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Abstract

The XENON100 dark matter experiment uses liquid xenon (LXe) in a time projection chamber (TPC) to measure Xe

nuclear recoils resulting from the scattering of dark matter Weakly Interacting Massive Particles (WIMPs). In this

paper we present a detailed description of the detector design and present performance results, as established during

the commissioning phase and during the first science runs.

The active target of XENON100 contains 62 kg of LXe, surrounded by an LXe veto of 99 kg, both instrumented with

photomultiplier tubes (PMTs) operating inside the liquid or in Xe gas. The LXe target and veto are contained in a low-

radioactivity stainless steel vessel, embedded in a passive radiation shield. The experiment is installed underground at

the Laboratori Nazionali del Gran Sasso (LNGS), Italy and has recently published results from a 100 live-days dark

matter search. The ultimate design goal of XENON100 is to achieve a spin-independent WIMP-nucleon scattering

cross section sensitivity of σ = 2 × 10−45 cm2 for a 100 GeV/c2 WIMP.
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1. Introduction

There is overwhelming observational evidence that

about 23% of the matter and energy in the universe con-

sists of cold dark matter [1], whose nature is still un-

known and the subject of many investigations. Weakly

Interacting Massive Particles (WIMPs) are a well-

motivated class of dark matter candidates. WIMPs arise

naturally in several models of physics beyond the Stan-

dard Model [2, 3, 4], for example in supersymmetric

(SUSY) models where the lightest particles are among

the most favored WIMP candidates [5, 6]. They might

be observed in terrestrial experiments, sensitive enough

to measure the low-energy nuclear recoil resulting from

the scattering of a WIMP with a nucleus [7].

The XENON dark matter project searches for nuclear

recoils from WIMPs scattering off xenon nuclei. In a

phased approach, experiments with increasingly larger

mass and lower background are being operated under-

ground, at the INFN Laboratori Nazionali del Gran

Sasso (LNGS) in Italy [8], to probe WIMP-nucleon

scattering cross-sections predicted by favored SUSY

models [9]. The extraordinary sensitivity of XENON

to dark matter is due to the combination of a large, ho-

mogeneous volume of ultra pure liquid xenon (LXe) as

WIMP target, in a detector which measures not only

the energy, but also the three spatial coordinates of

each event occurring within the active target. Given the

rapidly falling recoil energy spectrum from WIMP in-

teractions, and the very low interaction cross sections

predicted, the challenges for XENON, as for all direct

detection experiments, are to achieve a very low ra-

dioactive background and energy threshold.

The XENON detectors are two-phase (liquid/gas)

time projection chambers (TPCs), with simultaneous

detection of the Xe scintillation light (S1) at the few

keVee level (keV electron equivalent [10]), and ioniza-

tion (S2) at the single electron level. For a recent review

of the properties of LXe as scintillator and ionizer we

refer to [11] and references therein. The ratio S2/S1

produced by a WIMP (or neutron) interaction is differ-

ent from that produced by an electromagnetic interac-

tion, allowing a rejection of the majority of the gamma

and beta particle background with an efficiency around

99.5% at 50% nuclear recoil acceptance. The event

localization with millimeter spatial resolution and the

self-shielding capability of the LXe enable further back-

ground suppression by selection of a fiducial volume.

To demonstrate the XENON concept, the R&D phase

[10, 12, 13, 14, 15] culminated with a 10 kg scale TPC

prototype (XENON10), operated at LNGS from 2006–

2007. XENON10 achieved some of the best limits on

WIMP dark matter reported to-date [16, 17, 18, 19, 20].

In order to increase the sensitivity to WIMP-nucleon

scattering cross sections by more than one order of mag-

nitude with respect to the state-of-the-art in 2007, a new

TPC with a factor of 10 more mass and a factor of 100

less background was designed to fit inside the passive

shield built at LNGS for XENON10. By focusing on

the detector’s performance, the goal of a fast realization

of the new and improved XENON100 experiment was

successfully achieved.

Initial results [21, 22] from XENON100, obtained

from only 11 days of data acquired during the commis-

sioning period at the end of 2009, have demonstrated

a background rate which is indeed a factor 100 less

than that of XENON10 [23]. New parameter space

has been excluded, competing with the limits on spin-

independent WIMP-nucleon scattering cross section ob-

tained from the full exposure of the CDMS-II experi-

ment [24]. At the time of writing, XENON100 has set

the most stringent limit for a very large range of WIMP

masses [25], and is currently the only LXe time pro-

jection chamber in operation with a sensitivity reach of

2 × 10−45 cm2 at 100 GeV/c2 within 2012, and with a

realistic WIMP discovery potential.

In this paper, we describe the design of the

XENON100 detector and associated systems, and

present results on its performance as established in the

commissioning phase which concluded with the data

reported in [21]. Following a brief summary of the

operating principle of the XENON two-phase TPC,

the specific design choices and implementation in the

XENON100 experiment are detailed in Section 3. Sec-

tion 4 deals with raw data processing and basic-level

data analysis, followed by results from calibration runs

in Section 5. The paper closes with an outlook in Sec-

tion 6.
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Figure 1: (Left) Working principle of the XENON two-phase liquid-

gas time projection chamber (TPC). See text for details. (Right)

Sketch of the waveforms of two type of events. The different ratio

of the charge (S2) and the light (S1) signal allows for the discrimina-

tion between nuclear recoils from WIMPs and neutrons and electronic

recoils from gamma- and beta-background.

2. Principle of the XENON Two-Phase TPC

A schematic of the XENON two-phase (liquid-gas)

time projection chamber (TPC) is shown in Fig. 1.

A particle interaction in the liquid xenon (LXe) pro-

duces direct scintillation photons and ionization elec-

trons. An electric field is applied across the LXe vol-

ume with appropriate potentials on a series of elec-

trodes, drifting ionization electrons away from the in-

teraction site. Electrons which reach the liquid-gas in-

terface are extracted into the Xe gas, where the pro-

cess of proportional scintillation takes place [26]. Both

the direct (S1) and proportional (S2) scintillation light,

with 178 nm wavelength, are detected by photomulti-

plier tubes (PMTs) with optimized response in the vac-

uum ultraviolet (VUV) regime.

The electric field in the LXe volume is produced be-

tween a cathode at negative potential and a grounded

gate grid, a few mm below the liquid-gas interface, see

Fig. 1. A stronger electric field in the Xe gas above the

liquid is produced between the gate grid and an anode

grid placed a few mm above the liquid-gas interface. For

a field larger than 10 kV/cm in the Xe gas, the electron

extraction yield is close to 100% [12].

The time difference between the S1 and the S2 sig-

nals, caused by the finite electron drift velocity in LXe

at the given drift field [11, 27], is proportional to the

z-coordinate (measured along the drift field direction)

of the interaction vertex. The x- and y-coordinates can

be inferred from the proportional scintillation hit pat-

tern on the PMTs placed in the gas (top array). Thus,

the XENON TPC provides full 3-dimensional vertex re-

construction on an event-by-event basis allowing for the

fiducialization of the target to reduce radioactive back-

grounds.

The different S2/S1 ratio of signals produced by elec-

tronic recoils (from gamma-rays and beta background

events) and by nuclear recoils (from WIMPs and neu-

trons) provides additional background discrimination

[10, 16]. The level of discrimination is found to be de-

pendent on energy and electric field strenght [15] and

continues to be subject of experimental investigations.

3. The XENON100 Experiment

The design goal of XENON100 was to increase the

target mass by a factor of ten with respect to XENON10,

and to achieve a gamma background reduction of two

orders of magnitude. In this section, we give a detailed

description of the detector design and its realization, in-

cluding all relevant sub-systems.

3.1. Detector Design

The almost cylindrical XENON100 TPC of 30.5 cm

height and of 15.3 cm radius contains the 62 kg LXe

Figure 2: Drawing of the XENON100 dark matter detector: The inner

TPC contains 62 kg of liquid xenon as target and is surrounded on

all sides by an active liquid xenon veto of 99 kg. The diving bell

assembly allows to have the liquid-gas interface at a precise level,

while enabling to fill LXe in the vessel to a height above the bell.
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target (see Fig. 2). The walls delineating the cylindri-

cal volume and separating it from an active LXe veto

shield, which is surrounding the target, are made of 24

panels of 1/4 inch-thick polytetrafluorethylen (PTFE,

Teflon). PTFE is chosen for its properties both as in-

sulator and good reflector for the VUV scintillation

light [28]. When cooled down to the LXe temperature of

−91◦C, the PTFE panels shrink by about 1.5%. To avoid

scintillation light to leak from the active target volume

to the shield region, the panels are made interlocking.

