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Recoil Directionality Experiment
Within the Global Argon Dark Matter
Collaboration (GADMC) and DarkSide-20k 
program:

üCharacterize a small TPC using SiPM
readout (key in DarkSide program)

üTest directional sensitivity through
columnar recombination effect in the DM 
recoil energy range

üStudy low energy ionization signals for low
mass WIMP search via the ionization only
signal (in progress, not covered here)
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Neutrino floor on xenon

This talk based mostly on arXiv:2106.13168
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Directionality via Columnar
Recombination in a LAr TPC

• Variation of 
apparent WIMP 
wind direction from 
Cygnus due to earth
rotation

• Recoil of Argon 
nuclei from DM 
scatter preferentially
parallel or 
perpendicular to 
drift field direction
at different (sidereal) 
times

• Recombination probability varyà affects
both scintillation and ionization signal

• Not established for low energy nuclear
recoils

• Sensitivity to recoil direction
retained in a large LAr TPC 
despite the limited
information available with 
this technique

• O(100) events to observe
evidence of a direction
signal depending on the 
angular resolution achieved

• Statistics achievable for 
DarkSide-20k exposure at
10-46 cm2 or below for 200 
GeV mass WIMP 

M.Cadeddu et al., 
JCAP 01 (2019) 014
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Hint from SCENE experiment measuring
monochromatic nuclear recoils Phys Rev D. 

91.092007 

ReD TPC design goals set in order to investigate/improve SCENE «effect»:

• Small detector to minimize multiple-scatter events à 5 cm cubical size TPC

• Light Yield of about 10 PE/keV (increasing from about 6 PE/keV) using SiPM

• Reach resolution of about 10% for NR on S2/S1 ratio, increasing electro-luminescence amplification
(SCENE only 3 PE/e- ), improving uniformity and stability
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https://arxiv.org/abs/1406.4825


The ReD Experiment in brief 
Use a neutron beam produced via p(7Li,7Be)n
Detect the associated particle (7Be) and ToF to tag neutron energy event by event (fixed by 
kinematics)
Arrange the setup  such to tag nuclear recoils ~parallel and ~perpendicular to the E field
• Displace the TPC vertically, such that the (n,n') interaction plane is not "horizontal"
• Deploy neutron detector array to tag recoils of  the same energy, but different angle with 

respect to the drift Field direction (including 90° and 180°) 
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ReD Time Projection Chamber
Internal dimension 5 cm x 5 cm x 6 cm (L x W x H), active volume (5x5x5 cm) contains 185 g of LAr.

97% transparent mesh acting as grid, 7 mm gas pocket mantained in an acrylic diving bell.

Teflon structure and acrylic top and bottom 4.5 mm thick windows (ITO coating → Cathode & Anode.)
Inner side of the TPC (acrylic + 3M reflective foil) all covered with a wls TPB (128 nm → 420 nm).

Thin and slim cryostat to minimize material on the neutron path, and custom transportable cryogenic syst.

6



ReD SiPMs and readout
Light sensors
NUV-HD-Cryo SiPMs developed for DarkSide in collaboration with Fondazione Bruno 
Kessler (FBK) 
Two 5x5 cm2 tiles made with 24 rectangular SiPMs of ~12x8 mm2,10 MΩ quenching 
resistance, 25x25 μm2 cell, 600 ns recharge time. Max PDE at ~420 nm. Dark count rate ~5 
cps /cm2. Operated at a bias voltage of 34V (7 VoV)

Front-End electronics based on ultra-low-noise operational amplifier (LMH6629SD) from 
Texas Instruments. Top tile with 24 channel readout (to allow reconstruction in the x-y).
Bottom tile with 4 channel readout FEB (SiPM summed in 4 group of 6). 

DAQ CAEN FADC boards V1730B, 500 MHz sampling rate, up to 32 DAQ channels, 28 are used for the TPC.
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Calibration of SiPM
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 = 1.91, p = 0.26µVinogradov Model 

Single photoElectron Response (SER) determined with laser pulses (50 ps width
generated by Hamamatsu PLP-10 403 nm pulsed diode laser) triggered at 100 Hz.
SiPM charge response in 4 us integration window.
Well defined and separated photon peaks up to 10. 
Stable gain (0.7 % rms) over 5 months of continuos operation.

