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Noble liquid dual-phase TPC
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Energy deposition!

Excitation! Ionization!
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• Photoelectron yield of electronic recoils as a function of energy
• Effect of electric field on scintillation output
• Relative scintillation efficiency (Leff ) between electronic and nuclear recoils

Uncertainties on the response of noble liquids to nuclear and electronic recoils is a 
major systematics in dark matter searches



Measurement methods 
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External neutron source 
(AmBe)

Direct measurement
Non-monochromatic

External gamma 
source (241Am, 133Ba)

Known energy
Events close to the 

borders

Natural internal source 
(39Ar, 127Xe)

Uniformly distributed
Limited number of 

sources

Injected gaseous source 
(83mKr)

Direct measurement
Limited number of 

sources

External calibration
Precise recoil energy 

reconstruction
Indirect measurement 

D-D gun in the veto
Monochromatic neutrons

 Recoil energy 
reconstruction



LXe response to electron recoils

4

LXe response to ER is non-linear at 
null field

Field off Field on

LXe response modeled by the NEST package : simulation based on 
Thomas-Imel (low energy) and Doke-Birks(high energy) models 

Dependance of the scintillation 
yield on the drift field



LXe response to nuclear recoils
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Neutrons provided by a D-D neutron gun and directly introduced in the LUX TPC
➡Exploit double-scatter events to calibrate S2 response
➡Use single scatters to calibrate S1 yield, using S2 as a measure of the recoil energy

New method proposed by LUX:

Leff measured down to 1.08 keVnr 
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http://aris.in2p3.fr

The                 experiment



ARIS experiment: data taking at Licorne
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12 days of data taking 
in October 2016



Neutron kinematics
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θ 

ND

Beam

Neutron Energy [MeV]

Neutron mean energy: 1.45 MeV

Detector solid angle

Lithium energy : 13.13 +0.02 -0.01MeV

RMS : ~ 85 keV

TOF -> Neutron energy

7Li
ELi = 14.63 MeV

Ta foil Hydrogen cell

ELi = ?

Exiting neutrons

Lithium energy near production threshold 
] highly collimated beam
] high neutron flux on the TPC

Beam characteristics:
]1 pulse / 400 ns 
]Beam pulse width: 1.5 ns 
]Neutron flux on TPC : ~ 104 Hz

Advantages:

7Li(p.n)7BeNeutron production
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The ARIS setup
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Scattering MC Determined
Angle [deg] Mean NR Energy [keV]

A0 25.5 7.14
A1 35.8 13.72
A2 41.2 17.78
A3 45.7 21.69
A4 64.2 40.45
A5 85.5 65.37
A6 113.2 98.14
A7 133.1 117.78

TABLE I. Neutron scattering angles and NR mean ener-
gies determined by a MC simulation taking into account
neutron energy spread, neutron cone width, and de-
tector widths. Q: I removed the uncertainty on the

MC energies.

