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Secondary Signal Amplification in Liquid-Phase Xenon for the Two-Phase
Xenon WIMP Detector Using the Electroluminescence Method
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We introduce a two-phase xenon detector, and its detection mechanism, for detecting WIMP
(weakly interactive massive particle) dark matter directly. The two-phase xenon detector provides
an outstanding method for discriminating a MIP (minimum ionization particle)-type, for example
gamma-ray, background from a WIMP signal. The two-phase xenon detector produces primary scintillation and a secondary signal simultaneously. The ratio between the primary and the secondary
signal play a key role in identifying the WIMP signal and the MIP-type background. The secondary
signal is too weak to discriminate it from the background easily for our xenon detector. Here, we
introduce a secondary signal amplification method using electroluminescence in liquid xenon. Using
that method, we achieved a 4.3 × 10 ± 4.9 times larger amplification ratio for the secondary signal
in the liquid xenon, which will increase the efficiency of the two-phase xenon detector to search for
super-symmetric dark matter, WIMP.
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a scintillation photon at λ = 175 nm through the process,

I. INTRODUCTION

Xe + Xe → (Excitation) → Xe∗ +Xe
→ Xe∗2 → Xe + Xe + hν.

A direct detection technique will be introduced to
search for non-baryonic dark matter, the WIMP (weakly
interactive massive particle). From SUSY theory, the
most plausible WIMP candidate is the neutralino that
was formed in the early Universe [1]. The density of
WIMPs near the orbit of the Sun is estimated as 0.3
GeV/cm3 [2] with a relative mean speed of 270 km/s
between the Sun and a WIMP. In the case of a xenon
nucleus as a target, the average recoil energy through
elastic scattering is several tens of keV for the WIMP
mass range between several 10 GeV and around 100 GeV
[1,3,4]. Xenon detectors provide an event rate from 0.01
to 0.1 events/day/kg [5, 6]. From past works, we have
learned that even if xenon provides the best condition
for searching for WIMPs [3,6], the amplitude of its secondary signal is too low to identify WIMPs clearly. Thus,
we need to amplify the secondary signal to maximize the
efficiency of the detector.

In the ionization process, one third of the ionized
electrons recombine with Xe+
2 and finally emit 175 nm
UV photons through the process,
Xe + Xe → (ionization) → Xe+ + e− + Xe
−
∗
→ Xe+
2 + e (recombination) → Xe2 → Xe + Xe + hν.
The produced electrons yield electroluminescence
when they are accelerated in gaseous xenon subjected to
a high electric field [7]. Fig. 1 shows a simple diagram describing two signals coming from incident-particle-xenon
scattering. The primary scintillation signals go to the
PMT directly while the secondary signals go to the PMT
via an electroluminescence process.
The electroluminescence photons constitute the secondary signal. The two-phase xenon detector provides
an outstanding method for discriminating the HIP signal
(heavy ionization particle; neutron, alpha, WIMP...)
from the MIP signal (minimum ionization particle
including WIMP, gamma...) [6, 8]. The HIP and MIP
give different primary-to-secondary (P/S) ratio through
WIMP-Xenon nucleus elastic scattering:

II. SIGNAL-PRODUCING MECHANISM OF
TWO-PHASE XENON DETECTOR
WIMP-Xenon nucleus elastic scattering provides
two signals simultaneously from the excitation and the
ionization processes. The excitation process produces
∗ E-mail:

P/S << 1 for the gamma (MIP) source, and
P/S >> 1 for the alpha (HIP) source.

woojk@cju.ac.kr; Fax: +82-43-229-8432

-266-

Secondary Signal Amplification in Liquid-Phase Xenon· · · – Jong-Kwan Woo and Mo Sung Lee

-267-

Fig. 1. Primary scintillation and the secondary electroluminescence via WIMP-Xe scattering.

Fig. 2. For gamma and alpha sources, the different signal
types. A typical gamma ray and an alpha source signal. The
P and S stand for the primary scintillation and the secondary
scintillation.

A two-phase xenon detector is more effective for differentiating between gammas and alphas [6]. Fig. 2
describes the different patterns for MIP-type and HIPtype scattering with a xenon nucleus. A HIP is assumed
to provide signal equivalent to the WIMP signal in the
xenon detector [6,7,9].
We can reduce the neutron background to be low
enough by choosing a low-background underground laboratory with detector shielding, a Compton scattering and
muon vetoing system. The only remaining problem in
the background rejection is the gamma-ray background
that comes from the detector materials surrounding the
xenon target. The discrimination of gamma background
from the WIMP plays a key role.
The direct scintillation in incident particle-Xe scattering is called primary scintillation while the proportional
scintillation from the de-excitation of electrons is called
secondary scintillation. The behaviors of the two scintillations are clearly different; the primary scintillation is
almost constant with applied voltage while the secondary
one is proportional to the applied voltage because the
secondary one comes from drift electrons.

