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Development of the liquid level meters for the PandaX
dark matter detector”
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Abstract: The two-phase xenon detector is at the frontier of dark matter direct search. This kind of detector uses
liquid xenon as the sensitive target and is operated in two-phase (liquid/gas) mode, where the liquid level needs
to be monitored and controlled in sub-millimeter precision. In this paper, we present a detailed design and study
of two kinds of level meters for the PandaX dark matter detector. The long level meter is used to monitor the
overall liquid level while short level meters are used to monitor the inclination of the detector. These level meters
are cylindrical capacitors that are custom-made from two concentric metal tubes. Their capacitance values are read
out by a universal transducer interface chip and are recorded by the PandaX slow control system. We present the
developments that lead to level meters with long-term stability and sub-millimeter precision. Fluctuations (standard
deviations) of less than 0.02 mm for the short level meters and less than 0.2 mm for the long level meter were achieved

during a few days of test operation.
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1 Introduction

Liquid xenon (LXe) is currently used as a suitable
target for direct detection of the weakly interacting mas-

cables

feedthrough

level

sive particles (WIMPs) dark matter [1, 2]. In a xenon oters
detector operated in two-phase mode, the LXe level in operation readout
the time projection chamber (TPC) is an important pa- }ie“‘/‘:ld short level
rameter for the experiment and the liquid level needs | metersx3
to be monitored and controlled in sub-millimeter preci- Al enon
sion [3]. In order to monitor the liquid level precisely for Teflon 1| ~ supportsx3
the detector operation, level meters working at the LXe suport

temperature (around 178 K) are constructed and mea- long |

surement methods are developed for the PandaX dark fovel LXe e vesal
matter detector. These level meters are all custom-made v L outer vessel

concentric cylindrical capacitors.

As shown in Fig. 1, a long level meter is used to
monitor the total LXe level in the inner vessel of the de-
tector, which is used during the filling and recovery of
the liquid xenon. Three short level meters are mounted
at the height of the liquid-gas interface around the TPC
to monitor its declination, which is important to main-
tain a uniform gas gap across the horizontal plane for
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Fig. 1. Schematics of the two-phase xenon detector
as used in PandaX. LXe is contained in an inner
vessel insulated by vacuum from the outside. One
long liquid level meter monitors the overall liquid
xenon height and three short level meters monitor
the height of the liquid-gas interface around the

TPC.
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homogeneous signals. In Section 2 we present the de-
tailed design and method of the level meter fabrication
and readout. The results during a few days of operation
in a test xenon detector are reported in Section 3. We
conclude, in Section 4, that the level meters can reach the
sub-millimeter precision and stability that are required
by the detector’s operation.

2 Design and methods

2.1 Design of the level meters

The short level meter and the long level meter are
custom-made concentric cylindrical capacitors, made by
two stainless steel tubes nested together with nylon fish-
ing lines wound around the inner tube to separate it from
the outer tube. In this study, the Universal Transducer
Interface (UTI) sensor chip from Smartec Company [4] is
used as a measurement device for the level meters. Con-
sidering the measurement range of the UTI sensors, the
capacitances of level meters are limited to 12 pF for short
level meters and 300 pF for the long level meter in LXe,
while the capacitance per unit length should be large
enough to obtain a precise measurement. In addition,
the dimensions of the level meters should be as small as
possible to minimize their influence on the detector.

With these requirements, we design the liquid level
meters using two concentric stainless steel tubes with
an inner diameter of 4.5 mm for the outer tube and an
outer diameter of 4.0 mm for the inner tube. These two
tubes are separated by a 0.2 mm diameter nylon fishing
line surrounding the inner tube. The length of the short
level meters are 12 mm, giving a capacitance of 10.61 pF
when it is totally immersed in liquid xenon. The length
of the long level meter is 254 mm, giving a capacitance
of 232.3 pF when it is totally immersed in liquid xenon.
The capacitance per unit length is 0.41 pF/mm for the
short level meters and 0.44 pF/mm for the long level me-
ters. Table 1 shows the dimensions of the level meters
and their theoretical capacitances when totally immersed
in gas xenon (Cgax.) or liquid xenon (Crx.). The effect
of the nylon lines, which are uniformly distributed in the
level meters and occupy 1.57 mm? in the short level me-
ters and 9.42 mm?® in the long level meter, is considered
for the estimation of capacitances. The assembled level
meters are shown in Fig. 2.