The TPC is closed on the bottom by the cathode, and on

the top by the gate grid (see Sect. 3.2).

The two-phase (liquid/gas) operation requires a pre-

cisely controlled liquid level just covering the gate grid.

To minimize the impact of liquid density variations due

to temperature changes as well as fluctuations in the gas

recirculation rate, a diving bell design was chosen to

keep the liquid at a precise level. Outside the bell, the

liquid in the detector vessel can be at an arbitrarily high

level. This made it possible to fill the vessel to a height

of about 4 cm above the bell, enabling a 4π coverage of

the TPC with a LXe veto.

The bell keeps the liquid level at the desired height

when a constant stream of gas pressurizes it. This is

accomplished by feeding the xenon gas returning from

the gas recirculation system (see Sect. 3.5) into the

bell. The pressure is released through a small pipe that

reaches out into the veto LXe volume. The height of the

LXe level inside the bell is adjusted by vertically mov-

ing the open end of the pipe which is connected to a

motion feedthrough.

In order to minimize the dependence of the charge

signal on the xy-position, the liquid-gas interface has to

be parallel to the anode. To facilitate leveling, the de-

tector can be tilted with two set screws from the outside

of the radiation shield. Four level meters, measuring the

capacitance between partially LXe filled stainless steel

tubes and a Cu rod placed in their center, as well as the

measured S2 signal width at different locations, are used

to level the detector (see Sect. 5.2).

Two arrays of Hamamatsu R8520-06-Al 1” square

photomultiplier tubes (PMTs), specially selected for

low radioactivity [29], detect the light from the TPC:

98 PMTs are located above the target in the gas phase,

arranged in concentric circles in order to improve

the resolution of radial event position reconstruction,

see Fig. 3 (top). The energy threshold and hence the

sensitivity of the detector is determined by the S1 sig-

nal. Because of the large refractive index of LXe of

(1.69 ± 0.02) [30], and the consequent total internal re-

flection at the liquid-gas interface, about 80% of the

S1 signal is seen by the second PMT array, which is lo-

cated below the cathode, immersed in the LXe. Here,

80 PMTs provide optimal area coverage for efficient

S1 light collection, see Fig. 3 (bottom). The bottom

PMTs have a higher quantum efficiency compared to the

top PMTs.

The TPC is mounted in a double-walled 316Ti stain-

less steel cryostat, selected for its low activity, espe-

cially in 60Co [29]. Since the radioactive contamina-

tion of the cryogenics system, ceramic feedthroughs,

etc. cannot be lowered easily, the detector is cooled

remotely and all parts with a known high radioac-

tive contamination are installed away from the detec-

tor itself, outside the passive shield (see Sect. 3.3 and

Fig. 4). The connection to the outside of the shield

is established via 3 stainless steel pipes, one double-

walled to the cooling system, the others single-walled

to the PMT feedthroughs and pumping ports. To

bias the cathode and the anode, custom-made hermetic

HV feedthroughs, of similar design as developed for

XENON10 [19], are used also for XENON100. They

Figure 3: (Top) The Hamamatsu R8520-06-Al PMTs on the

XENON100 top PMT array are arranged in concentric circles in order

to improve the reconstruction of the radial event position. (Bottom)

On the bottom PMT array, the PMTs are arranged as closely as pos-

sible in order to achieve high light collection, as required for a low

detector threshold.
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are made of a stainless steel core with a PTFE insulation

layer, for minimal radioactive contamination compared

to commercial HV feedthroughs.

A LXe layer of about 4 cm thickness surrounds the

TPC on all sides and is observed by 64 PMTs, of the

same type as used for the TPC readout. In total, this

volume contains 99 kg of LXe. The presence of this

LXe veto, operated in anti-coincidence mode, is very ef-

fective for background reduction [23] and is one major

difference in design compared to XENON10. The LXe

veto is optically separated from the TPC by the inter-

locking PTFE panels. Optical separation of target and

veto has some advantages over instrumenting the entire

volume as TPC as it lowers the event rate in the target

and reduces the rate of accidental coincidences to a ne-

glegible level. It also requires fewer PMTs and reduces

cost.

PTFE has a rather large linear thermal expansion co-

efficient A ∼ 1.2 × 10−4 K−1, as measured for the PTFE

used in XENON100, leading to a TPC contraction of

∼5 mm when cooled to LXe temperatures. The contrac-

tion along the z-dimension is taken into account when

the z-coordinate of an event is determined. Radial con-

traction is negligible since the PTFE panels are mounted

between Cu support rings which have a much smaller

thermal expansion coefficient.

3.2. Electric Field Configuration

Thin metal meshes are used to create the electric

fields required to operate XENON100 as a two-phase

TPC. They were chemically etched from stainless steel

foils and spot-welded onto rings made of the same low

radioactivity stainless steel that is used for the cryostat.

Before welding, the meshes were stretched in order to

minimize sagging.

The cathode mesh is 75 µm thick with a hexagonal

pattern and a pitch of 5 mm. A grounded screening

mesh, also of hexagonal pattern and 5 mm pitch, but

50 µm thick, is placed 12 mm below the cathode, and

5 mm above the bottom PMTs to shield them from the

cathode high voltage. According to the initial design,

a voltage of −30 kV would bias the cathode, to gener-

ate a drift field of 1 kV/cm corresponding to a maximal

electron drift time of ∼160 µs. However, due to electron

field emission and subsequent scintillation in the strong

electric field around the cathode wires, the voltage was

reduced to −16 kV for stable operation. This generates

a drift field of 0.53 kV/cm across the TPC.

About 5 mm below the top PMTs, the TPC is closed

with a stack of 3 stainless steel meshes with hexagonal

pattern: a central anode (125 µm thick, 2.5 mm pitch)

between two grounded meshes with a spacing of 5 mm.

An extraction field of ∼12 kV/cm is obtained by apply-

ing +4.5 kV to the anode. The exact value of the ex-

traction field depends on the position of the liquid-gas

interface because of the different dielectric constants of

LXe and Xe gas. The field is high enough to obtain an

extraction efficiency close to 100% [12]. The grounded

mesh above the anode shields the amplification region

from external fields and yields more homogeneous pro-

portional scintillation signals.

In order to optimize the S2 performance, the anode

could be moved horizontally with respect to the gate

grid and the top grid. It was aligned at a half-pitch off-

set under a microscope and fixed with set screws. The

whole stack is optimized for optical transparency and

minimal impact on the S2 energy resolution. The spread

of the S2 signal due to the varying electron path length

is only 4%, independent of the S2 energy. Averaged

over all angles of incidence, the optical transparency of

the top mesh stack and of cathode plus screening mesh

is 47.7% and 83.4%, respectively.

A homogeneous electric field across the ∼30 cm long

TPC drift gap is created by a field cage structure made

of thin copper wires. Two wires, at the same potential,

one running on the inside and one on the outside of the

PTFE panels, are used to emulate a 1/4 inch-wide field

shaping electrode which generates the desired straight

field lines within the target volume. 40 equidistant field

shaping electrodes, connected through 700 MΩ resistors

are used.

The penetration of electric field lines through the

cathode, facilitated by the large mesh pitch and the thin

wire diameter chosen to optimize light collection, dis-

torts the electric field at large radii, just above the cath-

ode. The correction of this effect, based on calibration

data, is presented in Sect. 5.5.

3.3. The Passive Shield

The XENON100 experiment is installed underground

at LNGS, at the same site as XENON10, in the interfer-

ometer tunnel away from the main experimental halls.

At the depth of 3700 m water equivalent, the surface

muon flux is reduced by a factor 106 [31].

In order to reduce the background from the radioac-

tivity in the experiment’s environment, in the labo-

ratory walls etc. [32], additional passive shielding is

needed. An improved version of the XENON10 shield

[19] was required in light of the increased sensitivity of

the XENON100 experiment. The detector is surrounded

(from inside to outside) by 5 cm of OFHC copper, fol-

lowed by 20 cm of polyethylene, and 20 cm of lead,

where the innermost 5 cm consist of lead with a low
210Pb contamination of (26 ± 6) Bq/kg [29]. The entire
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Figure 4: Drawing of the XENON100 detector in its passive shield

made out of copper, polyethylene, lead, and water containers.

shield rests on a 25 cm thick slab of polyethylene. An

additional outer layer of 20 cm of water or polyethylene

has been added on top and on 3 sides of the shield to

reduce the neutron background further. Fig. 4 shows a

sketch of XENON100 inside the shield.