III. AMPLIFICATION OF SECONDARY
ELECTROLUMINESCENCE
R&D has been conducted for several years to amplify
the secondary signal coming from the electrons produce

Fig. 3. (a) 1-kg two-phase xenon WIMP searching detector and (b) mounted 1-kg two-phase xenon-WIMP searching
detector in the outer chamber.

through collision between the incident particle and a
xenon nucleus. For the photo-electron threshold, the energy threshold for recoil event has gone down ∼6 keV to
∼3 keV with a 0.2 PMT(photo multiply tube) quantum
efficiency.
For a nuclear recoil of ∼10 keV, xenon will produce
two photo-electrons on average with a photo-extraction
potential of 15 eV for xenon. It is well known that the
number of electroluminescent photons produced per electron in gaseous xenon can be described as a function of
E, P , and d; Nph = 70·(E − 1.3P ) · d, where the parameters E, P , and d are the applied electric field strength
in kV/cm, the gaseous xenon pressure in atm, and the
electron drift distance in centimeter [7]. In this experiment, the electroluminescence effect that was expected to
occur in liquid-phase xenon was the same as the electroluminescence effect in gaseous-phase xenon.
We used a 1-kg xenon chamber whose diagram and the
experimental setup are shown in Figs. 3(a) and 3(b).
Fig. 3(a) describes the 1-kg two-phase xenon detector
itself while Fig. 3(b) describes the 1-kg two-phase xenon
detector mounted in the outer chamber. A pair of electrode plates is placed at the bottom of the chamber. A
high electric field of 2.5 kV was applied between 0.4-cmthick electrode plates to make the electroluminescence.
A PMT with a MgF2 window was mounted facing up at
the bottom part of the chamber. A liquid-nitrogen reservoir connected by two copper bridges, called a cold finger,
cooled the xenon chamber down. The xenon chamber
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Fig. 4. Typical shapes of HIP-Xe scattering in a 1-kg gaseous xenon detector. We can see the primary and the secondary
signals in (a) while we can see only the primary signal in (b).

Fig. 5. Typical shape of HIP-Xe scattering in a 1-kg liquidxenon detector without a high electric field. The left two
peaks indicate the primary signal while the other peaks are
the secondary signal.

Fig. 6. Typical shape of HIP-Xe scattering in a 1-kg liquidxenon detector with a high electric field. The left two peaks
are for the primary signal while the other peaks are the secondary electroluminescence.

was cooled down and kept at 168 K ± 0.5 K and 1.0 atm
by using a nitrogen cooling system; see the Figs. 3(a) and
3(b). Also we used a piece of 241 Am as a HIP source in
the chamber. The chamber assembling process was done
in a bag with argon gas to block the impurities in the
air. The data were taken by using a 1-Ghz LeCroy oscilloscope. The detector was set up to select signal energies
from 10 keV to 100 keV. This energy range covers the
recoil energy of a WIMP in a xenon detector calibrated
with 57 Co (122 keV) before this experiment.

the secondary signal. By applying a high electric field,
2.5 kV/0.4 cm, in the 1-kg two-phase xenon detector,
we could see clearly a magnified secondary signal, electroluminescence. Figs. 4(a) and 4(b) show typical HIP
events in the gaseous xenon chamber. Fig. 5, also, shows
a typical HIP event in the liquid xenon chamber without
any applied electric field at the electrode plates in the
gaseous xenon. Fig. 6 shows a typical HIP event in the
two-phase xenon chamber with a high electric field applied at the electroluminescence wire in gaseous xenon.
In the Fig. 4(a), the left peak is the primary scintillation while the right one is the secondary signal due to
the electrons produced by gamma-Xe scattering, but we
can not see the secondary signal clearly in Fig. 4(b).
We can say qualitatively that the secondary signal in
Fig. 5 can be amplified to the secondary electroluminescence in Fig. 6. For a more detailed analysis, we must

IV. RESULTS AND ANALYSIS
Due to the small amplitude of the secondary signal
in the two-phase xenon detector, we needed to amplify
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compare the exact values of the secondary signals for
the cases with and without a high electric field applied
to gaseous xenon of the two-phase xenon. In Fig. 5 and
Fig. 6, P and S indicate the primary scintillation and the
secondary proportional scintillation (or secondary electroluminescence) coming from electrons. Fig. 5 shows
the secondary signal coming from electroluminescence
induced by electrons that were produced by gamma-Xe
collision. The number of photons produced by a single electron in this test was an average value of 5.6 ×
10 ± 6.3. This number of photons in liquid xenon is
around one third of the number of photons produced in
gaseous xenon under the same condition. The secondary
electro-luminescence was seen in the short range under a
high electric field nearby the electrode plate in the liquid
xenon. The gain of the amplified secondary electroluminescence in Fig. 6 can be calculated by using the ratio
of the areas SE and S, SE/S. Finally, we can get (4.3 ×
10 ± 4.9) times the average amplification ratio for the
secondary electroluminescence.

V. SUMMARY
For the last decade, research and development for
xenon and other liquid-scintillation detectors has been
done to search for WIMPs in many experiments, such as
DAMA [10,11], UKDMC [12], XENON [13], KIMS [14],
etc. A secondary signal amplification method was developed using an electroluminescence technique in a gaseous
xenon detector by providing a high voltage [7]. We applied this electroluminescence technique in liquid-phase
xenon. Finally, we succeeded in amplified the secondary
signal by 4.3 × 10 ± 4.9 times, on average, for liquid
xenon in our 1-kg two-phase-xenon WIMP-searching detector. This result for the average number of electroluminescent photons in liquid phase xenon, 5.6 × 10 ± 6.3,
is around one-third the calculation number of electroluminescent photons in gaseous xenon under the same condition, Nph = 70·(E − 1.3P ) · d [7]; Nph (gas) = 1.4 × 102
with E = 2.5 kV/0.4 cm, p = 1.0 atm, and d = 0.4 cm.
The secondary-signal-amplifying-technique will play an
important role in searching for WIMP dark matter with a
xenon detector. We will continue to study the two-phasexenon WIMP detector performance and to search for
WMP dark matter. The expected WIMP event rate for
a 1-kg two-phase-xenon detector is 10−2 /kg/day, which
will provide maximum effectiveness in searching for a
WIMP in an underground laboratory whose estimated
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neutron background rate is below 10−3 /kg/day for a
liquid-xenon detector. Our study will go on.
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