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Scintillation response of liquid xenon to low energy nuclear recoils
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Liquid Xenon (LXe) is expected to be an excellent target and detection medium to search for dark
matter in the form of Weakly Interacting Massive Particles (WIMPs). We have measured the scintillation
efficiency of nuclear recoils with kinetic energy between 10.4 and 56.5 keV relative to that of 122 keV
gamma rays from 57Co. The scintillation yield of 56.5 keV recoils was also measured as a function of
applied electric field, and compared to that of gamma rays and alpha particles. The Xe recoils were
produced by elastic scattering of 2.4 MeV neutrons in liquid xenon at a variety of scattering angles. The
relative scintillation efficiency is 0:130� 0:024 and 0:227� 0:016 for the lowest and highest energy
recoils, respectively. This is about 15% less than the value predicted by Lindhard, based on nuclear
quenching. Our results are in good agreement with more recent theoretical predictions that consider the
additional reduction of scintillation yield due to biexcitonic collisions in LXe.
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I. INTRODUCTION

Combined analyses of the latest observational data con-
tinue to provide compelling evidence for a significant cold
dark matter component in the composition of the
Universe[1,2]. In the generic class of Weakly Interacting
Massive Particles (WIMPs) that may contribute to the dark
matter, the best motivated candidate is the lightest super-
particle in supersymmetric (SUSY) Models [3,4]. Its direct
detection, via elastic scattering with ordinary nuclei, con-
tinues to be the focus of experimental efforts worldwide,
using a variety of target nuclei and detector technologies.

Next generation dark matter direct detection experi-
ments, such as XENON[5], are being developed to achieve
a substantial improvement in sensitivity by increasing the
target mass from the current few kilograms to a few
hundred kilograms, while maintaining the excellent back-
ground rejection capability demonstrated by cryogenics
detectors such as CDMS[6]. Like other experiments being
pursued in Europe and Japan[7–9], XENON will use liquid
xenon, on the order of 1 tonne, to reach sensitivity to a
WIMP scattering cross-section on the order of 10�46 cm2 .
An increase in target mass alone is not sufficient, unless the
competing backgrounds are eliminated. For XENON, the
design goal of 99:5% background rejection efficiency is a
result of the simultaneous measurement of the ionization
and scintillation signals produced in pure liquid xenon by a
WIMP recoil, down to a threshold of 16 keV recoil energy.
Event localization in three dimensions and the use of a
liquid xenon active shield provide additional discrimina-
tion power. In order to establish the background rejection
efficiency of LXe for a dark matter search, the absolute
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ionization and scintillation yields from nuclear recoils has
to be precisely known.

Among noble liquids, LXe has the highest scintillation
light yield, comparable to that of the best crystal scintilla-
tors. The wavelength spectrum of the scintillation photons
shows a single peak centered at 178 nm, with a width of
approximately 10 nm[10]. The origin of the vacuum ultra-
violet scintillation light in liquid xenon is attributed to two
separate processes involving excited atoms (Xe�) and ions
(Xe�), both produced by ionizing radiation[11]:

Xe� � Xe! Xe�2;

Xe�2 ! 2Xe� h�
(1)

Xe� � Xe! Xe�2 ;

Xe�2 � e� ! Xe�� � Xe

Xe�� ! Xe� � heat

Xe� � Xe! Xe�2;

Xe�2 ! 2Xe� h�

(2)

In both Eq. (1) and (2), one exciton or ion produces one
ultraviolet photon, h�, following the creation and radiative
decay of an excited dimer, Xe�2. The lifetimes for the
singlet and triplet states of the excited dimer have been
measured to be about 4 ns and 22 ns in liquid xenon [12],
making LXe the fastest of the noble liquid scintillators. It
has also been shown that while these lifetimes do not
depend on the density of excited species, the intensity ratio
of singlet to triplet states is larger at higher deposited
energy density.