During detector operation, the inner shield cavity is

constantly purged with high purity boil-off nitrogen at a

rate of 17 standard liters per minute (SLPM) in order to

avoid radioactive radon penetrating into the shield. The

remaining radon concentration is constantly monitored

with a commercial radon detector and is below the de-

tector’s sensitivity (< 1 Bq/m3).

Careful selection of materials to build the detector

is crucial in order to reach a competitive dark mat-

ter detection sensitivity. All components used for the

XENON100 detector and shield have been chosen ac-

cording to their measured low intrinsic radioactivity.

These measurements were performed using a dedicated

screening facility [33], consisting of a 2.2 kg high purity

Ge detector in an ultra-low background Cu cryostat and

Cu/Pb shield, operated at LNGS, as well as the LNGS

screening facilities [34, 35].

The electronic recoil background of XENON100 is

dominated by gamma rays from the decay chains of ra-

dioactive contaminants, mostly 238U, 232Th, 40K, and
60Co, in the detector materials. The screening results

[29] are used to predict the overall background rate,

which agrees very well with the measurement [23].

3.4. Cryogenic System

A reliable, easy to use cooling system with very good

stability is needed for any dark matter experiment op-

erated at cryogenic temperatures. Pulse Tube Refriger-

ators (PTRs) [36], specifically designed for high cool-

ing power at liquid xenon temperatures, were employed

from the start of the XENON project. The PTR for

XENON100 is an Iwatani PC150, driven by a 6.5 kW

helium compressor. The cooling power for this combi-

nation is measured to be 200 W at 170 K. A schematic

of the cooling system is shown in Fig. 5.

The PTR cold-head is mounted on a cylindrical cop-

per block that closes off the inner detector vessel and

that acts as a cold-finger. The cold-finger is sealed to

the inner detector vessel with a seal made of a pure alu-

minum wire. The PTR can thus be serviced or replaced

without exposing the detector volume to air. A copper

cup with electrical heaters is inserted between the PTR

cold-head and the cold-finger. The temperatures above

and below the heater are measured with precise temper-

ature sensors. A proportional-integral-derivative (PID)

controller regulates the heating power required to keep

the temperature of the cold-finger, and hence the Xe va-

por pressure in the detector, at the desired value.

The PTR is mounted in a separate double-walled vac-

uum insulated vessel, placed outside the passive shield,

Figure 5: Sketch of the XENON100 cryogenic system. The cooling

is provided by a 200 W pulse tube refrigerator (PTR) installed out-

side the shield and connected to the main cryostat via a double-walled

vacuum insulated pipe. Two pipes guiding the signal cables out of the

main cryostat, on the top, and the details of the TPC are omitted for

clarity.
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along with many auxiliary modules, including the mo-

tor valve and buffer tank, which have to be within

50 cm of the PTR cold-finger for optimal performance

(see Fig. 5). The bottom of this “cooling tower” is con-

nected to the main cryostat with a vacuum insulated

pipe at a height above the liquid level. The boil-off

Xe gas from the detector can thus reach the cold-finger

of the PTR where it is liquefied. The liquid drops are

collected by a funnel and flow back into the detector

through a smaller diameter pipe at the center of the in-

sulated pipe. To drive the liquid flow, the insulated

pipe is inclined by 5◦ with respect to the horizontal.

This cryogenic system design with the PTR assembly

placed far from the detector, enabled a reduction of the

background from radioactive materials [23]. The to-

tal mass of steel within the shield cavity was reduced

from 180 kg for the much smaller XENON10 detector

to about 70 kg for XENON100.

In case of emergency, e.g., a prolonged power failure

or a failure of the primary cooling system, the detector

can be cooled by liquid nitrogen. A stainless steel coil is

wound around the cold finger and is connected to an ex-

ternal liquid nitrogen (LN2) dewar, always kept full dur-

ing detector operation. The LN2 flow through the coil is

controlled by an actuated valve and triggered when the

detector pressure increases above a defined set-point.

Tests have shown that the detector can be kept stable

for 48 hours without any human intervention using the

emergency LN2 cooling system.

3.5. The Gas Handling and Purification System

A total amount of 161 kg of LXe is necessary to

fill the target volume and the active veto. It is stored

in 4 large (75 # volume) high-pressure aluminum gas

cylinders, which are surrounded by custom-made insu-

lated LN2 dewars. This allows them to be cooled down

to recover the xenon gas from the detector by freez-

ing the Xe in the cylinders. Both Xe filling and recov-

ery takes place in gas phase, through a stainless steel

pipe connecting the storage with the purification sys-

tem (see below). All pipes, flow controllers, regulators,

and valves are metal sealed. During the process of fill-

ing, the gas is liquefied by the PTR, which has suffi-

cient cooling power to cool the vessel, condense the gas,

and keep it at the operating temperature of −91◦C. The

xenon gas is liquefied at a rate of almost 3 kg/hour, lim-

ited by the cooling capacity of the PTR.

During gas recovery, the Xe is extracted from the

detector by a double-diaphragm pump and transferred

to the storage cylinders at LN2 temperature. Recovery

is facilitated by breaking the vacuum insulation of the

cryostat.

Controller

Buffer

Recirculation

Bypass

to Detectorfrom Detector

Port

to Storage

high−T
Getter

Pump

Pumping

Flow−

Figure 6: Schematic of the XENON100 purification system. LXe is

extracted from the detector using a diaphragm gas pump. It evaporates

in the gas lines and is passed through a high temperature getter for gas

purification, before it is pushed back into the detector (the path for

standard operation is indicated by the arrows). Different valves allow

for the bypassing of components for special operations like detector

filling or recuperation, or maintenance. Valves to atmosphere are used

to add auxiliary equipment for gas analysis or detector calibration.

During the Xe purification from Kr, through a dedi-

cated cryogenic distillation column (see Sect. 3.7), the

gas stored in the cylinders is passed through the distil-

lation column before being filled directly into the detec-

tor. To replenish the Kr-rich Xe, which is produced as

“off-gas” during distillation, more Xe than needed for a

complete fill of XENON100 is stored in the cylinders.

The light and the charge signal from particle interac-

tions in the xenon are adversely affected by impurities

in LXe: The light is mostly attenuated by water [37],

whereas for the charge the most abundant and harmful

impurity is oxygen which leads to charge losses while

the electron cloud drifts towards the liquid-gas inter-

face [38]. Hence, oxygen and other electro-negative

impurities in commercial xenon have to be removed

well below the 1 ppb (part per billion) level oxygen-

equivalent to achieve the required low charge attenua-

tion (high electron lifetime) and long VUV photon ab-

sorption length [11]. The xenon is purified by constantly

recirculating xenon gas through a high temperature zir-

conium getter (see Fig. 6), which removes impurities by

chemically bonding them to the getter material. At a

rate of about 5 SLPM, liquid from the bottom of the de-

tector vessel is evaporated and pressed through the get-

ter by a double diaphragm pump, before it is returned to

the detector.
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In order to speed up the purification process already

before filling with LXe, the leak-tested detector was

heated to 50◦C (the temperature limit is set by the

PMTs) while the detector vacuum was monitored with a

residual gas analyzer (RGA). Since Xe is known to act

as an effective solvent due to its polarizability [39], the

detector was then filled with 2 atm of Xe gas. The de-

tector was heated again while the warm gas was passed

through the getter for purification for several weeks.

During this process, the decrease of the water content

from ∼500 ppb to the 1 ppb level was monitored with

a dedicated apparatus (HALO from Tigeroptics) using a

spectral absorption technique.

3.6. Light and Charge Yield Evolution

Analyses of the light yield and the z-dependent

charge yield from standard gamma calibration sources

such as the 662 keV line from 137Cs give access to the

water and oxygen content in the LXe, respectively. Dur-

ing the initial commissioning phase of XENON100, the

light yield of the LXe filled detector increased while wa-

ter contamination, from materials outgassing, was re-

duced by continuous circulation of the gas through the

high temperature getter (see Fig. 7). The time to reach

the maximum light yield was considerably decreased

between the runs. The detector was always exposed to

atmosphere in between these runs, however, the detector

preparation prior to filling the gas was improved, mostly

by recirculation of Xe gas at a temperature of 50◦C for

2-3 weeks as described in Sect. 3.5, in order to clean the

inner detector surfaces efficiently.
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Figure 7: Improvement of the light yield vs. time with continuous

circulation through the getter, for several early commissioning runs.

