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a b s t r a c t

The ionization yield in a two-phase liquid xenon dark-matter detector has been studied in keV nuclear
recoil energy region. The newly obtained nuclear quenching as well as the average energy required to
produce an electron–ion pair from the measurement in Seguinot (1992) are used to calculate the total
electric charges produced. To estimate the fraction of the electron charges collected, the Thomas-Imel
model is generalized to describe the field dependence for nuclear recoils in liquid xenon. With free
parameters fitted to experimentally measured 56.5 keV nuclear recoils, the energy dependence of ioniza-
tion yield for nuclear recoils is predicted, which increases as recoil energy decreases and reaches the max-
imum value at 2�3 keV. This prediction agrees well with existing data and may help to lower the energy
detection threshold for nuclear recoils to �1 keV.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, liquid xenon (LXe) has emerged as a leading
medium for detecting weakly interacting massive particle (WIMP),
which is one of the most promising dark matter (DM) candidates
[1–3]. Many advanced LXe detectors [4–8] work in the two-phase
mode with measurements of both scintillation (direct scintillation
light, denoted as S1) and ionization (proportional scintillation light,
denoted as S2) signals at the same time. The scintillation and ioni-
zation signals, together with the relative scintillation efficiency
(Leff ) and the ionization yield (Qy) respectively, have been used to
reconstruct the nuclear recoil energy. Thus Leff and Qy are crucial
physical quantities for the energy calibration of WIMP detection.

According to a recent theoretical calculation in Ref. [9], Leff

drops rapidly with decreasing energy in the low energy region,
especially below 3 keV important for light DM particle detection
(�10 GeV/c2). In this case, the uncertainty in Leff becomes an
important factor for reconstruction of the nuclear recoil energy.
Because the collection of primary scintillation photons becomes
more difficult at low recoiling energy, it is hard to measure scintil-
lation efficiency experimentally. Therefore, the energy threshold of
the LXe detectors determined from the primary scintillation

efficiency is relatively high. On the other hand, the ionization sig-
nal will become more suitable for several reasons: First, the ioniza-
tion and scintillation signals in LXe are anti-correlated [10,11]. The
anti-correlation behavior refers to the phenomenon that the ioni-
zation and scintillation signals in liquid xenon are complementary.
Therefore, as the decreasing of the scintillation photons in low
energy region, the ionization signal can be more prominent. Sec-
ond, for the two-phase LXe detector, after free electrons reach
the gas chamber, the signals are amplified. Then single electrons
are measured more easily than single photons [11]. In addition,
when a strong external electric field, Ed, is applied across the LXe
detector, a larger fraction of ionized electrons may escape from
the event site and become ionization signals. Therefore, the ioniza-
tion signals are a better choice for detection in low recoil energy
region and will help lower the energy thresholds of LXe detectors.
However, although a series of experimental measurements and
theoretical studies have been done for the relative scintillation
efficiency (Leff ), only few measurements or theoretical studies
are available for the ionization yield (Qy) [11–18].

Serving as a link between the ionization signal and the depos-
ited energy of the WIMPs in LXe, the ionization yield for a two-
phase LXe detector is defined as the number of free electrons,
which have drifted into the gas chamber, per unit recoil energy
(e�/keV):

QyðEnrÞ ¼
QðEnrÞ

Enr
; ð1Þ
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where QðEnrÞ is the number of the free electrons produced from
nuclear recoil with initial energy Enr. This value is expected to
depend on the external electric field but be independent of two-
phase LXe detector design.

In this paper, we present a theoretical study of the energy
dependence of ionization yield for nuclear recoils. To obtain Qy

theoretically, one has to calculate the actual collectable charges,
Q. The latter in turn depends on the following two quantities: 1)
the total charges produced from nuclear recoils, Q0, and 2) the ion-
ization efficiency, r ¼ Q=Q0. In the present study, we use the
nuclear quenching factor, also called Lindhard factor
qncðEnrÞ ¼ gðEnrÞ=Enr, calculated in Ref. [9] and the experimentally
measured average energy to produce an electron–ion pair, also
called W-value, in Ref. [19] to calculate the number of total charges
produced by the nuclear recoils, Q 0 ¼ EnrqncðEnrÞ=W . We use the
generalized Thomas-Imel model to predict the field and energy
dependence of the ionization efficiency, r ¼ Q=Q0, taking into
account the effects of the ionization density and the track structure
of nuclear recoils. Consequently we find the ionization yield,

QyðEnrÞ ¼
EnrqncðEnrÞ

W
� Q

Q 0
ðEnrÞ �

1
Enr
¼ qncðEnrÞ

W
� Q

Q 0
ðEnrÞ; ð2Þ

which will be compared with available experimental data.
This paper is organized as follows. In Section 2, we review the

ionization process of nuclear recoils and the measured W-value
in different experiments. Combining theoretically calculated Lind-
hard factor with experimentally measured W-value, we calculate
the number of total charges generated by nuclear recoils. In
Section 3, we review the electron–ion recombination process and
existing theoretical models for recombination rate. Then we gener-
alize the Thomas-Imel [20] box model to parameterize the field
dependence of ionization yield for nuclear recoils by considering
the specific track structure of nuclear recoils. In Section 4, we pres-
ent the model prediction for energy dependence of the ionization
yield from nuclear recoils. Finally, we summarize and discuss our
results in Section 5.