Because the excitation density due to nuclear recoils in
LXe is higher than that due to electron recoils of the same
energy, the scintillation yield is expected to be different.
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FIG. 1. Schematic view of the detector arrangement used to
measure scintillation from nuclear recoils in LXe.
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Knowledge of the ratio of these two scintillation yields is
important for the determination of the sensitivity of LXe-
based detectors to WIMP dark matter. The ratio has been
previously measured [13–16], but data do not cover the
lowest recoil energies, which are of interest to sensitive
dark matter experiments. Here we report results obtained
with a LXe detector exposed to a neutron beam to measure
Xe recoil scintillation efficiency in the energy range from
10.4 keV to 56.5 keV. Since some of the LXe dark matter
experiments operate with an external electric field to si-
multaneously detect the scintillation and ionization signals
produced by nuclear recoils, we have also measured the
scintillation yield as a function of applied electric field up
to 4 kV/cm. In the first part of the paper, the experimental
apparatus and method is described. Following a presenta-
tion of the data, the experimental results are discussed in
terms of recent theoretical predictions.
II. EXPERIMENTAL APPARATUS

The experiments were carried out in the Radiological
Research Accelerator Facility at the Columbia Nevis
Laboratory. Fast neutrons were produced by bombarding
a tritiated target with 3.3 MeV protons. A nearly monoen-
ergetic neutron beam with an average energy of 2.4 MeV in
the forward direction was obtained through the T�p; n�3He
reaction. The energy spread of the neutrons due to the finite
thickness of the tritium target was less than 10% FWHM.
A liquid xenon detector was placed 60 cm from the neutron
source in the forward direction.

The energy of a xenon recoil can be determined simply
from kinematics. The recoil energy Er transferred to a
xenon nucleus when a neutron with energy En scatters
through an angle � is approximately

Er � En
2MnMXe

�Mn �MXe�
2 �1� cos��; (3)

whereMn is the mass of a neutron andMXe is the mass of a
xenon nucleus. The energy transferred is maximum for
back-scattered neutrons. A BC501A liquid scintillator
(7.5 cm diameter, 7.5 cm long) with pulse-shape discrimi-
nation was used to tag the neutrons scattered in the LXe
detector.

The position and size of the neutron detector determine
the average and spread of the xenon recoil energy of the
tagged events. Data were taken with the center of the
BC501A detector at neutron scattering angles of 123,
117, 106, 72, 55 and 44 degrees. The distance between
the BC501A and LXe detectors was near 50 cm for all
angles. To minimize the chance of direct neutron scattering
in the liquid scintillator, the path between the neutron
source and the neutron detector was shielded with 30-
cm-thick borated polyethylene (5% by weight natural
boron). The LXe detector arrangement is shown in
Fig. 1. The energy spread due to the finite solid angle of
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the BC501A neutron detector was approximately 10%
FWHM.

The LXe detector allows a simultaneous measurement
of ionization and scintillation signals produced by radia-
tion in its active 21 cm3 volume. A schematic of the LXe
detector is shown in Fig. 2. The volume is defined by three
transparent wire meshes as cathode, grid and anode of an
ionization chamber with a 2 cm drift gap. The scintillation
photons are detected by two vacuum ultraviolet (VUV)
sensitive, compact metal channel photomultipliers
(PMTs), directly coupled to the sensitive LXe volume.
To increase light collection, teflon is used as effective
VUV reflector[17]. For gain calibration of the PMTs, a
blue LED is used. The vessel containing the assembled
Teflon structure with meshes and PMTs is enclosed by a
vacuum cryostat for thermal insulation. A total of 3.8 kg of
high purity Xe gas is condensed in the vessel, cooled by
liquid nitrogen [18]. The temperature of the liquid is
maintained at 178� 1 K by controlling the vapor pressure.
With continuous vapor phase circulation through a purifier,
the concentration of electronegative impurities in the liquid
was brought below 1 part per billion, as measured by
ionization measurements, triggered on coincidence be-
tween the two PMTs. For measurements of the LXe purity
and for energy calibration, we used gamma-rays from
radioactive sources such as 57Co and 22Na, placed directly
underneath the cryostat. To demonstrate the excellent light
sensitivity of this detector, which enabled us to measure
recoils with kinetic energy as low as 10 keV, Fig. 3 shows
the scintillation light spectrum of 57Co gamma-rays at zero
electric field. When the 122 keV peak location in the light
spectrum is combined with the gain measurement from the
single photon peak, the sensitivity is found to be 6 photo-
electrons/keV. The measured sensitivity and spectrum are
in good agreement with a simulation of the detector re-
sponse, which takes into account the light collection effi-
ciency and its spatial distribution as described in [19]. For
measurements of the light and charge yields of alpha
particles in the same detector, also shown in this paper
for comparison with nuclear recoils, we used an internal
241Am source.
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FIG. 2. Schematic view of the LXe detector assembly, with dimensions in cm. The vacuum cryostat surrounding the detector vessel
and the cooling system are not shown.
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The data acquisition was done with a digital sampling
oscilloscope (LeCroy LT374), triggered by NIM coinci-
dence logic. The analog signals from the LXe PMTs and
the BC501A PMT were split, with one copy going to a
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FIG. 3 (color online). 57Co scintillation light spectrum at zero
field (solid line). A fit to the 122 keV peak gives a light yield of
about 6 photoelectrons/keV, which is very close to the expected
value from simulation (dashed line).
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discriminator for each channel. The amplification and
discrimination on the LXe channels was set to achieve a
single photoelectron threshold. A coincidence unit was
used to trigger the oscilloscope on triple coincidences
among the two LXe PMTs and the BC501A PMT within
150 ns. The recorded waveforms were transferred to a
computer for later analysis.
III. DATA ANALYSIS AND RESULTS

