwater
component.

Owing to the complication of the optical interfaces
between the LS (n = 1.48), acrylic (n = 1.48), and water
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(n = 1.33), an optical-image-based system (e.g., CCD)
would bear the positioning uncertainties, particularly when
the source moves closer to the boundary. Furthermore, the
lighting for the cameras and the detector PMTs cannot be
operated simultaneously, which further restricts its usage.
Meanwhile, using an ultrasonic system with highly reliable
piezoelectric components is a standard practice in marine
engineering. Being acoustic, ultrasonic signals are fully
compatible with the PMT operation. Additionally, if the
receivers are located inside the LS, the acoustics can be
simple without boundary effects. Typical ultrasonic waves
have a frequency of 100 kHz, with an intrinsic resolution
up to its wavelength (13.8 mm in the LS). Therefore, in the
baseline design, we attached the ultrasonic emitters to the
radioactive source in the CLS and ROV, and the receivers
were fixed as an array on the inner acrylic wall. This design
leads to two more requirements, (a) being inside the LS, the
receivers must be low in radioactivity, and (b) their
enclosure material should be compatible with the LS for
20 years. The details on how these two requirements are to
be addressed will be discussed in a separate paper, and we
shall primarily focus on the position accuracy herein.

3 Conceptual design

As mentioned above, an ultrasonic emitter is attached to
the radioactive source. An array of ultrasonic receivers is
placed on the inner surface of the CD. The emitter is driven
from the outside, and the starting time is exactly known.
The time of flight of the arrival signal on each ultrasonic
receiver is used to calculate the distance between the
emitter and receiver. Assuming a receiver array with no
less than three sensors, the vertex location can be recon-
structed through the geometric relationship [15, 16]. To be
explicit, let the coordination of each receiver be
(xi,vi,2i), i =1,2,3,4, and T(X, Y, Z) is the coordinate of
the emitter. Subsequently, the distance—time constraints
can be written as

X —x)+ (Y =y +(Z—2z) = (et)’, i=12.34,

(1)
where c is the speed of sound in water and ¢; is the TOF for
each receiver [17, 18].

Using the cube array as an example [19-21], with the
four sensor positions at A(0,0,0), B(L,0,0), C(0,L,0),
D(0,0, L) in the Cartesian space, the position coordinate X
of the emitter (the remainder of the coordinates are similar)
is as follows:

X =37 (A=) = 7 [(we — e + 2], @

with its uncertainty
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1
dX = i [26‘1‘,4 (ZAdC + CdIA) — 2CIB(leC + CdlB)]
(3)
1
= Z(rAtA — rBtB)dc +%(FAdIA — rBdtB)

where r4 and rp are the distances of the emitter to receivers
A and B, respectively. As shown, the error consists of the
sound speed measurement uncertainty, dc and two time
measurement uncertainties, dt4 and drp [22-24].

In Fig. 2, the sound speed in the LS (linear alky ben-
zene) is measured as a function of the liquid temperature.
The operation temperature of the JUNO LS is expected to
be 21 &+ 1 °C. An accurate measurement of the tempera-
ture profile to 0.1° would lead to a maximum average
sound speed bias of 0.4 m/s. With the maximum emitter—
receiver separation of 35 m, this translates into an uncer-
tainty of 0.03% in distance. Meanwhile, the time-of-flight
measurement uncertainty is dominated by the clock cycle
uncertainty and the pulse rising edge measurement uncer-
tainty (related to the signal-to-noise ratio) [25-27]. For a
typical ultrasonic frequency of 150 kHz (sine wave pulses),
the time measurement accuracy can easily reach one cycle
(7 ps). Under these assumptions, the typical uncertainty to
dX can reach 1.6 cm.

The conceptual design of the full positioning system is
depicted in Fig. 3. An array consists of eight receivers
arranged in an inscribed cube on the CD wall. The position
of the emitter can be calculated by any three receivers that
are not in the same plane using the algorithm above.
Therefore, an array of eight would exhibit redundancy to
ensure the accuracy.
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Fig. 2 Speed of ultrasonic sound in LS, measured by CTD from
AML company
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Fig. 3 Diagram of the cubic array

4 The implementation of a prototype positioning
system

The wiring diagram of a complete system, including the
ultrasonic emitter, receivers, and the control and data
acquisition system, is depicted in Fig. 4.