The yield, corresponding to the value of the 662 keV full-absorption

peak, was measured with an external 137Cs source at zero drift field

and no position dependent corrections have been applied to the data.

The maximum was reached in all cases but on different timescales due

to different and improved preparation of the detector.

The pipes guiding all signal and HV cables out of

the passive shield were designed to be single-walled to

reduce the mass of possibly radioactive materials close

to the detector. Consequently, their inner surfaces have

temperatures of 5◦C - 20◦C during normal operation

and thus exhibit a much higher outgassing rate than the

surfaces at LXe temperature. This effect is addition-

ally boosted by the large amount of wires (PTFE in-

sulated coaxial wires for the signal and Kapton wires

for the high voltage) in the pipes, constituting a large

surface. Bake-out at the maximum allowed temper-

ature (∼120◦C) and the continuous circulation of Xe

gas reduced the outgassing with time, leading to a con-

stant light yield during the XENON100 commissioning

run [21] and the science run [25].

The charge yield in LXe, at a given drift field,

is strongly affected by electronegative impurities dis-

solved in the liquid. External leaks, surface outgassing,

and contaminations present in the liquid itself all may

contribute. The remaining amount of electronegative

impurities must be kept at the sub-ppb level of O2 equiv-

alent in order to drift freely ionization electrons across

large distances. With about 30 cm, the drift gap in the

XENON100 TPC is twice as long as that of XENON10

and the longest of any ionization detector operating

with LXe to-date. The stringent constraints on mate-

rials choice driven by radio-purity, the limited allowed

temperature range of the PMTs and their voltage-divider

network, the large amount of cabling, the limited speed

in gas purification rate determined by the total avail-

able cooling power, all contributed to the challenge

of achieving long electron drift in this novel detector.

Compared to the time required to reach the maximal

scintillation light yield, it took much longer to achieve a

LXe purity which allowed for electrons to drift over the

full 30 cm gap. This was largely due to the dominating
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Figure 8: Evolution of the electron lifetime τe, measured with a
137Cs source, during the commissioning run [21] and the first science

run [25] which started on January 13, 2010. The decrease around the

end of November 2009 is due to a stop of xenon purification during

an exchange of the recirculation pump.
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role of materials outgassing and due to impurities in-

troduced by leaks of the vessel which developed during

transport and installation underground.

The electron lifetime τe = (knn)−1, where kn is the at-

tachment rate coefficient, is a measure of the number of

electrons lost during the drift time, and thus a measure

of the total impurity concentration n in the liquid. In the

XENON100 TPC, this number is regularly monitored

by measuring the S2 signal of the full-absorption peak

of 662 keV gamma-rays in the fiducial volume as a func-

tion of drift time, using an external 137Cs source. The

evolution of τe with purification time, shown in Fig. 8,

indicates that the maximum has yet to be reached, lead-

ing to a time-dependent correction to the data. During

dark matter data taking, this charge calibration is done

regularly in order to correct the S2 signal for charge

loss, using linear interpolation between calibrations or

a linear fit (see Sect. 5.3).

3.7. The Krypton Distillation System

Xenon has no long-lived radioactive isotopes and the

half-life of the potential double-beta emitter 136Xe is so

long that it has not been observed so far [40]. As a con-

densed noble gas, Xe is readily purified from most ra-

dioactive impurities with one notable exception: 85Kr,

with an isotopic abundance of 85Kr/natKr ∼ 10−11 [43].

This isotope is produced in uranium and plutonium fis-

sion and is released into the environment in nuclear

weapon tests and by nuclear reprocessing plants.

The beta decay of 85Kr with an endpoint of 687 keV

and a half-life of 10.76 years presents a serious back-

ground for the dark matter search. Its concentration

in the detector can be measured using a second decay

mode, 85Kr(β, 173 keV)→ 85mRb(γ, 514 keV)→ 85Rb,

with a 0.454% branching ratio. The lifetime of the in-

termediate state is 1.46 µs and provides a clear delayed

coincidence signature.

For a positive identification, events with two S1 sig-

nals and at least one S2 signal are selected, as in some

cases the two S2 signals will not be distinguishable. The

energy requirements are 20 keVee < S11 < 210 keVee

and 300 keVee < S12 < 700 keVee for the first and

the second S1 peak, respectively, and take into account

the energy resolution. The timing condition 0.3 µs <

∆t < 5 µs requires a minimum separation because two

S1 peaks which are too close in time might not be iden-

tified as individual pulses. With these cuts, 85Kr delayed

coincidence events are detected with ∼30% acceptance,

as determined by Monte Carlo simulations, and with

virtually no falsely identified events.

Commercial Xe gas contains natKr at the ppm level.

The majority of the gas used in XENON100 was pro-

Figure 9: Schematic layout of the cryogenic distillation column used

to separate krypton (including radioactive 85Kr) from xenon. The

XENON100 column has a height of about 3 m.

cessed by Spectra Gases Co. to reduce the natKr con-

tent to the ∼10 ppb level [44], using their cryogenic dis-

tillation plant. During the very first XENON100 run,

with a total mass of only 143 kg, a natKr level of 7 ppb

was measured through the delayed coincidence analy-

sis, consistent with the value provided by Spectra Gases.

For the 85Kr-induced background to be subdominant,

the fraction of natKr in Xe must be about a factor of 100

lower. A natKr/Xe ratio of 100 ppt would contribute a

rate of ∼ 2 × 10−3 evts × kg−1 × keVee
−1 × day−1 from

85Kr [23].

To reduce the Kr in the Xe filling XENON100, a

small-scale cryogenic distillation column [45] was pro-

cured and integrated into the XENON100 system un-

derground. The column, based on a McCabe-Thiele

scheme [46, 47], is designed to deliver a factor of 1000

in Kr reduction in a single pass, at a purification speed

of 1.8 SLPM (or 0.6 kg/hour). A small sample of Xe gas

processed with a column of similar design, and analyzed

by mass spectroscopy, was reported to have a Kr level of

3 ppt [46]. XENON100, however, is the first low back-

ground experiment using a large mass of LXe, which

is sensitive to a Kr/Xe contamination at such ultra-low

levels.

A schematic of the XENON100 column is shown in

Fig. 9. The Xe gas is cooled using a cryocooler before

entering the column at half height. A constant thermal

gradient is kept using a heater at the bottom of the col-

umn and another cryocooler at the top. Thanks to the

different boiling temperatures of Kr (120 K at 1 atm)

and Xe (165 K) it is possible to have a Kr-enriched mix-
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ture at the top of the column and a Kr-depleted one at

the bottom. The Xe with a high Kr concentration is sep-

arated by freezing it into a gas bottle, while the Xe at

the bottom is used to fill the detector.

After installation and an initial commissioning run of

the new column, a second distillation of the full xenon

inventory was performed in Summer 2009. For the com-

missioning run leading to the first science results [21],

the Kr concentration was (143+135
−90

) ppt (90% CL), as

measured with the delayed coincidence method. This

concentration agrees with the value inferred from a

comparison of the measured background spectrum with

a Monte Carlo simulation [23].

A small leak in the recirculation pump before the first

science run [25] led to a Kr increase of a factor ∼5. This

higher level did not have a large impact on the scientific

reach, as demonstrated by the results [25]. In the mean-

time, a lower Kr concentration, comparable to the one

in [21], has been achieved by further distillation in late

2010.

3.8. The Slow Control System and Detector Stability

A Java-based client-and-server system is used to

monitor all relevant XENON100 parameters, such as

detector and environmental pressures and temperatures,

LXe level, Xe gas recirculation rate, PMT voltages and

currents, anode and cathode high voltage, N2 purge

flow, radon-level in the shield cavity and the environ-

ment, cryostat vacuum, etc. The slow control system is

constantly monitored by two independent alarm servers

located in different countries. These will invoke alarms

in case user intervention is required. This system is pre-

sented in more detail in [48].

XENON100 shows excellent stability with time.

Pressure and temperature, measured every 10 s with

high precision, are stable within 0.24% and 0.04%, re-

spectively. Fig. 10 shows the evolution of these param-

eters for the science data reported in [25], covering a

period of ∼6 months.