The scintillation efficiency for Xe nuclear recoils is
defined as the ratio of the light produced by a nuclear
recoil to the light produced by an electron recoil of the
same energy. ÊIn practice, the peak in the nuclear recoil
spectrum measured at each scattering angle is converted to
an electron equivalent energy scale and compared to the
expected nuclear recoil energy at that angle. The electron
equivalent scale is determined by calibrating the LXe
detector with 122 keV gamma rays from 57Co. In this
low energy region, the scintillation response of LXe is
not linear, like in many other scintillators[9]. However
we chose to calibrate with 57Co gamma rays in order to
compare our data directly to previous works [13,15]. The
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TABLE I. The relative scintillation efficiency of Xe nuclear
recoils relative to that of gamma rays of the same energy.ÊThe
average scattering angle of the neutrons is given by �. ÊThe
average recoil energy of the xenon nucleus is given by Er.
Uncertainties include both systematic and statistical contribu-
tions.

� Er Relative Efficiency
(degrees) (keV)

44 10.4 0:130� 0:024
55 15.6 0:163� 0:023
72 25.6 0:167� 0:021
106 46.8 0:238� 0:030
117 53.2 0:240� 0:019
123 56.5 0:227� 0:016

E. APRILE et al. PHYSICAL REVIEW D 72, 072006 (2005)
expectation value of the nuclear recoil energy is calculated
from the geometry of the LXe and BC501A detectors, as in
Eq. (1).

The selection of nuclear recoil events is based primarily
on time of flight between the LXe and the BC501A detec-
tors. For elastic scattering events where the neutron scatters
directly from a Xe nucleus to the BC501A detector, the
time of flight is approximately 2 ns for every centimeter of
separation. Neutron and gamma coincidences are well
separated in the time of flight (ToF) spectrum. Because
of the finite size of the detectors, the ToF for neutrons that
only scatter once in the active LXe varies by 6 ns. Neutron
events in which multiple scattering occurs will generally
have a longer ToF than single scattering events, and they
also contribute to a tail on the neutron peak in the ToF
spectrum. Only events within the first 6 ns of the neutron
peak are accepted, and pulse-shape discrimination in the
BC501A detector [20] is used to further reduce gamma
backgrounds.

The electron equivalent energy spectra for nuclear recoil
events with the lowest (10.4 keV) and highest (56.5 keV)
recoil energies are shown in Fig. 4, together with the
accidental spectrum. The peaks are fit with the sum of a
Gaussian and an exponential distribution. The peak loca-
tion of the Gaussian is divided by the expected recoil
energy to determine the scintillation efficiency. ÊThe re-
sulting relative scintillation efficiency, as a function of
nuclear recoil energy, is shown in Table I. For recoil
energies below 40 keV, where no prior measurements
have been reported, the scintillation efficiency drops to
0.13. The errors include both statistical and systematic
uncertainties, of similar sizes. The dominant systematic
uncertainties are due to the uncertainty in the position of
the detectors and the effects of multiple scattering.