SiPM pulse statistics well modeled at 7 VoV via a compound poisson probability
function (S. Vinogradov et al., 2009 IEEE Nuclear Science Symposium Conference 
Record) with probability for secondary emission (including Cross Talk and After
Pulse) p= 0.26+-0.01 (3% rms relative variation observed over 5 months)

Single PE identification using a matched
filter on raw waveform allows significant
improvment of S/N, and a photon counting
method for signal integration.
Not pursued further for this experiment
(high occupancy), but promising for much
larger future devices

± 2%

Charge integration approach

Single photon approach

arXiv:2106.13168

8

https://ieeexplore.ieee.org/document/5402300
https://arxiv.org/abs/2106.13168


Signal Reconstruction
• Very clean signals!

• Raw charge integrated after baseline 
subtraction in an extendable window of 12 us

• S1/S2 & NR/ER separation via fprompt ratio of 
integral in first 750 ns to the total (not
optimized)

• X-Y reconstruction by detecting the maximum 
S2 associated signal within the top tile (24 
channels)

• Correct signal for secondary emission
probability p (previous slide), via a factor
Sraw = S / (1-p)
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Events collected shooting a neutron gun on ReD TPC  



S1 response
59.54 keV 81 keV

662 keV~41 keV

The ReD TPC energy response to ER 
and stability studied with a number of 
radioactive gamma sources (Kr-83,  
internal) and Am-241, Ba-133, Cs-137
external (attached to the cryostat wall).

Signal shape modeled after detailed MC. 

Corrected Light Yield at null field with 
Am-241 source is: 

!",$%&& = (9.80 ± 0.13) PE/keV. 

Stable result within 2% over 165 days.

arXiv:2106.13168
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(recirculation and 
purification loop) 

Control of drift field and 
temperature: measurement

of drift velocity spot on 
parametrization (available
from BNL)  in the 75-1000 

V/cm range

After 1 month operation:
e- lifetime = 1.8 ± 0.6 ms

(Tmax = 0.060 ms)

TPC operated with an 
electroluminescence field of 

5.7 kV/cm.

S2 yield and response
spatial uniformity checked

carefully with mono-
chromatic 241Am source.

S2 resolution well below
20% on ER 

and close to 10% for NR

<S2/S1> = 20.5
σ/μ ~18 %

241Am 
data

Neutron
data
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S2-S1 correlation and «echo» 
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to accomplish the main goals of the ReD experiment693

in the search for a directional e↵ect due to columnar694

recombination in NRs.695

S1 range (PE) �/µ tail fraction

50–80 0.13(1) 35(3)%
150–250 0.122(5) 27(2)%
400–600 0.108(5) 33(2)%

Table 1 Relative standard deviation (�/µ) and tail frac-
tion from the fits of Fig. 15. The tail fraction is defined as
the fraction of events outside the interval µ ± 1.96�, which
corresponds to the 90% quantile of a Gaussian distribution.
The significant fraction of events in the tails is due to a non-
Gaussian S2 response, leakage from ER events, and pile-up.
Only statistical uncertainties are reported here.

6 Dependence of scintillation and ionisation696

response on the drift field697

In this section, measurements of scintillation and ioni-698

sation performed as a function of the drift field (Ed) are699

presented and discussed.700

The passage of an ionising particle in a noble liquid
produces both excitons (Nex), which give rise to scintil-
lation light, and electron-ion pairs (Ni) [33,34]. A frac-
tion R of these electron-ion pairs recombine, giving an
additional contribution to the scintillation light, while
the remaining unrecombined electrons can be drifted,
multiplied and collected to form the ionisation signal.
The total number of scintillation photons produced is

Nph = ⌘exNex + ⌘iRNi, (6)

where ⌘ex and ⌘i are the e�ciencies for excitons and
recombined electron-ion pairs to produce a scintillation
photon, respectively. In the absence of non-radiative
quenching phenomena, both ⌘ex and ⌘i are expected
to be equal to one2. Defining ↵ as the ratio of excitons
to electron-ion pairs (↵ ⌘ Nex/Ni), the total S1 signal
can be expressed as

S1 = g1Nph = g1(↵+R)Ni, (7)

where g1 is the number of photoelectrons detected per
scintillation photon emitted. The electrons surviving
recombination contribute to the ionisation signal S2,
which is expressed as

S2 = g2(1�R)Ni, (8)