The size of the S2 signal is directly related to the pres-

sure P (in bar) of the Xe gas in the detector [26, 49]: An

electron extracted into the gas phase by a uniform elec-

tric field E (in kV/cm) generates nph photons,

nph ∝
(

E

P
− 1.0

)

Px, (1)

where x is the gas gap between LXe surface and the an-

ode (in cm). At the XENON100 operating conditions,

pressure fluctuations of 0.24% lead to negligible S2 sig-

nal fluctuations of < 0.05%.
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Figure 10: Long term stability of the Xe gas pressure inside the

XENON100 detector (top) and the temperature of the liquid Xe (bot-

tom), measured over a 6 month period. For both parameters, the fluc-

tuations around the average are well within ±0.24% and ±0.04%, re-

spectively.

3.9. The Data Acquisition System

The XENON100 data acquisition (DAQ) system gen-

erates the trigger for the TPC, digitizes the waveforms

of the 242 PMTs, and stores the data in an indexed file

format. The general DAQ layout is shown in Fig. 11.

The PMT signals are amplified by a factor 10 using

commercial Phillips 776 NIM amplifiers and then dig-

itized by CAEN VME V1724 Flash ADCs with 10 ns

sampling period, 14 bit resolution, 2.25 V full scale,

and 40 MHz bandwidth. At the typical background

rate of ∼1 Hz, a deadtime-less measurement is possi-

Figure 11: DAQ schematic of XENON100 for the dark matter mea-

surements. All 242 PMTs are digitized at 100 MHz sampling rate with

Flash ADCs. A hardware trigger is generated using a sum of 68 top

and 16 bottom PMTs. The ellipses in the figure indicate connection

lines.
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ble, since the ADC has a circular buffer with 512 kB

memory per channel. An on-board FPGA allows to op-

erate the ADCs in a mode where only parts of the wave-

form around a peak above a certain threshold are digi-

tized (zero-length-encoding). The position of the peaks

within the waveform is stored. For XENON100, this

threshold is 4 mV for each channel, corresponding to

about 0.3 photoelectrons. Since large parts of an event’s

waveform consist only of baseline, this leads to a de-

crease in data size by more than a factor of 10.

For high energy γ-sources, this mode allows calibra-

tion rates that are more than one order of magnitude

larger than the background rate. The rate is limited to

about 30 Hz by the tail of large S2 signals that contains

many small peaks exceeding the digitization threshold.

For low energy sources, the rate can be higher.

The trigger is generated using the signals of the 68 in-

ner PMTs of the top array plus 16 PMTs from the bot-

tom center, summed with linear Fan-In/Fan-Out mod-

ules. It is amplified, integrated (τ = 1 µs), and shaped

with a spectroscopy amplifier (ORTEC 450) in order to

be able to trigger on very small S2 signals that consist

of ∼300 PE, spread within 1 µs. A low threshold dis-

criminator generates the digital trigger signal which is

distributed simultaneously to the 31 ADCs. A square-

wave voltage pulse of 1 µs width was used to verify

that the trigger threshold was 100% at a pulse height

of 24 mV, which corresponds to 150 PE. The fraction of

light seen by the PMTs used for the trigger is 52% of the

full S2 signal, leading to a S2 threshold of 290 PE. This

was confirmed by a direct measurement of the trigger

threshold: Waveforms were acquired together with the

digitized trigger signal, allowing a direct comparison of

the spectrum of S2 signals that generated a trigger to

the full S2 spectrum. Additional tests with lowered dis-

criminator thresholds (where many events are noise trig-

gered) also indicate that the trigger threshold is > 99%

above 300 PE.

The trigger based on the analog sum is used for stan-

dard detector operation, however, there is also the pos-

sibility to trigger on a majority signal, i.e., when a cer-

tain number of PMTs exceeds a threshold. This mode is

used for measurements without drift field and to take

data triggering on the active veto. The threshold is

higher in this configuration due to the short time coinci-

dence window (10 ns) of the majority signal.

After the science run which lead to the results pub-

lished in [25], the trigger has been modified in order to

lower the threshold. Every ADC generates a 125 mV

square-wave output signal for every channel exceeding

a pre-defined signal height, which is set to ∼0.5 PE and

leads to a strong amplification of small signals. The sum

of the analog signals is integrated using a spectroscopy

amplifier with a time constant of 1 µs and fed into a low

threshold discriminator. The improved trigger threshold

is >99% above S2 ∼150 PE, as derived from a dedicated

measurement in which the trigger signal was recorded.

In order not to miss any waveform information, re-

gardless whether the trigger is generated by a S1 or a S2

signal, the trigger is placed in the middle of the event

window of 400 µs length, more than twice the maxi-

mum electron drift time of 176 µs at 0.53 kV/cm drift

field. A 500 µs trigger hold-off is applied after a trigger

in order to avoid event overlaps. Additionally, a trig-

ger is blocked when the ADCs are busy or when a high

energy veto is applied.

The high energy veto is implemented to reduce the

amount of data during calibration at the low energies

of interest for the dark matter search. The idea of the

veto is to inhibit events which would be triggered by

the S1 signal. This is possible only for high energy

events. Therefore, a threshold is set on the size of the

S1 peak. This is identified by selecting peaks with a

narrow width by shaping and differentiating the signal

in a spectroscopy amplifier. If the event is rejected, fur-

ther triggers are inhibited for the next 500 µs in order to

prevent triggers generated by subsequent S2 peaks.

A VME scaler is used to measure the detector live

time and dead time using an external 1 MHz clock and

the BUSY outputs of the ADCs. The effect of the trigger

holdoff is taken into account separately. The deadtime

during science data taking is around 1%.

The time of every accepted trigger is recorded with

microsecond resolution. For easier access to the raw

waveforms of a particular event, the data is stored in an

indexed file format that can be compressed further using

standard compression tools during data taking. The ex-

traction of physical parameters from the waveforms is

done offline on a computing cluster separated from the

DAQ system (see Sect. 4.2).

4. Low-level Analysis

In this section, we focus on how physical quantities

are obtained from the raw waveforms recorded by the

DAQ system, which can then be used for data analysis.

4.1. PMT Gain Calibration

The bias voltage for each of the 242 photomultiplier

tubes (PMTs) is chosen such that its gain is close to

2.0 × 106. Typical deviations from this gain value are

within 10% and due to voltage constraints for a given

tube. The gains are determined by stimulating sin-

gle photoelectron emission from the photocathode using
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Figure 12: Single photoelectron spectrum of a typical PMT installed

in XENON100. The measured signal (in photoelectrons) has been al-

ready converted into the PMT gain. The position of the single photo-

electron peak is obtained in a simultaneous fit together with the much

higher noise peak close to the origin. This particular PMT has a gain

of 2.06 × 106, and a peak-to-valley ratio of 1.54.

light pulses from a blue LED (λ = 470 nm), driven by

a pulse generator. The light is generated outside the de-

tector and fed into the system via two optical fibers, one

for the TPC and one for the active xenon veto. Above

the diving bell, these two main fibers split into four each

in order to distribute the light more uniformly. The light

level is chosen such that in <5% of the LED triggers,

a PMT shows a photoelectron signal in the time win-

dow considered for the analysis. When this is not the

case, the window is adjusted in the analysis procedure

in order to increase or decrease the photoelectron prob-

ability. This procedure allows for the calibration of all

242 PMTs in one run. The light level is sufficiently low

to avoid any relevant contamination from double photo-

electrons. A pulser frequency of 100 Hz ensures that the

PMT bases are fully charged between two light pulses.

The position of the single photoelectron peak in the

peak area spectrum (see Fig. 12) is directly proportional

to the gain of the tube. It is determined by a simulta-

neous fit of the single photoelectron peak and the noise

peak. The latter is described by a Gaussian function and

the single photoelectron peak by the continuous distri-

bution [41]

y(x) =
µx exp(−µ)
Γ(x + 1)

, (2)

where y(x) is the number of counts in the spectrum, µ is

the mean of a Poisson distribution, and Γ is the Gamma

function. For monitoring purposes, the individual PMT

gains are measured once a week: They show fluctua-

tions within 2.0% (1σ), in agreement with the overall

uncertainty of the gain determination and much lower

than the S1 resolution of the detector. The average gain

during the science run was stable within ±1%.

4.2. Peak Identification

The raw data processor, a ROOT [42] based C++

program, is used to derive physical quantities from the

waveforms, where an event consists of the traces of all

242 PMTs of typically 400 µs length. Since the PMT

trace between peaks is not recorded (see Sect. 3.9), a

waveform consists of several digitized sub-waveforms

together with their respective position in time.