stability of the PMTs during the data taking. The160

gains of the PMTs are found to have good stability161

during the period of data collection presented in this162

work.163

The TPC is mounted with its center 1 m away164

from the LICORNE target. Eight liquid scintillator165

detectors, labeled A0-7, are mounted at various radii166

and angles around the TPC in order to scan the167

range of neutron scattering angles shown in table I.168

A0-7 utilize a 20 cm diameter and 5 cm high cylinder169

of NE213 liquid scintillator, providing good pulse170

shape discrimination between neutrons and gammas171

for background reduction [? ]. The positions of A0-7172

were precisely determined via surveying before the173

data taking.174

The signal from the PMTs of the TPC and A0-7175

are digitized by two CAEN V1720 boards [? ] at176

a 250 MHz frequency, with the beam pulse time in-177

formation digitized by a CAEN V1731 board at a178

250 MHz frequency. The beam pulse is triggered at179

a rate of 2.5 MHz, with a neutron flux of <20 kHz180

used during the beam run. A triple coincidence be-181

tween the beam pulse, two-PMT majority trigger182

of the TPC, and a trigger from one of the detec-183

tors A0-7 provides angle-tagged events. The board184

timestamps are synchronized by an external clock to185

allow time of flight measurements.186

For each trigger, the PMT waveforms, A0-7 wave-187

forms, and the signal from the beam pulse are188

recorded. These signals are analyzed by a recon-189

struction software based on the art framework [?190

] to extract observables from the recorded wave-191

forms. First, fluctuations and drift of the baseline192

are tracked and subtracted from the raw signal wave-193

forms. Next, waveforms from each PMT in the TPC194

are corrected for their SER and summed together.195

A pulse finder algorithm is applied to each summed196

waveform to identify the magnitude and start time197

of TPC and A0-7 pulses. Finally, the reconstructed198

waveform and pulse information is used to extract199

S1, pulse shape discrimination parameters for both200
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FIG. 2. The best fit beam profile of ELi =
13.13+0.02

�0.01 MeV after a 2.06µm Ta foil is shown.

the TPC and A0-7, and time-of-flight (TOF) param-201

eters. The final observables are used for the data202

selection and analyses reported in the subsequent203

sections of this work.204

B. LICORNE beam205

The LICORNE neutron source generates a colli-206

mated neutron beam by exploiting the inverse kine-207

matics of the 1H(7Li, n)7Be reaction. This source208

consists on a hydrogen gas cell coupled to a 7Li beam209

at 14.63±0.01MeV. The gas cell and the beam pipe210

are separated by a thin tantalum foil. The beam pro-211

file, which describes the energy-angle distribution of212

the neutrons (E
n

, ✓
n

), is determined by the 7Li beam213

energy and target geometry. Before the nuclear re-214

action, 7Li nuclei lose a part of their energy when215

passing through the Ta foil and the gas cell. In or-216

der to estimate the beam profile for a given Ta foil217

thickness and a given 7Li beam energy, a Geant4218

based simulation of the LICORNE sources has been219

developed by Q. Liquiang et al. at IPNO [add ref].220

For the simulation, all of the parameters are mea-221

surable except the thickness of the Ta foil due222

to the constraints set by the pressure di↵erential223

between the cell (at 1.1 bar) and the beam pipe224

(O(10�6)mbar). In order to constrain the beam pro-225

file, a dedicated measurement is performed by plac-226

ing one of the neutron detectors 3 m from the target227

at angles varying between 0 and 15� and measur-228

ing the relative beam intensity as a function of the229

angle.230

A library of simulated beam profiles and subse-231

quent neutron intensities for each neutron detector232

position are generated by varying the Ta foil thick-233

ness in the simulation. The best fit profile from a234

�2 test between the data and simulation shows the235

Ta foil thickness to be 2.06 ± 0.08µm, correspond-236

ing to a 13.13+0.02
�0.01 MeV mean 7Li energy after the237

TPC:
➡ ~0.5 kg of LAr
➡ PTFE reflector with TPB coated surface 
➡ 7  Hamamatsu 1’’ PMTs on top, one 3’’ PMT on bottom
➡ Ability to create a gas pocket for dual-phase running
➡ Anode/Cathode created with ITO plated fused-silica 

windows
➡ Grid 1 cm below the anode provides bias for electron 

extraction 

Small scale TPC ]single scatters 
8 neutron detectors:
➡ NE213 liquid scintillator
➡ 20 cm diameter
➡ 5 cm height 
➡ Signal pulse shape discrimination 

available 

Probed recoil energies 
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Light yield in LAr
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Final average light-yield:   6.35 ± 0.05 pe / keV

Light yield extracted using data from 241Am and 133Ba sources
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TOF Resolutions:

TPC: ~1.8 ns
EDEN: ~1.6 - 3 ns

ND

TPC

TPC-beam TOF

EDEN-beam TOF

478 keV gammas

TPC

EDEN

Emission of 478 keV gammas 
(7Li* de-excitation)

478 keV
gamma

~60ns

(~1m)

~200ns

(~3m)
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• Neutrons from 7Li(p,7Be)n reaction

• Compton scattered beam-correlated γ from 
7Li* de-excitation

• Neutrons from fusion evaporation reactions 

• Accidental coincidences between a neutron in 
the TPC and a γ in the ND 

4 populations

4 cuts
• Beam-TPC TOF

• Beam-ND TOF

• Charge collection in the ND

• PSD in the ND

Exploitable samples of both ER and NR with well defined energies 
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Light yield linearity at null field in LAr
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Light yield proven to be constant within 
1.6% fitting all sources 