2As in [6], ⌘ex and ⌘i are defined here to not account for any
internal or track-dependent quenching processes, e.g. Penning
ionisation or biexcitonic Hitachi quenching [35], which instead
a↵ect Nex and Ni.

where g2 is the S2 gain of the TPC, i.e. the number701

of photoelectrons detected for each electron extracted702

from the liquid. The parameters g1 and g2 are intrinsic703

properties of the detector and account for light collec-704

tion e�ciency and photon detection e�ciency of the705

SiPMs.706

In the limit of full recombination (R ! 1), the av-
erage energy required for the production of one scintil-
lation photon in LAr can be written [33] as

Wph(max) =
E

Nex +Ni
=

W

1 +Nex/Ni
=

W

1 + ↵
, (9)

where W = E/Ni is the average energy required to pro-707

duce an electron-ion pair. The values ofW andWph(max)708

were measured to be (23.6 ± 0.3) eV [36] and (19.5 ±709

1.0) eV [33], respectively, using⇠1-MeV conversion elec-710

trons from a 207Bi source. These measurements corre-711

spond to a value of ↵ = 0.21± 0.06.712

S1 and S2 signals are expected to be anti-correlated713

since they originate from competing scintillation and714

ionisation processes. Their relative balance depends on715

the recombination probability (R), which is a↵ected by716

the presence of the drift field (Ed) in the active region717

of the TPC. In particular, for increasing Ed, more elec-718

trons are swept away from the interaction site and can719

therefore survive recombination. The anti-correlation720

between S1 and S2 allows a determination of the gains721

g1 and g2, discussed in Sec. 6.1. The reduction of the722

scintillation light (“quenching”) measured in ReD for723

increasing Ed and the fit of these data with an empirical724

model for the recombination probability are presented725

in Sec. 6.2.726

6.1 S1 and S2 correlation727

The experimental gains g1 and g2 can be derived us-
ing the anti-correlation between S1 and S2 signals by
following the procedure described in [6]. Defining the
yields Y1 = S1/E and Y2 = S2/E as the number of pho-
toelectrons measured in the S1 and S2 signals, respec-
tively, per unit of deposited energy, the anti-correlation
between Y1 and Y2 can be written from Eqs. 7, 8, and
9 as

Y1 =
g1

Wph(max)
� g1

g2
Y2. (10)

For this study the full absorption peak of the 241Am728

source is taken from data collected in double-phase mode729

at 100  Ed  1000V/cm. Data collected at null field730

are not included here since any electrons surviving re-731

combination, referred to as “escape electrons” [33], are732

not drifted and remain undetected. To ensure a proper733

comparison between measurements taken at di↵erent734

Assuming mean energy per photon Wph(max) =19.5±1.0 eV extract: 
1. S1 light detection efficiency: g1 = 0.1953 ± 0.0015  PE/photon
2. S2 gain: g2 = 20.67 ± 0.66 PE/e−

Single electron signal from photo-
ionization of cathode induced by 

large S2 preceeding signals
(echo events, arriving exactly at 1 

max drift time after)

In nice agreement with S2-S1 analysis:
S2 gain from «echo» g2 = 21.0 ± 1.3 PE/e−

12
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• Well known correlation from S2-S1 
stems from recombination of electrons
and ions in the charge cloud before
electrons are drifted away

• Recombination probability depends on 
charge density and field strength

• A recombination model for ER was
derived by ARIS using the scintillation
signal only [Phys. Rev. D 97, 112005]

• Use combined ReD+ARIS data set to 
obtain parametrization at higher drift
field and to validate the model using the 
ionization signal also

Recombination model 12
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FIG. 15. Leff values measured by this work fit with
Lindhard, Mei, and modified Mei models as described
by equations 1, 2, and 3 in the text.
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tion, Nex and Ni the numbers of excitons and ions,
respectively, and where Leff is assumed to be 1 for
ERs. S1 can be expressed as function of ↵, the
Nex/Ni ratio:

S1 = ✏1 (↵+R)⇥Ni (5)

where ✏1 is the light collection e�ciency of the de-
tector, and R the electron-ion recombination proba-
bility. The value of ↵ is equal to 0.21 for ERs, and
to 1 for NRs [22].