The emitter contains a piezoelectric core that converts
the driving electrical signals, provided by the interface
extension, to physical vibrations. The emitter is spherical,
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Fig. 4 (Color online) The hardware composition of the ultrasonic
positioning system
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as shown in Fig. 5a, which allows an omnidirectional
emission. It operates at 150 kHz with almost a uniform
generation ratio for a 4m space. During operation, we
placed the emitter within 10 cm to a PMT and observed no
electromagnetic pickup from the PMT.

The receiver (Fig. 5b), also operating at 150 kHz, uses
the same piezoelectric material to convert the received
ultrasonic signals to electrical signals and sends them to the
interface extension after the primary amplification. The
receiver has uniform detection efficiency for a 2m space.

The data acquisition and electronics comprise the master
computer (backend) and front-end electronics. The master
computer implements the display, task control, and inte-
grated processing tasks. As the data processing and com-
mand center, its primary goal is to achieve the real-time
calculation and display of the emitter position.

The front end (Fig. 5¢) is a custom-made acoustic
positioning board that implements the signal generation
and receiving tasks. The signal-generating module handles
the power amplification and synchronization of the emit-
ting signals. The signal-receiving module performs multi-
channel filtering, amplification, and signal detection. The
eight receivers are synchronized by eight same-length
cables connected to the signal-receiving modules. After
detection, the signal-receiving module sends the trigger
pulses corresponding to each channel to the master
computer.

(b) (c)

Fig. 5 (Color online) a Picture of two prototype emitters. b Picture of
two receivers. ¢ The front-end board
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5 Prototype performance

To verify the positioning accuracy of the ultrasonic
positioning system, we performed the demonstration
experiment in an anechoic water pool. The water pool is
20 m long, 8 m wide, and 7 m deep, and is surrounded by
the anechoic wedges to avoid sound reflection in limited
space. During the test, eight ultrasonic receivers are placed
inaSm (L) x5m (W) x4m (H) space as shown in
Fig. 6. The emitter, attached to a solid steel bar, was moved
around within the array space, with its location known to a
precision of within a few centimeters. For each location,
we compared the reconstructed positions with the true
locations from the ultrasonic system.

5.1 Experimental setup

To affix the receivers, a steel cross with four arms was
machined, as shown in Fig. 7a. The ultrasonic receivers
were mounted at the end of each arm, with the upper four
receivers attached rigidly, and the lower four receivers
hanging below with fishing wires. The coordinate of each
receiver was previously measured before the deployment
of the array.

Nine holes with a separation of 25 cm in between were
machined on each arm of the cross. In the experiment, the
emitter was mounted below each hole with a fixed distance
using a fishing cable; therefore, the true position was
known to a precision of a few centimeters. A flange that
was placed at the center of the cross allowed its attachment
to the crane while maintaining itself leveled. The deploy-
ment of the array into water is illustrated in Fig. 7b.
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Fig. 6 The diagram of the prototype receiver array
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Fig. 7 (Color online) a The
receiver “cross.” b Deploying
the array into the water

(a)
5.2 Performance

During operation, the ultrasonic emitter was driven by
15-cycle sine wave pulses with a width of 100 ps, as shown
by the yellow line in Fig. 8a. The typical signal received by
the ultrasonic receivers is illustrated by the green line in
Fig. 8b, where the waveform is somewhat distorted. We
first obtain the envelope of the received waveform and
measure the peak value of the envelope; subsequently, we
use half the peak value as the detection threshold. The
moment of over detection threshold is the moment when
the signal is received, at which we can obtain the time-of-
flight between the emitter and receiver.