The effect of multiple scattering of neutrons in the LXe
detector and surrounding materials on the location of the
nuclear recoil peak was investigated with a Monte Carlo
simulation, using the GEANT4 LHEP-PRECO-HP physics
package [21]. A comparison of the simulated recoil spectra
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FIG. 4 (color online). The measured LXe scintillation spectra (fil
data. The accidental spectrum is shown with filled circles. In both c
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including multiple scattering events with the spectra gen-
erated with only single scattering events is used to estimate
the significance of multiple scattering. These Monte Carlo
simulations included a 6 ns ToF cut, which is identical to
that used in the analysis of the real data. The effectiveness
of the ToF cut for reducing multiple scattering back-
grounds is shown in Fig. 5.Ê

All the geometries used for the six energies reported in
this paper were simulated. The simulations include the
LXe detector and its surrounding cryostat, the shielding
materials, and the neutron detector. Neutrons with an en-
ergy of 2.4 MeV are generated from the location of the
neutron source with velocities distributed uniformly over a
cone large enough to cover the LXe detector. The expected
scattering rates from the simulation are within an order of
magnitude of the measured scattering rate.

The multiple scattering has little effect on the location of
the peak found by fitting the nuclear recoil spectrum.
Simulated spectra including only single scattering events
as well as simulated spectra including multiple scattering
events are shown in as shown in Fig. 6. For each geometry,
the single scattering spectrum is fit with a Gaussian distri-
bution to determine the peak location; the multiple scat-
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ases the uncertainties are statistical.
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FIG. 5. Simulated ToF data between LXe and BC501A detec-
tors for a scattering angle of 123 degrees. The unshaded histo-
gram is for all single and multiple scattering events, while the
shaded histogram is for single scattering events in LXe, followed
by scattering in the BC501A detector.
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tering spectrum is fit with a Gaussian and an exponential
distribution. The simulation shows that multiple scattering
events which pass the ToF cut predominantly have one
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FIG. 6. Monte Carlo simulations of neutron scattering in the LX
(average energy deposition of 10.4 keV for single elastic scatterin
(average energy deposition of 56.5 keV for single elastic scattering e
each single elastic scattering event multiplied by the theoretically
represents the single scattering results.
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large angle scattering event and one small angle scattering
event. This is a consequence of the strongly forward
peaked neutron scattering cross section. When the large
angle scattering event is in the active region of the LXe, the
event shows up in the peak. The difference in the peak
location due to these multiple scattering events is less than
5% for every geometry. ÊSimulated spectra for the lowest
and highest energy deposition geometries are shown in
Fig. 6. It is interesting to note that the expected decreasing
efficiency for low energy nuclear recoils has the effect of
further reducing the electron equivalent energy for low
energy multiple scattering events.

To investigate the dependence of the nuclear recoils
scintillation yield on the electric field applied in the liquid
xenon, we used the geometry corresponding to 56.5 keV
recoils. Because of limited beam availability and having
verified that the scintillation yield above 1 kV/cm does not
changing appreciably, we concentrated the measurements
at fields below 1 kV/cm. At each field, the scintillation
efficiency is calculated relative to the scintillation effi-
ciency at zero field, which eliminates uncertainties associ-
ated with the determination of the recoil energy. The data
are shown in Fig. 7. The error bars include a 10% system-
atic error due to the variation in the gain of the PMTs
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FIG. 7. The LXe scintillation efficiency (squares) for 56.5 keV
nuclear recoils, as a function of applied electric field, relative to
the zero field efficiency. The uncertainty on the zero field data
point is the statistical uncertainty on the location of the peak in
the nuclear recoil spectrum, while the uncertainty on the data
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We also show ionization data for alpha particles (stars).
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immersed in LXe, under prolonged neutron irradiation.
The figure also shows the scintillation yield measured
with the same detector under 5.5 MeV alpha particles
irradiation and under 122 keV gamma-rays irradiation.
The ionization yield for alpha particles is shown as well.
As previously measured in LXe [22,23], the strong recom-
bination rate along alpha particle tracks is such that only
about 6% of the liberated charges are collected even at
5 kV/cm, whereas more than 90% are collected for 1 MeV
electrons at the same field.