In ARIS, the recombination dependences on elec-
tron recoil equivalent energy (Eee)2 and field (F) are
studied with respect to the observable:

S1

S10
=

↵+R(Eee, F )

1 + ↵
, (6)

2
In case of NRs, Eee = Leff (Enr)⇥Enr.

where S10 is the scintillation response at null field.
Equation 6 is expected to reproduce ARIS data

in both ER and NR modes, by accordingly chang-
ing the value of ↵, if the recombination probability
R(E,F ) is correctly modelled. The S1/S10 ratio ex-
tracted from the data is compared with three recom-
bination models: Thomas-Imel [23], Doke-Birks [22],
and PARIS model [21]. The first is an extension of
the Ja↵e “box” theory [24] and was demonstrated
to be accurate in the “short track” regime, such as
NRs or low energy ERs. The Doke-Birks model is
empirical and expected to reproduce data at higher
energies. PARIS was tuned on DarkSide-50 data at
200 V/cm only, but was demonstrated to work from
⇠3 keV up to ⇠550 keV.

The Doke-Birks model parametrizes R as the fol-
lowing:

R =
A dE/dx

1 +B dE/dx
+ C, (7)

where B = A/(1-C) and dE/dx is the energy loss by
electrons in LAr. We introduce a dependence on the
electric field, F , by defining

C = C 0 e�D⇥F . (8)

ARIS data in ER mode were simultaneously fit
with this electric field-modified version of Doke-
Birks in the [40,300] keVee range, with the results
shown in figure 16. The parameters returned by the
fit are A=(2.5±0.2)⇥10�3 cm/MeV, C’=0.77±0.01,
and D=(3.5±0.3)⇥10�3 cm/V. With these parame-
ters, the model is able to reproduce ER data with
energy from 40 keV at any field. However, while the
Doke-Birks recombination tends to 1 at lower ener-
gies, observations from the DarkSide-50 data demon-
strate that it should decrease [21]. The PARIS
model, which was designed to solve this issue, does
not require any tuning of the parameters and accu-
rately matches the data, as shown in figure 17. The
di↵erence between Doke-Birks and PARIS models
appears for energies below 10 keVee.

NR data, converted in ER equivalent energy by
means of the Leff measured in section VII, are fit
with the Thomas-Imel model, in which the recombi-
nation probability is given by

R = 1� ln(1 + ⇠)

⇠
, (9)

where

⇠ = Cbox
Ni

F �
. (10)
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tion, Nex and Ni the numbers of excitons and ions,
respectively, and where Leff is assumed to be 1 for
ERs. S1 can be expressed as function of ↵, the
Nex/Ni ratio:

S1 = ✏1 (↵+R)⇥Ni (5)

where ✏1 is the light collection e�ciency of the de-
tector, and R the electron-ion recombination proba-
bility. The value of ↵ is equal to 0.21 for ERs, and
to 1 for NRs [22].

In ARIS, the recombination dependences on elec-
tron recoil equivalent energy (Eee)2 and field (F) are
studied with respect to the observable:

S1

S10
=

↵+R(Eee, F )

1 + ↵
, (6)

2
In case of NRs, Eee = Leff (Enr)⇥Enr.

where S10 is the scintillation response at null field.
Equation 6 is expected to reproduce ARIS data

in both ER and NR modes, by accordingly chang-
ing the value of ↵, if the recombination probability
R(E,F ) is correctly modelled. The S1/S10 ratio ex-
tracted from the data is compared with three recom-
bination models: Thomas-Imel [23], Doke-Birks [22],
and PARIS model [21]. The first is an extension of
the Ja↵e “box” theory [24] and was demonstrated
to be accurate in the “short track” regime, such as
NRs or low energy ERs. The Doke-Birks model is
empirical and expected to reproduce data at higher
energies. PARIS was tuned on DarkSide-50 data at
200 V/cm only, but was demonstrated to work from
⇠3 keV up to ⇠550 keV.

The Doke-Birks model parametrizes R as the fol-
lowing:

R =
A dE/dx

1 +B dE/dx
+ C, (7)

where B = A/(1-C) and dE/dx is the energy loss by
electrons in LAr. We introduce a dependence on the
electric field, F , by defining

C = C 0 e�D⇥F . (8)

ARIS data in ER mode were simultaneously fit
with this electric field-modified version of Doke-
Birks in the [40,300] keVee range, with the results
shown in figure 16. The parameters returned by the
fit are A=(2.5±0.2)⇥10�3 cm/MeV, C’=0.77±0.01,
and D=(3.5±0.3)⇥10�3 cm/V. With these parame-
ters, the model is able to reproduce ER data with
energy from 40 keV at any field. However, while the
Doke-Birks recombination tends to 1 at lower ener-
gies, observations from the DarkSide-50 data demon-
strate that it should decrease [21]. The PARIS
model, which was designed to solve this issue, does
not require any tuning of the parameters and accu-
rately matches the data, as shown in figure 17. The
di↵erence between Doke-Birks and PARIS models
appears for energies below 10 keVee.