The processing is done in several steps: First, the

waveforms are reconstructed from the raw data, and

the baseline is calculated and subtracted individually for

each PMT and for each recorded waveform section. The

amplitudes are converted to voltage (see Fig. 13). For

the peak finding, the waveforms of the 178 inner PMTs

(ignoring 3-4 PMTs that exhibit an increased dark count

rate) are summed up. A digital low-pass filter (32 tap fil-

ter with a cut-off frequency of 3 MHz) is applied in or-

der to remove high frequencies from the signal to facil-

itate the determination of the extent of a peak. First, the

program searches for S2 peak candidates on the filtered

waveform by finding waveform intervals IS2 that exceed

a threshold of 10 mV for at least 600 ns. In order to be

considered as S2 peak candidate, the average signal in

the 210 ns before and after IS2 has to be lower than 25%

of the maximum peak height within IS2. Due to multiple

scattering, afterpulses, and small S2 signals from single

electrons, an interval IS2 might contain several S2 peak

candidates. These are identified recursively on the fil-

tered waveform by searching for clear minima close to

the baseline between the peaks, or for a sign-change in

the slope of the waveform. For all peak candidates with

a FWHM > 350 ns, parameters such as the position in

the waveform, area and width, PMT coincidence level,

etc. are calculated.

The corresponding S1 signal has to be found before

the S2 signal, and the much larger S2 signals as well

as afterpulsing and S2s from single electrons make an

identification of S1 peaks after an S2 signal difficult.

Therefore, the algorithm does not attempt to identify S1

signals after the first S2 peak exceeding 300 PE. The

S1 peak finder scans the un-filtered sum waveform for

peaks exceeding a threshold of 3 mV (∼1/3 PE). The

waveform regions before and after the peak candidate

are taken into account in order to decide whether it is a

real peak, and the fluctuations around the baseline are

examined in order to reject electronic noise. The detec-

tion efficiency for small S1 peaks is very high: >80% for

single photoelectrons,>95% for double photoelectrons,

and >99% for 3 photoelectrons. A similar analysis is

done on the sum of the active veto PMTs.
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Figure 13: Example of a low-energy event from background data: The top figure shows the full waveform (400 µs), which is the sum of the 178

PMT of the TPC. At ∼47 µs is the S1 peak (blue marker) of 5.1 photoelectrons (PE), the S2 peak at ∼200 µs (red marker) consists of 460 PE.

No position-dependent corrections have been applied to these values. The time difference (=drift time) between the peaks is 151 µs. The small

structures after the S2 peak are S2 signals from single electrons extracted into the gas phase. With a size of < 40 PE they are clearly distinguishable

from the main S2 peak. Closer views of the S1 and the S2 peak are shown on the bottom left and right, respectively.
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Figure 14: PMT hit pattern of the event displayed in Fig. 13. Numbers indicate individual PMTs, PMTs 179-242 are in the active veto. The color

code is proportional to the signal (in PE) seen by the respective PMT. (Top) S1 hit pattern. Only 4 bottom PMTs see the S1 peak due to the small

energy of the event. (Bottom) S2 hit pattern. The hit pattern on the top array (bottom left) is used for the (x, y) position reconstruction. In both

figures, the marker indicates the xy-position reconstructed by the neural network algorithm.
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For every detected peak candidate, peak properties

such as height, width, area, position in the waveform,

PMT coincidence level, etc. are determined using the

information of all available PMTs. All information is

stored for every peak candidate. The identification of

valid peaks based on these parameters is done at a later

stage in the offline analysis.

The gains of the PMTs are measured and monitored

independently (see Sect. 4.1). Using the gain values for

each PMT, averaged over a few months, the peak areas

are converted into photoelectrons.

4.3. 3D Vertex Reconstruction

One advantage of the TPC technique for dark matter

searches is the possibility to determine all three coordi-

nates of an interaction vertex in the target volume on an

event-by-event basis, as this allows to apply position-

dependent signal corrections and fiducial volume cuts

for background suppression.

In a uniform electric drift field, the electron drift time

is constant and the z-coordinate is determined from the

time difference ∆t = tS 2 − tS 1 between the prompt S1

and the delayed S2 signal. tS 1 and tS 2 are determined

at the maxima of the pulses. From the maximum drift

time and the known TPC length (or via the indepen-

dently measured drift velocity [27]) this can be con-

verted to the space coordinate z. The z-position reso-

lution of XENON100 is 0.3 mm (1σ) as inferred from

events in background data at a well known position near

the top liquid layer, the gate grid, or the cathode. Be-

cause of the finite width of the the S2 signal, two S2

pulses cannot be separated if they are more than 3 mm

in z apart.

The determination of the (x, y) position exploits that

the secondary S2 signal from the charge cloud is gener-

ated at a very localized spot right above the liquid-gas

interface. This leads to a highly clustered S2 signal on

the top PMT array, which is detected using the fine gran-

ularity of the 1”×1” PMTs (see Fig. 14). Three different

position reconstruction algorithms have been developed

to obtain the (x, y) position from a comparison of the

measured top array PMT hit pattern with the one gen-

erated by a Monte Carlo simulation. The presence of

non-functional PMTs has been taken into account in all

algorithms.

The χ2-algorithm compares the observed PMT hit

pattern with the ones from the simulation and finds the

(x, y) position by minimizing the χ2-value. An advan-

tage of this method is that the χ2 can be used to measure

the quality of the reconstructed position.

Another approach is utilized by the support vector

machine algorithm (SVM) [50]: This mathematical pro-
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Figure 15: Set position of the S2 spot from a collimated 57Co source

vs. the position reconstructed by the neural network algorithm. The

collimator was moved across the detector, hence datapoints exist for

the first and the third (x, y) quadrant. The measurement focused on

large radii, where position reconstruction is most crucial because of

the fiducial volume cut. Within the uncertainties, set positions and

reconstructed positions agree. The diagonal line shows where set and

measured radius coincide.

cedure is based on training samples from the Monte

Carlo simulation, using the signal proportion on each

PMT in the top array for a given (x, y) position, to create

a base of vectors in a projected multidimensional space.

The (x, y) position of an interaction can then be found

by solving a sum of scalar products between the vector

corresponding to the measured input data and the base

vectors defined in the training of the algorithm. The

SVM algorithm was used for the analysis presented in

Ref. [21].

The third algorithm uses a neural network (NN) [51]:

The network consists of units (neurons) with several in-

puts from other units, and one output whose value is cal-

culated from the inputs. Here, a feed-forward multilayer

perceptron is employed. 98 inputs (the PMTs on the top

array) lead to the output position vector (x, y). They are

connected by one hidden layer with 30 neurons. The

network must be trained extensively (backpropagation

rule) using Monte Carlo data before it can be used to

derive the position corresponding to measured hit pat-

terns. Some more details can be found in Ref. [19].

All three algorithms give results consistent with each

other and with the Monte Carlo simulation for radii

r < 142 mm. A (x, y) resolution of < 3 mm (1σ) was

measured with a collimated 57Co source located above

the TPC at several ri while the LXe veto above the div-

ing bell was not filled. This result, shown in Fig.15, is

dominated by the point spread due to the finite size of
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the collimator opening. The expected resolution based

on Monte Carlo data is better than 2 mm. For the sci-

ence results published in [25], the NN algorithm was

used as it shows the most homogeneous response and

better agreement with the expectation from a Monte

Carlo simulation. The other two algorithms were used

to cross check the position obtained with NN and for

data quality cuts.

5. Detector Optimization and Characterization

In this section we describe measurements and analy-

ses that have been performed with XENON100 during

commissioning in order to characterize the detector re-

sponse. In particular, we describe the position depen-

dent corrections which are applied to the data.

5.1. Calibration and Calibration Sources

In order to characterize the detector, calibration

sources can be inserted in the XENON100 shield

through a copper tube which is wound around the cryo-

stat (see Fig. 4). The vertical source position is re-

stricted to the TPC center, however, it can be placed at

all azimuthal angles.