Table 1.

254 mm LLM: 12 mm SL |

Fig. 2. A photo showing an assembled 12 mm short
level meter (SLM) and a 254 mm long level meter
(LLM), made with two concentric stainless steel
tubes.

2.2 Cable connections

Since the relative large parasitic capacitance caused
by long cables connected parallel to the capacitors, it
is difficult to obtain a small capacitance accurately by
direct measurement. The UTI sensor chip uses the prin-
ciple of four-wire measurement to overcome the prob-
lem of parasite capacitances and three-signal technique
for auto-calibration. The company provides an evalua-
tion board that has several different measurement modes
for capacitances, Pt-100 temperature sensors, electric
bridges etc. [4]. In this study, we use mode 2 to measure
the three capacitors in the range of 0-12 pF for the three
short level meters simultaneously and mode 4 to measure
the single capacitor in the range of 0-300 pF for the long
level meter.

The schematics to use mode 2 to measure the three
capacitances for the short level meters are shown in
Fig. 3. A reference capacitor with unchanging capaci-
tance is needed for this mode. We used a 12 pF reference
capacitor made with the same method as the other short
level meters, but which was twice as long. It is placed in
the gas xenon just above the liquid surface in order to
cancel the interference in the readout cables and also to
ensure that there are no capacitance changes with the lig-
uid level. The variation of the reference capacitor with
temperature was measured from room temperature to
liquid nitrogen temperature. The capacitance of the ref-
erence capacitor changes from 12.2 pF to 11.8 pF, accord-
ingly. The cables which connect the level meters to the
UTT board go through the inner vessel and the outer ves-
sel by vacuum feedthroughs. They are finally connected
to the outside readout box with the Sub-Miniature-A
(SMA) connectors.

The schematics to use mode 4 to measure the capac-
itance for the long level meter are shown in Fig. 4. In
this mode, a 300 pF reference capacitor is used. Unlike
the reference capacitor for the short level meters, here we
use a commercial capacitor mounted on the evaluation

Design parameters of the level meters. d; is the inner diameter of the outer tube. d2 is the outer diameter

of the inner tube. L is the length. d; is the diameter of the nylon fishing line separating the two tubes. Cgxe and
CLx. are the theoretical capacitances assuming dielectric constant of 1.0 for gas xenon and 1.96 for liquid xenon [5]

respectively.
level meters di/mm da/mm L/mm df /mm Caxe/PF CLxe/PF
SLM 4.5 4.0 12 0.2 5.66 10.61
LLM 4.5 4.0 254 0.2 119.9 232.3

056002-2



Chinese Physics C  Vol. 38, No. 5 (2014) 056002

,,,,,

SMA L
connectors |

Vacuum
feedthroughs

vessel | ¢,

Kapton cables

F E DCBA|_L_
UTI chip |Gnp)
UTI evaluation board
shielding box

Fig. 3.

(color online) Readout schematics (left) and a picture (right) showing the cable connections for the three

short level meters (SLMj 2 3) and the reference capacitor (Chet).

RG-316 cables A RG-316 cables,

vacuum

feedthroughs|

A BCDEF

UTI chip
UTI evaluation board O
shielding box

D)

Fig. 4.