NR data, converted in ER equivalent energy by
means of the Leff measured in section VII, are fit
with the Thomas-Imel model, in which the recombi-
nation probability is given by

R = 1� ln(1 + ⇠)

⇠
, (9)

where

⇠ = Cbox
Ni

F �
. (10)
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Recombination Model Results/1
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Result 1: Need an extra parameter
for recombination to extend the fit to 
drift field as high as 1000 V/cm:

with R0, the recombination at null field, 
a=excitation/ionization ratio 
and W=23.6±0.3 eV the ionization work 
function
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Combined ARIS+ReD data fit to:  

NEW

Light Yield ratio to null field
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Fig. 15 Left: Distribution of NRs (blue points, fprompt > 0.4) compared to all events (red points) in the S2/S1 vs. S1 plane
for the AmBe + DD combined dataset. The most probable values of S2/S1 as a function of energy, µ(S1), are represented by

the black curve and the 90% range is shown by the black dashed curves. Right: Distribution of (S2/S1)
µ

in three energy ranges:

50–80PE (top panel), 150–250PE (middle panel), and 400–600PE (bottom panel).

values of Ed, only events localised in the central part of735

the detector are considered, where the drift field is ex-736

pected to be more uniform. The x-y position of an event737

is approximately estimated as the centre of the SiPM738

in the top tile with the highest fractional S2 charge.739

Only events with a reconstructed x-y position corre-740

sponding to one of the inner eight SiPMs of the top tile741

are selected. The correction due to leakage current in742

the SiPM (see Sec. 3) is also applied to the measured743

S1 and S2 yields. Systematic uncertainties on Y1 and Y2744

are largely dominated by the leakage current correction,745

with sub-leading contributions from the MC templates746

and other fit-related uncertainties.747

The Y2-Y1 correlation obtained for 75  Ed  1000V/cm748

is shown in Fig. 16, along with the best fit to the lin-749

ear model of Eq. 10. Assuming Wph(max) = (19.5 ±750

1.0) eV for 59.54-keV 241Am �-rays, the best fit pa-751

rameters are g1 = (0.1953 ± 0.0015)PE/photon and752

g2 = (20.67 ± 0.66)PE/e�. The horizontal blue band753

in Fig 16 shows the light yield measured at null field,754

Y 0
1 = (9.80 ± 0.05 stat) PE/keV; Y 0

2 is not measured in755

this case due to the absence of a drift field. The pre-756

dicted S1 yield at Y2 = 0 from extrapolating the linear757

fit, i.e. under the implicit assumption that all electrons758

recombine at null field, is (10.01 ± 0.08 stat) PE/keV.759

The ratio ⌘ between Y 0
1 and the value extrapolated to760

Y2 = 0 is related to the fraction of electrons escaping761

recombination at null field by � = (1 + ↵)(1 � ⌘) [33,762

37]. The value of ⌘ ⇠ 0.98 calculated here for 59.54-763

keV �-rays indicates that the contribution from escape764

electrons is limited to a few percent.765

The measured gains of the ReD TPC are g1 = (0.195±766

0.018 stat+sys) PE/photon and g2 = (20.7±1.6 stat+sys) PE/e.767

The systematic uncertainties on g1 and g2 are dom-768

inated by the uncertainty on Wph(max), which con-769

tributes 5.1%. The measured value of g2 is in good770

agreement with the independent estimate based on “echo”771

events discussed in Appendix A. The measured value of772

g1 in ReD can be compared with that from DarkSide-50,773

0.157 ± 0.001PE/photon [38], and that from SCENE,774

0.104 ± 0.006 PE/photon [6]. The higher value of g1775

achieved in ReD is driven mostly by the better optical776

coverage of the ReD TPC and higher detection e�-777

ciency of the SiPMs with respect to photomultipliers.778

The S2 gain of ReD is comparable to that of DarkSide-779

50, 23±1PE/e� [13], and significantly higher than that780