No evidence for a strong ER quenching
at null field

Quenching effect expected to be amplified for 
multiple scatter with respect to single scatters

Compton regime 
(multiple scatters)

Photoelectric regime
(single scatters)

Q = Σqei

Single electron 
quenching

Total quenching



Fitted NR spectra
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Quenching of NR in LAr
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Most precise measurement of Leff and lowest energy point

Good agreement with PARIS model (modified Mei model) up to 60 keVnr

]
nr
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MicroCLEAN Mei model
W. Creus et al. PARIS model
SCENE



Recombination probability in LAr: ER
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 extracted from ER data

Fit by Doke-Birks model
(tuned to account for field dependance)
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Recombination probability in LAr: NR
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Conclusions
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Response of LXe to ER proven to be non-linear
Quenching of NR well constrained over the WIMP search range
LUX innovative method allows access to very low energy ( ~ 1 keVnr)
Leff ranging from ~ 0.2 to ~ 0.1

Argon

Xenon

Precise measurement of LY linearity 
➡ Linear within 1.6% above 40 keV
NR quenching measured down to 7 keVnr

Fully comprehensive modeling of recombination for ER (PARIS) and 
NR (Thomas-Imel) at 200 V/cm



Backup
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Physics goals

W. Creus et al, JINST 10 (2015) no.08, P08002

22

NR quenching Recombination probability

Argon Response to Ionization and Scintillation



Noble liquid dual-phase TPC
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Energy deposition !

Excitation! Ionization!

Heat!
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ER/NR discrimination
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LAr

99% 

Phys. Rev. D 93, 081101(R)

Energy deposition!

Excitation! Ionization!

Heat!

Ar*!

Ar*
2!

Singlet ! Triplet!

Ar+!

Ar+
2!

Ar**
!

S1!

Electrons!

Recombination!

S2!

tsinglet ttriplet

Argon 7 ns 1600 ns
Xenon 4.3 ns 22 ns



ER/NR discrimination
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LAr

99% 

Phys. Rev. D 93, 081101(R)

Energy deposition!

Excitation! Ionization!

Heat!

Ar*!

Ar*
2!

Singlet ! Triplet!

Ar+!

Ar+
2!

Ar**
!

S1!

Electrons!

Recombination!

S2!

PSD parameter f90 : 
fraction of light seen in the first 90 ns 

tsinglet ttriplet

Argon 7 ns 1600 ns
Xenon 4.3 ns 22 ns

Liquid Ar ER rejection factor: ~108
WARP Astr. Phys 28, 495 (2008) 



Licorne beam 
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7Li(p.n)7BeNeutron production: inverse
➡ Monochromatic
➡ Collimated beam

ELi =13.15 MeV
Monte-Carlo

Lithium Inverse Cinematique ORsay Neutron source



TOF resolution 
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TOF Resolutions:

TPC = ~1.8 ns
EDEN: ~1.6 - 3 ns (depending on the detector)

ND

TPC

TPC-beam TOF

EDEN-beam TOF

s]µEDEN - beam TOF [
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0
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gamma flash
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Emission of 478 keV gammas (7Li* de-excitation)

478 keV
gamma

γ-flash



Trigger efficiency
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NR energy spectra
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TOF : data/MC comparison
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13.13 MeV
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See Davide presentation: https://arisanalysis.slack.com/files/dfranco/F2P5AC2AH/kinematics.pdf

Raw intensity corrected by: 
1. Lithium beam current (40-48 nA)
2. Neutron detection efficiency
3. Background subtraction  

(at high angle)

https://arisanalysis.slack.com/files/dfranco/F2P5AC2AH/kinematics.pdf


Trigger efficiency
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TPC trigger: Two PMTs fired in 100 ns window

The efficiency given as function of the prompt part is 
insensitive to the recoil nature (checked with toy MC)

NR an ER have different trigger efficiency due to the different S1 pulse profiles

Efficiency fitted on S1100 for ER  and directly applied to NR

MC

S1100 [PE]