(color online) Readout schematics (left) and a picture (right) showing the cable connections for the long

level meter (LLM) and the reference capacitor (Cier). The practical values for R; and Rp are 25 k2 and 1 kQ

respectively. R3 is shorted in this readout mode.

board outside of the vessel, instead of near the long level
meter in the liquid xenon, considering the radioactivity
of the capacitor.

Coaxial cables are used to avoid capacitive-coupled
interference. In Fig. 3 and Fig. 4, the red lines are sig-
nal wires of coaxial cables and the black dashed lines
are their shielding layers. The shielding layers of the ca-
bles are connected together to a common wire as ground.
Although the cables go through two feedthroughs, their
grounding shield layers are connected together. At last,
the ground wires are connected to the common ground
on the UTT evaluation board.

In the inner vessel, Kapton-insulated coaxial cables
from the MDC Vacuum Products Company are used [6],
which satisfy the high vacuum and cryogenic require-
ments. For the outer vessel, which is used as a ther-
mal insulation chamber, the requirement of vacuum is
not so strict and the surrounding temperature is close
to room temperature. Therefore, RG-316 cables, which
are more common and cheaper, are used for connections
from the inner vessel to the outer vessel. RG-316 cables
are also used for the connections from the outer vessel
to the readout boxes on the outside. The parasite ca-
pacitances from the long cables (about 5 meters for each
level meter), feedthroughs and the plugs add in a total
capacitance about several hundreds pF. By connecting
the wires to the UTI board following the schematics in
Fig. 3 and Fig. 4, the parasite capacitances are mostly

canceled.
2.3 Readout software

The capacitance measurement from the UTI chip can
be read out, recorded and converted to the liquid level
values by software with the UTT evaluation board con-
nected to the computer by the RS-232 cables. Stand
alone Windows-based software from Smartec Company
can be used to read and record the measured values.
We also developed Python-based software, which is in-
tegrated to the PandaX slow control system to read and
record the data. There are slow and fast modes to read-
out the capacitances. The duration of one complete cycle
of the output signal for the slow mode is about 100 ms,
while the fast mode gives 10 ms duration. We chose to
use the slow mode in the following measurement for a
better resolution.

3 Results and discussion

To check the accuracy and stability of the level me-
ters, we performed several measurements in a small LXe
system before installing the level meters in the PandaX
detector. The performances of the three short level me-
ters in a five-day operation are shown in Fig. 5 (left).
The three short level meters first worked in vacuum for
47 hours. Then, liquid xenon was filled into the detector,
until it completely covered the detector. The short level
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meters were totally immersed in the liquid for 68 hours
before the xenon was recuperated.

The mean values of the measured capacitances for the
three level meters are listed in Table 2. It can be seen
that the values are slightly higher than the expected the-
oretical values listed in Table 1. This is caused by the
remaining parasite capacitances and the cumulative zero
drift in the UTI board, which was especially large for
the third level meter. However, it does not affect the
measurement. The calibrated values, which are the ca-
pacitances per unit length, are calculated at 0.387, 0.371
and 0.380 pF/mm for the three level meters, respectively,
which are about 7%-9% lower than the expected theoret-
ical values. To calculate the height of liquid level in the
PandaX detector, the measured calibration values will
be used.

The measured fluctuations of capacitances represent
the quality of the level meter structure and readout
scheme. To quantify the stability and precision of the
measurement, we use the standard deviation and peak
to peak values during the entire period (68 hour) of mea-
surement when the level meters are entirely immersed in
liquid xenon. The measured values are shown in Fig. 5

(right) and listed in Table 2. The standard deviation
values of the measured capacitances are between 0.005
to 0.007 pF, corresponding to a level fluctuation of less
than 0.02 mm. The peak to peak values, representing
the maximum fluctuation during the measured period,
are 0.03 pF, corresponding to a maximum level readout
fluctuation of less than 0.1 mm.