In the experiment, the ultrasonic emitter was placed at
three different depths along one arm of the cross. At each
depth (z = —150 cm, — 230 cm, and — 360 cm), we
scanned over seven positions. This procedure is illustrated
in Fig. 9a. The locations of the eight receivers are shown as
the black squares. The blue circles show the positions
reconstructed by the ultrasonic receivers, and the red cir-
cles represent their true positions in three dimensions.

Fig. 8 (Color online) a Driving
pulse for emitter. b Signal
received by receiver

(b)

For each location, we repeated the positioning mea-
surements ten times. The average values of x, y, and z were
used as the final reconstructed position. The repeatability
was studied using the distance between the position given
by each individual measurement and the averaged one. The
results for all 21 positions are shown in Fig. 9b. The
overall repeat uncertainty is approximately 1 mm (the
dashed green line in Fig. 9b shows the average difference),
and the maximum is less than 2.5 mm.

The differences in the reconstructed and true positions
are calculated in all three axes. The deviation in the vertical
direction shows an interesting trend (see Fig. 10a). The
data become more scattered in the deeper location when
the emitter was moved closer to the lower array. This
reflects two potential effects. First, if the emitter is too
close to a receiver plane, the relative accuracy in this
dimension is degraded. Second, the cross could have some
distortions under gravity that could lead to an increase in
the vertical position uncertainty for larger radii.

We evaluated the distance between the reconstructed
and true positions for all 21 points. As shown in Fig. 10b,
the maximum difference in the point-by-point uncertainty

@ Springer
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Fig. 9 (Color online) a The experimental results: the black squares
are the locations of the eight receivers, blue circles are the positions
reconstructed by the ultrasonic receivers, and red circles are their true
positions. b The repeatability of the positioning, measured by the
difference between each measurement and the average: red points are
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Fig. 10 (Color online) a The difference between reconstructed and
true positions in Z coordinate. X axis is the Z position (depth) of the
measured points, and Y axis is the distance between the reconstructed

is 7.3 cm, and two point differences are larger than 5 cm.
The mean value of the uncertainty for all 21 points is
3.9 cm. In the future, we hope to reduce the maximum
difference to less than 4 cm.

5.3 Discussions

The uncertainty of the reconstruction could be due to the
following factors. (1) Receiver position uncertainty. During
the prototype test, because the lower four receivers were
hung onto the cross via fishing cables, the exact location of
the receiver under water could accommodate a bias of up to
a few centimeters. (2) Emitter true position uncertainty.
The emitter was hung onto the cross via a fishing cable;

@ Springer

for the positions with Z ~ 150 cm, blue ones are for Z ~ 230 cm,
and black ones are for Z ~ 360 cm. X axis represents the measured
points (1-21) and Y axis represents the distance between each
individual measurement and the average value
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and true positions. b The distance between the true and reconstructed
positions for all 21 points. X axis is the distance between the
reconstructed and true positions
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therefore, a potential bias of an order of centimeter under
water is also possible. It is noteworthy that owing to the
limited size of the array, a small positioning uncertainty
owing to the emitter and receiver translates to a larger
fraction uncertainty to the reconstructed position. (3)
Temperature effect. The water temperature between the
upper and lower arrays differed by approximately 1°.
Assuming (conservatively) a bias of 4 m/s in the sound
speed, in 10 m, this corresponds to a bias of approximately
3 cm. (4) Trigger uncertainty. During the test, the front-end
board determined the signal arrival timing based on the
rising edge of the first cycle of the pulse, which could be
sensitive to the noise level. As 15 cycles of the sine wave
are present in each pulse, a more accurate determination of
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the trigger time is possible. In the follow-up study, we will
optimize the experimental conditions to continue mini-
mizing the uncertainties.

6 Conclusion

A novel high-precision ultrasonic source positioning
system was developed for the JUNO, to simultaneously
satisfy the positioning accuracy, robustness, and compati-
bility with the PMT operation. A realistic prototype system
was constructed and tested; it could reconstruct the source
position within a 4-cm accuracy and up to 1-mm repeata-
bility within a 5 m (L) x 5 m (W) x 4 m (H) range. Fur-
ther optimization is ongoing to improve the system
performance.
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