2. Electronic energy dissipation and total charge yield

In this section, we review the recent theoretical results on the
total electronic energy dissipation (Lindhard factor) and the
experimentally measured average energy required to produce
one electron–ion pair, hence calculate the total charge yield from
nuclear recoils.

2.1. Electronic energy dissipation and nuclear quenching

When a xenon nucleus is elastically scattered by a DM particle,
it becomes a recoiling xenon atom (or nucleus) with kinetic energy
up to a few tens of keV [21]. During the slowing down process, the
recoiling xenon atom will excite and ionize other atoms inside the
LXe medium, and at the same time produce secondary recoils,
which subsequently lead to a collision cascade together with sec-
ondary trajectories surrounding the principle trajectory of the ini-
tial recoiling atom. After all the recoiling xenon atoms in the
collision cascade are thermalized, the initial kinetic energy of the
recoiling xenon atom dissipates into the kinetic energy of xenon
atoms, excitation and ionization energies of atomic electrons. The
electronic excitations will give rise to photons (scintillation
signals) and free electrons (ionization signals), respectively.

Thus, to calculate the charge yield, one has to know the total
electronic energy dissipation of the recoiling atom. The whole col-
lision cascade process is in principle quantum mechanical and
involves complicated many-body physics. One normally uses the
Lindhard factor, also called nuclear quenching factor, to estimate

the fraction of the energy given to electrons. This quantity was
originally derived from Lindhard’s basic integral equation in Ref.
[22], which is an approximation for the collision cascade,

qncðEnrÞ ¼
gðEnrÞ

Enr
¼ kgð�Þ

1þ kgð�Þ ; ð3Þ

where gðEnrÞ is the energy transferred to electrons, the so-called
electron equivalent energy, when the initial nuclear recoil energy
is Enr. gð�Þ is an empirical expression which can be found in Ref.
[21] and k is the proportionality constant between the electronic
stopping power ðdE=dxÞel and the velocity of the projectile (recoil
atom) [23]. For xenon, Lindhard proposed a value k ¼ 0:166 [22].
Considering the collision cascade, Hitachi re-calculated the elec-
tronic stopping power of recoiling xenon atoms in a LXe target
and derives a smaller value k ¼ 0:110 [12]. One can also calculate
the nuclear quenching factor qnc from computer simulations. We
use TRIM from the SRIM-2013 package [24] to simulate the slowing
down process of an energetic xenon atom in xenon medium. From
this result, we electron equivalent energy gðEnrÞ and obtain the
nuclear quenching factor qnc. However, all the theoretical treat-
ments overestimate the total electronic energy dissipation due to
ignoring the faster fall-off behavior of the electronic stopping power
(ESP) in low energy region. We extrapolated the ESP to lower energy
region using the power-law based on the ESP measured in the
energy region 40�200 keV [25]. And we have performed a calcula-
tion of Lindhard factor in Ref. [9] in which the result is much lower
than that given by Lindhard, Hitachi, or TRIM. In Fig. 1, we show the
results. From experimental data, the nuclear recoils produce more
scintillation light than the electronic ones, and hence the Lindhard
quenching factor qnc shall be smaller than relative scintillation
efficiency Leff . Clearly our result satisfy this requirement. Thus we
adopt our new result for the Lindhard quenching.

2.2. Average energy required to produce one electron–ion pair

To describe the average energy required to produce one elec-
tron–ion pair, Platzman’s phenomenological theory, which is orig-
inally proposed for high-energy radiation in rare gases in Ref. [26],
is widely referenced as a theoretical explanation. Platzman
assumes the total dissipated electronic energy can be divided into
three parts: ionization, excitation and sub-excitation electrons:

Eee ¼ NiEi þ NexEex þ Ni�; ð4Þ

where Eee is the electronic energy dissipation, or the electron equiv-
alent energy, Ni is the number of electron–ion pairs produced at an
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Fig. 1. The Lindhard factor, qncðEnrÞ ¼ gðEnrÞ=Enr, of LXe shows the fraction of energy
given to electrons. The red dashed curve is the empirical result from Eq. (3) setting
k = 0.166, which is widely quoted by different authors while the green dashed curve
is the result when setting k = 0.110, which is calculated by Hitachi. The purple
dashed curve is calculated using TRIM. The black solid curve is used in this work
and obtained by using the ESP fitted to the available experimental data [9]. (For
interpretation of the references to colour in this figure caption, the reader is
referred to the web version of this article.)
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