IV. INTERPRETATION OF RESULTS

For recoils with energy in the range of 10.4 to 56. keV,
we find the relative scintillation efficiency to be in the
range 0.13 to 0.23. For the lowest recoil energies, our
data are the first reported, to our knowledge. Compared
to the scintillation yield due to electron or alpha particle
excitation, the scintillation yield due to nuclear recoil
excitation is significantly reduced. Our results are shown
in Fig. 8, along with previous measurements by other
groups [13–16]. The predicted curves from theoretical
models from Lindhard [24] and Hitachi[25] are also shown
as solid and dotted lines, respectively. The scintillation
efficiency of LXe is about 15% less than the Lindhard
prediction. Hitachi explains this difference by estimating
the additional loss in scintillation yield that results from the
higher excitation density of nuclear recoils.

Rapid recombination in LXe under high Linear Energy
Transfer (LET) excitation[12,26] provides a mechanism
for reducing the scintillation yield of nuclear recoils in
072006
addition to that of nuclear quenching treated by
Lindhard. In order to estimate the total scintillation yield,
Hitachi considers biexcitonic collisions, or collisions be-
tween two ‘‘free’’ excitons that emit an electron with a
kinetic energy close to the difference between twice the
excitation energy Eex and the band-gap energy Eg (i.e.
2Eex–Eg):

Ê Xe� � Xe� ! Xe� Xe� � e�

The electron then loses its kinetic energy very rapidly
before recombination. This process reduces the number
of excitons available for VUV photons since it requires
two excitons to eventually produce one photon. It is there-
fore considered the main mechanism responsible for the
reduction of the total scintillation yield in LXe under
irradiation by nuclear recoils. As shown in Fig. 8, our
data are in good agreement with the Hitachi prediction.

Simultaneous measurements of scintillation and ioniza-
tion signals from nuclear and electron recoils in LXe are
expected to provide a powerful background discrimination
for a LXe dark matter detector such as XENON. Charge
collection by an external field is expected to be difficult for
nuclear recoils in LXe, since the initial radial distribution
of excited species in a Xe recoil track is estimated to be
similar to the track core of an alpha particle [12]. This
similarity is also implied by our data on the electric field
dependence of the scintillation yield for 56.5 keV Xe
recoil, which is not very different than that of alpha parti-
cles in LXe (see Fig. 7). Even at the highest field of 4 kV/
cm, recombination is very strong and the light yield is
suppressed by less than 5%. No satisfactory theory exists
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for the ionization yield Q�E�=Q�0� due to heavy ions as a
function of applied field E in noble liquids. HereQ�0� is the
charge produced by a particle in units of electrons, which
for the case of recoil ions can be written as Q�0� �
qncEr=W, with W the average energy to produce an elec-
tron and ion pair [27] and qnc the Lindhard nuclear quench-
ing factor [24]. For the case of LXe, measurements of
ionization yield for heavily ionizing particles are limited
to alpha particles. The alpha data for electric fields in the
typical range of 1–10 kV/cm are well parametrized by an
empirical form of the type Q�E�=Q�0� � aEb, with E in
kV/cm. The result of a fit with this function to our 5.5 MeV
alpha ionization data shown in Fig. 7 gives a � 0:021�
0:004 and b � 0:52� 0:14, consistent with values ob-
tained from fitting previous alpha ionization data in LXe
[28]. Using the fitted parameters, we would expect at least
50 ionization electrons to be collected at a field of 5 kV/cm
for 56.5 keV nuclear recoils in LXe. We note that on the
basis of the Bragg-like curve and the electronic LET, the
ionization density along a Xe recoil track in LXe increases
as the recoil energy increases[25]. This suggests that
charge collection at a given field becomes more difficult
as the energy of the recoil increases. A direct measurement
is needed for the ionization yield of Xe recoils in LXe and
we are preparing a dedicated dual phase (liquid/gas) Xe
detector to carry out such measurements, as a function of
recoil energy and applied electric field.
072006
V. SUMMARY

In summary, we have measured the scintillation effi-
ciency of Xe recoils relative to that of 122 keV gamma-
rays, using a LXe detector with PMTs operating in the
liquid for enhanced light collection. The high photoelec-
tron yield of 6 photoelectrons/keV has allowed us to mea-
sure for the first time the scintillation efficiency of Xe
recoils with energy as low as 10.4 keV. For Xe recoils of
56.5 keV, the dependence of the scintillation yield on the
applied electric field has also been measured and found to
be similar to that of alpha particles. The scintillation
response for low energy nuclear recoils is of great rele-
vance to LXe dark matter searches designed to probe the
lowest spin-independent WIMP-nucleon cross-section
predictions.
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