6
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FIG. 5. Trigger e�ciency as a function of S1
100

ex-
tracted from 22Na calibration data for three regions of
TBA. A cartoon of the experimental setup is shown for
an event in which the 511 keV and 1.3 MeV gammas de-
tected by the BaF

2

guarantee a 511 keV gamma in the
TPC.
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FIG. 6. Raw vs. trigger e�ciency corrected S1 spectra
for the lowest NR energy point collected.

the interaction type. The fraction of reconstructed391

events with a positive trigger status (two PMT sig-392

nals exceeding the trigger threshold) is found as a393

function of S1100 for BaF2 tagged events for four re-394

gions of TBA to account for asymmetries in light395

collection on the top/bottom planes. The triple co-396

incidence data is then corrected for the trigger e�-397

ciency for a given S1100 value. The trigger e�ciency398

approaches 1 for S1100 >6, as shown in figure 5, so399

only events with S1 <⇠20 are a↵ected. The e↵ect of400

this correction to the data can be seen in figure 6.401

D. Time Of Flight402

In order to select the NR produced by neutron403

elastic scattering, TOF cuts have been developed as404

described in section IV. Two TOF observables are405

defined: the TOF beam-TPC and the TOF beam-406

neutron detector (A0-7) respectively noted TPCtof407

and NDtof. TPCtof (NDtof) is defined as the time408

di↵erence between the start time of the beam pulse409

and the start time of the TPC pulse (A0-7 pulse).410

The start time of the pulses are precisely extracted411

by using a numerical constant fraction discriminator.412

To overcome the time delays from the data acqui-413

sition system and cabling, the �-flash is used as a414

time reference. In addition, as the beam pulse is a415

periodic signal with a 400 ns period, a modulo op-416

eration is applied on the TOF values. Finally, the417

resulting spectra are fit with a Gaussian function to418

obtain a 1.8 ns resolution for TPCtof and a resolu-419

tion ranging from 2 to 3 ns for NDtof.420

Figure 7 shows a comparison between data and421

MC for the TPCtof (top panel) and NDtof (bottom422

panel) distributions for events coincident with the423

A3 detector, highlighting the excellent agreement424

between data and MC. The uniformly distributed425

� background has been subtracted from the TOF426

distributions in the data for comparison with MC427

in the figure. The MC simulates neutrons from the428

1H(7Li, n)7Be reaction following the beam kinemat-429

ics described in section II B. Two main contributions430

to the TPCtof distribution can be distinguished:431

the �-flash, centered around 0 ns, and the neutron432

peak centered at ⇠ 57 ns. The NDtof distribution is433

shown after a TPCtof cut has been applied, remov-434

ing the �-flash and leaving the neutron peak clearly435

visible at ⇠ 145 ns.436

IV. SELECTION CRITERIA437

The goal of event selection is to remove back-438

ground from the angle-tagged NR or ER spectra439

in the LAr. Ambient backgrounds and multiple-440

scattered neutrons are significantly reduced by ap-441

plying cuts on TPCtof and NDtof. Further rejection442

can be achieved by using a pulse-shape discrimina-443

tion (PSD) of the scintillation time profile of the444

A0-7 (NDpsd) detectors, which exhibit two separate445

scintillation time components with ratios dependent446

on the nature of the incident particle. After the two447

TOF cuts are applied for selection of nuclear recoils,448

the PSD of A0-7 (NDpsd) shows the background of449

ERs in A0-7 to be ⌧ 1%. The main discrimination450

parameter between NRs and ERs used in LAr is a451

scintillation PSD in the LAr, defined as f90 (the ra-452

tio of the waveform integral for the first 90 ns to453

the full 7 µs) in the DarkSide-50 experiment [? ], is454

used to demonstrate the separation of the di↵erent455

event populations in the TPC data, but is not used456

as a selection criteria to avoid a bias in the energy457

spectrum.458

This section describes the cuts applied on events459
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TOF: Data-MC comparison
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No real differences in the TOF spectra for all kinematics
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No real differences in the S1 spectra for all kinematics



PARIS model 
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Precision Argon Response to Ionization and Scintillation

Modification of Mei’s model relying on an empirical parametrization of the recombination probability.
Tuned on DS-50 200 V/cm data.