For the long level meter measurement, the first mea-
surement showed a maximum level fluctuation (Lpsp) up
to several millimeters (see the blue dashed line in Fig. 6),
which was too large to satisfy the requirement of the
experiment. After changing the electrical components
on the readout board, we found that the quality of the
reference capacitor dramatically affects the precision of
the measurement. The reference capacitor that we then
used was the 300 pF PFR series capacitor from Evox
Rifa company. The resistors were replaced with high
precision (+£0.1% ) 0.25 W metal film resistors (RJ14)
and low-temperature-drift (15-25 ppm/°C) type to fur-
ther improve the measurement. The performance of the
long level meter measurement after changing the refer-
ence capacitor and resistors is shown as the red line in
Fig. 6.
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Fig. 5.

(color online) Left: Measured capacitances of the three short level meters (SLMj 2,3) during a five-day

operation in a LXe system. Right: Distributions of the measured capacitances, subtracting their mean values, for
these level meters in vacuum and in liquid xenon. The mean and standard deviation (STD) values during the

respective periods are listed in the figure legends.

Table 2.

Measured capacitances and their fluctuations of the three short level meters (SLM; 2,3) and one long level

meter (LLM). Ciac and CLxe are the mean capacitance values when the level meters are in vacuum or fully
immersed in liquid xenon respectively. The calibration value is the capacitance per unit length. Cstp and Lsrp
are the standard deviation values of capacitances and corresponding levels when the level meters are in liquid
xenon during the measurement periods. Cpap and Lpap represent the largest fluctuations for the capacitances and

corresponding levels during the measurement periods.

level meters Clyac/pF CLxe/PF calibration/(pF /mm) Cstp/pF LgTp/mm Cpop /pF Lpop/mm
SLM; 6.104 10.751 0.387 0.006 0.016 0.028 0.09
SLMo 5.830 10.307 0.371 0.007 0.019 0.025 0.07
SLMs 8.216 12.774 0.380 0.005 0.013 0.031 0.08
LLM 120.0 213.4 0.37 0.05 0.14 0.20 0.53
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capacitance variation/pF

(color online) Left: Measured capacitances of the long level meter in a LXe system. A replacement of the

reference capacitor significantly improved the stability of measurement. The blue dashed line shows the data before
the improvement and the red line shows the data after the improvement. Right: Distributions of the measured
capacitances, after subtracting their mean values for the long level meter when the liquid xenon was in a stable

condition.
reduced from 0.64 to 0.03 pF after the improvement.

After these improvements were made the standard
deviation value of the measured capacitance was 0.05 pF,
corresponding to a 0.14 mm level fluctuation when the
long level meter was in a stable liquid xenon for seven
days. The maximum fluctuation during the seven days
is 0.2 pF (or 0.53 mm). After seven days of operation,
we filled the detector with more liquid xenon to com-
pletely cover the long level meter. Using the capacitance
value measured when it is fully immersed in liquid xenon
and in a vacuum, we derived a calibration value of 0.37
pF/mm for the long level meter.

4 Conclusion

In this paper, we present a detailed design and de-
velopment of the liquid level meters that are used in the
PandaX dark matter detector. Three short level meters
to monitor the inclination of the TPC and one long level

The reduction of the readout fluctuation is clear from the figure.

The standard deviation value is

meter to monitor the overall liquid xenon level are devel-
oped. Special care was taken over the cable connections
and selection of the reference capacitors and resistors,
which are critical for the stability and precision of the
level measurement. The fluctuations (standard devia-
tion) are less than 0.02 mm for the short level meters in
a 68 hour test measurement, and is 0.14 mm for the long
level meter in a seven-day measurement. The maximum
fluctuations (peak to peak) during the corresponding
periods are less than 0.1 mm for the short level meters
and 0.53 mm for the long level meter. The developed
level meters and their readout method thus satisfy the
requirements of the experiment and they have been in-
stalled in the PandaX detector.

We would like to thank Dr. Angel Manzur for his
valuable inputs and the other members of the PandaX
collaboration for their useful discussions during the work.
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