The sources 137Cs, 57Co, 60Co, and 232Th are used

for gamma calibrations. The electronic recoil band

in log10(S2/S1) vs. energy space defines the region of

background events from β- and γ-particles. It is mea-

sured using the low energy Compton tail of high-energy

γ-sources such as 60Co and 232Th. The response to sin-

gle scatter nuclear recoils, which is the expected signa-

ture of a WIMP, is measured with an 241AmBe (α, n)-

source, shielded by 10 cm of lead in order to sup-

press the contribution of its high energy gamma rays

(4.4 MeV). Besides the definition of the nuclear re-

coil band and the WIMP search region, this calibra-

tion provides additional gamma lines from inelastic

scattering as well as from xenon or fluorine activation

at 40 keV (129Xe), 80 keV (131Xe), 110 keV (19F in

PTFE), 164 keV (131mXe), 197 keV (19F), and 236 keV

(129mXe).

5.2. Detector Leveling and S2 Optimization

Even though the position reconstruction capabili-

ties of the TPC allow to correct for spatial detector

anisotropies, it is beneficial to minimize them in the first

place. The size of the S2 signal depends on the width x

of the gas gap between the liquid gas interface and the

anode, see Eq. (1). For an optimal detector response,

the detector therefore has to be leveled to get a uniform

proportional scintillation signal, and the liquid gas in-

terface has to be adjusted at the optimal height to opti-

mize the S2 resolution. Leveling of the detector within

the closed shield was achieved by adjusting set screws

in two of the three support legs which can be accessed

from the outside of the shield.

For a given calibration peak, the width w of the S2

signal (in ADC samples) is directly proportional to x,

hence the variation of the S2 width across the LXe sur-

face was used as a measure for the leveling. After the

leveling procedure a value max(∇(w)) = 0.3 ns/cm for

the remaining S2 variation was measured with a 137Cs

source located at several positions around the detector.

For comparison, the typical S2 width of a 137Cs event

is ∼650 ns. These analyses use only a very moderate

fiducial volume cut in order to avoid edge effects from

the borders of the TPC.

The S2 response was optimized further in the leveled

configuration, again using a radially uniform distributed
137Cs source, by varying the overall liquid xenon level

until the best resolution of the full absorption S2 peak

was found (see Sect. 5.7). The height of the liquid was

monitored with capacitor levelmeters and the best per-

formance was achieved with a LXe level of 2.5 mm

above the gate grid.

5.3. Position Dependence of the Charge Signal

After detector leveling (see Sect. 5.2), two indepen-

dent effects remain that have an impact on the size of the

proportional scintillation signal S2 from the charge: The

first is due to to absorption of electrons as they drift (fi-

nite electron lifetime), leading to a z-dependent correc-

tion. The second is due to a reduced S2 light collection

efficiency at large radii, non-functional PMTs, quan-

tum efficiency differences between neighboring PMTs,

as well as non-uniformities in the proportional scintilla-

tion gap. This leads to a S2 correction that depends on

the (x, y)-position of the S2 signal.

As discussed in Sect. 3.5, the amount of free electrons

generated in an interaction is reduced by absorption on

electronegative impurities (mainly oxygen) in the LXe

while the electrons are drifted upwards in the drift field.

For a given particle energy E, this is described by the

exponential relation

S2(E) = S20(E) exp

(

−∆t
τe

)

, (3)

where S2 is the observed secondary signal and S20 is the

signal that would have been observed in the absence of

drift-time dependent losses. ∆t is the drift time, which

is the time difference between the prompt S1 and the
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Figure 16: S2 response of the top and the bottom PMT array, mea-

sured with the 40 keV line from inelastic neutron scattering on 129Xe.

Shown color-coded is the relative change compared to the mean. The

decrease at large radii is due to a reduced S2 light collection effi-

ciency. The top array shows more fluctuations due to non-working

PMTs (e.g. at x ∼ −50 mm, y ∼ 100 mm).

delayed S2 signal. τe is the electron lifetime describing

charge losses. Since τe is increasing with improved LXe

purity (see Fig. 8 on page 8), it is measured regularly

using a 137Cs source. As the changes of τe with time

are small (∼1 µs/day) a calibration measurement once to

twice a week is sufficient. Because the τe trend shows a

linear behavior the data is corrected using a linear fit to

all τe measurements to reduce the impact of statistical

fluctuations.

During the science run leading to the results pub-

lished in Ref. [25], τe was increasing from 230 µs to

380 µs. The drift time correction is largest for events

close to the cathode. With τe > 230 µs and a maximal

drift time of 176 µs, this leads to a maximum correction

smaller than a factor 2.

The solid angle covered by the PMT arrays decreases

for S2 events generated close to the PTFE walls, lead-

ing to a smaller S2 light collection efficiency and there-

fore to a smaller observed S2 signal. Other effects such

as non-functional PMTs also cause spatial signal vari-

ations. The correction due to these effects was deter-

mined in the same way as described in Sect. 5.4 for the

S1 light collection efficiency, using 137Cs as well as the

40 keV and 164 keV gamma lines from inelastic neu-

tron scattering and neutron activation, respectively. The

corrections obtained from the three lines agree within

the uncertainties.

Fig. 16 shows the S2 signal from the 40 keV line as

seen by the top and the bottom PMT array, respectively.

There is almost no spatial anisotropy on the bottom be-

sides the decrease towards the edge which is due to the

decrease in S2 light collection efficiency. The impact

of non-working PMTs and mesh warping is irrelevant

here since the large distance of >30 cm to the propor-

tional scintillation region spreads the S2 light over the

full array. For a fiducial mass of 48 kg (r < 141 mm),

the maximum correction is about 15% with an RMS of

7.0%. On the top array, spatial S2 variations are larger,

which is mostly due to regions of reduced S2 sensitivity

where individual PMTs are not working. Locally, this

leads to larger corrections. However, the RMS value of

8.8% is only slightly higher than on the bottom array.

The signal on both arrays is corrected independently,

and only the bottom array is used for S2/S1 discrimina-

tion in the analysis presented in [25].

5.4. Light Collection Efficiency and Light Yield

For a given energy deposition, the amount of light

that is actually measured by the detector depends on the

position of the interaction in the TPC, since solid angle

effects, reflectivity, Rayleigh scattering length, trans-

mission of the meshes, etc. affect the light collection of

the PMT arrays. Hence, a 3-dimensional map of the

light collection efficiency is mandatory to correct the

data. A detailed comparison of 137Cs data taken at dif-

ferent positions around the detector confirmed that the

TPC response is indeed axial-symmetric as designed.

Hence it is sufficient to obtain a (r, z) correction map

instead of a (x, y, z) map.

Three different sources were used to infer the correc-

tion map: An external 137Cs source (662 keV) taken at

3 positions around the detector, the 40 keV line from

inelastic scattering of neutrons on 129Xe (one source

position), and the 164 keV line from neutron-activated
131mXe with a uniform distribution inside the TPC. For

each of the sources, the light yield was determined

in (r, z) bins. The bin size was decreased at larger r

where the light collection efficiency is expected to fall

off stronger while increased statistics from the 137Cs and
241AmBe sources allowed for a finer binning. The light
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Figure 17: Correction map for the light collection efficiency (LCE)

obtained from the 40 keV line: The z-axis shows the value to correct a

measured S1 (light) signal at a given (r, z) position. z = 0 mm denotes

the top of the TPC.

collection efficiency varies by a factor ∼3 across the

TPC, with the largest value in the center, right above

the bottom PMT array, and the minimum at large r, just

below the gate grid. The results of the three measure-

ments agree within 3%. The correction map obtained

from the 40 keV line, which is used to correct the data,

is shown in Fig. 17.

The light yield Ly at 122 keVee is an important pa-

rameter to determine the nuclear recoil equivalent en-

ergy scale from the S1 signal (see [52, 53, 54] and refer-

ences therein). However, it cannot be measured directly

in large detectors such as XENON100 since gamma
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Figure 18: Measured light yield (in PE/keVee) for different gamma

lines used to calibrate XENON100. A direct calibration at 122 keVee

is not possible due to the limited penetration depth of γ-rays of this

energy, therefore the value has been interpolated using a fit to the

available lines. The values at 9.4 keVee and 32.1 keVee are taken

from [56] and scaled to the light yield at 122 keVee and the different

electric field. They agree very well with the observed trend.

rays of this energy do not penetrate into the fiducial

volume. Instead, Ly was determined from a fit to the

measured volume-averaged scintillation yield for sev-

eral calibration peaks above and below 122 keV, namely

40 keV (129Xe), 80 keV (131Xe), 164 keV (131mXe),

and 662 keV (137Cs), where all peaks besides the last

one are from inelastic neutron interactions from the
241AmBe calibration. This results in a light yield of

Ly = (2.20 ± 0.09) PE/keVee at 122 keV at the oper-

ating drift field of 0.53 kV/cm (see Fig. 18). Taking into

account the measured field quenching [10, 55, 56], this

corresponds to 4.3 PE/keVee at zero field at 122 keV.

5.5. Electric Field Correction

In order to reach the highest possible light collection

efficiency and therefore the lowest possible S1 energy

threshold, the cathode mesh was optimized in terms

of optical transparency using a mesh pitch of ∼5 mm.

However, first measurements of the (r, z) distribution of

events in the TPC revealed that the electric field leak-

ing through the cathode was underestimated in the de-

sign, leading to an outward bending of the outermost

field lines, close to the cathode. There are no charge-

insensitive regions from this effect, but it leads to an

inwards shift of the reconstructed event radius for r >

120 mm and z < −250 mm.

In order to optimize the detector response, a field cor-

rection was determined by a numerical finite element

calculation of the electric field configuration, and cross

checked with a simulation using the boundary elements

method. The result was verified with three indepen-

dent measurements: the position of the outermost line

of detected events, the electron drift time distribution, as

well as the uniform volume density of neutron activated

xenon events at 164 keV and 236 keV from metastable

states of 131Xe and 129Xe, respectively. A large amount

of data with lines from activated xenon was taken fol-

lowing a second 241AmBe calibration at the beginning

of 2011, at a reduced extraction field to avoid PMT sat-

uration effects. After applying the field correction, the

homogeneity of the event distribution can be confirmed

within 2-3% up to r = 145 mm, where the precision is

limited by the subtraction of the electromagnetic back-

ground. This leads to a maximal uncertainty on the field

correction which is equal to the position reconstruction

uncertainty at the outermost fieldline. It decreases with

smaller radii as the correction itself becomes small.

All position-dependent S1 and S2 corrections can be

obtained completely independent from the field correc-

tion. The field correction, however, improves the detec-

tor performance for large fiducial masses and allows a

more precise determination of the position of the event
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Figure 19: (r, z) distribution of background events without (left) and

with (right) electric field correction. The non-uniform electric field

mostly affects the region at largest r and |z|. The solid line indicates

the volume of 40 kg fiducial mass used for the analysis presented in

[21], the dashed line the 48 kg fiducial mass used in [25].

vertex for large r and z. A comparison of this detec-

tor region with and without field correction is shown in

Fig. 19 for the background data presented in Ref. [21].

As the correction is applied to both calibration and sci-

ence data, its uncertainty has negligible impact on dark

matter results.

5.6. Performance of the active LXe Veto

The XENON100 TPC is completely surrounded by a

volume of 99 kg LXe with a thickness of ∼4 cm on the

side of the PTFE cylinder, below the bottom PMTs, and

above the diving bell. Due to the high stopping power of

LXe, it suppresses background gamma rays from outer

detector materials and the passive shield effectively. In

order to improve the background reduction even fur-

ther, the LXe shield has been equipped with 64 PMTs.

32 PMTs monitor the side of the TPC, whereas two sets

of 16 monitor the volume above and below. The shield

is optically separated from the target volume and is op-

erated as an active veto. This allows for the rejection

of multi-scatter events when both LXe regions show S1

signals within ±20 ns, where the time window is cho-

sen to account for possible ADC bit jitters and the slow

component of LXe scintillation.

Due to the limited size of the detector vessel, the posi-

tion of the PMTs in the veto, and the boundary condition

that all support structures and cables for the TPC have

to pass through the veto, there is a rather strong posi-

tion dependence of the veto response. Measurements

with a slightly collimated 137Cs source at more than

100 positions all around the detector were performed

to determine the veto detection thresholds as function

of position. They were estimated from position and

width of the measured 137Cs full absorption peak using

a Monte Carlo simulation: The 90% detection thresh-

olds are between 180 keVee and 235 keVee in the side

veto, 130 keVee below the bottom PMT array, and be-

tween 10 keVee and 30 keVee above the target volume.

The threshold increases to about 450 keVee in regions

behind veto PMTs.

The energy deposition in the veto is slightly anti-

correlated to the energy deposition in the TPC and

the active veto reduces the single-scatter gamma back-

ground in the TPC very efficiently. From a detailed

background study [23] using these results, an additional

background reduction of 44% and >70% is obtained

in the region of interest for the full target and ≤50 kg

fiducial mass, respectively, compared to a passive LXe

shield.

5.7. Combined Energy Scale and Energy Resolution

Light and charge signal are anti-correlated for inter-

actions in LXe [57, 58, 59]. Every calibration line gen-

erates an ellipse in the S2-S1 plane, which can be de-

scribed with a two-dimensional Gaussian in order to de-

termine the anti-correlation angle θ, see Fig. 20. The

projection of the peak along this angle allows for an im-

proved energy resolution.

The angle θ has been determined for the 40 keVee

and 80 keVee peaks from inelastic neutron scattering,

for 164 keVee and 236 keVee from metastable states of
131Xe and 129Xe, respectively, for the 662 keVee line

from 137Cs, and for the 60Co lines at 1173 keVee and

1333 keVee. It is quite constant for E ! 100 keVee
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Figure 20: 137Cs calibration data in position-corrected S2-S1 param-

eter space. The signals are anti-correlated and a projection along the

anti-correlation ellipse leads to an improved energy resolution. The

color scale gives the number of events per bin.
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Figure 21: 241AmBe calibration spectrum in combined energy scale

(electronic recoil interactions only). The spectrum agrees very well

with the result from a Monte Carlo simulation (red line).

and decreases for lower energies. The angles for the

40 keVee and 80 keVee lines are smaller since the inter-

action is a combination of a nuclear recoil and a subse-

quent gamma emission.

From the mean positions and angles obtained from

calibration data, the combined energy scale for elec-

tronic recoil events has been defined. By comparing

the resulting spectrum to Monte Carlo data, it was ver-

ified that the combined energy scale is indeed linear.

Fig. 21 compares the measured electronic recoil spec-

trum from the calibration with 241AmBe, using the com-

bined energy scale, with a Monte Carlo generated spec-

trum. This scale is currently only used for background

studies [23]; the WIMP search data is analyzed using a

S1-based nuclear recoil energy scale [21, 25].

The energy resolution has been determined from the

same gamma calibration lines for three different en-

ergy scales, based on the S1 signal alone, the S2 sig-

nal alone, and the combined energy scale, see Fig. 22.

All position-dependent corrections have been applied.

The energy dependence of the resolution σ/E can in all

cases be described by

σ(E)

E
=

c1√
E
+ c2, (4)

where E is the gamma energy and the ci are constants

that are different for the three scales. c2 is compatible

with zero for the combined energy scale. At 1 MeV, the

resolution is 12.2% for the S1-based scale, 5.9% for the

S2-based scale, and 1.9% in the combined energy scale.

The S2-based value is comparable to the resolution of

NaI(Tl) crystals and the resolution of the combined en-

ergy scale is even better, in particular when compared

to large crystals. Fig. 23 shows the change of the 137Cs
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Figure 22: Measured resolution (σ/E) of gamma calibration lines be-

tween 40 keVee and 1333 keVee in S1, S2, and combined energy

scale, together with fits describing the 1/
√
E dependence.
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Figure 23: Spectrum of 137Cs at 662 keVee in three different energy

scales: The resolution (1 σ) is 12.5% for the S1 scale, 6.5% for the

S2 scale, and 2.3% for the combined energy scale where the anti-

correlation between charge and light signal is exploited. Only single-

scatter events are considered in the plot and a veto cut is applied, ef-

fectively reducing the Compton continuum.

spectrum using the three scales. For this figure, a veto

cut is applied and only events with one interaction in

the TPC are considered in order to suppress the Comp-

ton continuum.

6. Outlook

The XENON100 detector is currently operating in

stable conditions underground at LNGS. After provid-

ing the the most stringent limits on spin-independent

WIMP-nucleon scattering cross sections for WIMP

masses above ∼10 GeV/c2 [25], more data is being ac-

quired with improved background conditions and with

a lower trigger threshold in order to reach the full sen-

sitivity of the instrument. The next generation instru-
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ment, XENON1T, with a total mass of ∼2500 kg of LXe

and with 1000 kg in the fiducial target, is already in the

technical design phase. XENON100 will be kept oper-

ational and running in parallel during the construction

phase of XENON1T. An upgrade of the instrument is

considered in order to test new technologies required

for XENON1T and to improve the XENON100 perfor-

mance in terms of background and energy threshold.
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