of SCENE, 3.1± 0.3PE/e� [6]. Based on the measured781

values of g1 and g2, the performance of the TPC re-782

ported here satisfies the requirements needed to achieve783

the scientific goals of the ReD experiment.784

6.2 Scintillation quenching and charge yield vs. Ed785

The S1 and S2 response of the ReD TPC was studied
as a function of the drift field using a dedicated set of
241Am measurements taken at 0  Ed  1000V/cm in
single- and double-phase mode, together with 133Ba and
137Cs measurements taken in double-phase mode at 183
and 693V/cm. From Eq. 7, the ratio S1/S10 between
the scintillation yield at a given value of Ed and that at
null field can be expressed as

S1/S10 =
↵+R(dE/dx, Ed)
↵+R0(dE/dx)

=
↵+R(dE/dx, Ed)
↵+ 1� �(dE/dx)

,

(11)
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Data A C D1 D2 A0 C0 ↵ g2
cm/MeV cm/kV cm/kV cm/MeV PE/e�

ReD + ARIS 0.49(5) 0.56(2) 1.1(1) 5.3(7) 0.1(1) 0.87(9) 0.25(5) 20.0(0.9)

ReD only 0.50(6) 0.56(2) 1.1(1) 5.8(9) 0.7(1.2) 0.64(30) 0.26(5) 19.8(0.9)
ReD+ARIS, no g2 constraint 0.48(6) 0.56(2) 1.1(1) 5.4(7) 0.1(2) 0.87(13) 0.27(8) 19.6(1.4)
ReD+ARIS, no W constraint 0.45(6) 0.56(2) 1.1(1) 5.3(7) 0.02(3) 0.92(5) 0.31(8) 21.0(1.3)

Table 2 Fit parameters for the modified Doke-Birks recombination model of Eq. 12 based on ReD and ARIS data. The value
of the ionisation work function (W ) is constrained to (23.6± 0.3) eV [36] for all fits, except for that labeled ‘no W constraint’,
for which the fit returns a value (26.6± 0.2) eV. See text for more details.
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Fig. 18 S2 yield (left axis) and charge yield (right axis)
vs. Ed, from ReD double-phase measurements with 241Am,
83mKr and 133Ba sources. The solid lines correspond to the
combined ‘ARIS + ReD’ fit described in the text, with fit pa-
rameters given in Tab. 2. The dashed line shows the best fit
to the recombination parameterisation employed by the ARIS
collaboration [39] (D1 = 0, R0 = 1), while the dotted line lifts
the constraint of full recombination at null field. Data taken
with 83mKr and 133Ba sources are kept as a control sample
and not used in the fit.

photoelectron response, single-photon resolution, S1 scin-920

tillation light yield, and duplication factor due to crosstalk921

and afterpulsing were periodically performed over more922

than five months of continuous operation and found923

to be reproducible to within 1–2%, demonstrating sta-924

ble operation of the SiPMs at cryogenic temperature925

and stability of the optical properties of the TPC and926

wavelength-shifting (TPB) coating. The purity of the927

LAr, maintained by a recirculation loop, results in an928

electron lifetime above 2ms, significantly longer than929

the maximum electron drift time in the TPC at the930

operational Ed.931

TPC performance criteria have been defined and932

evaluated in the context of the scientific goals of ReD.933

The scintillation and ionisation gains, g1 and g2, were934

derived using measurements of S1 and S2 taken in single-935

or double-phase mode at 0  Ed  1000V/cm. The936

measured value of g1 is ⇠24% higher than that mea-937

sured in DarkSide-50 and almost a factor of 2 higher938

than in SCENE, an improvement driven mostly by bet-939

ter optical coverage of the ReD TPC and higher detec-940

tion e�ciency of the SiPMs with respect to photomul-941

tipliers. The ionisation amplification of the ReD TPC942

is comparable to that of DarkSide-50 and more than943

a factor of 6 higher than that of SCENE. The disper-944

sion in the ratio of the ionisation to scintillation signals945

(S2/S1) is found to be 12-13% for nuclear recoils in the946

energy range 20–80 keVnr, improving on previous re-947

sults obtained by SCENE. Based on the measured val-948

ues of g1, g2, and the S2/S1 dispersion, the performance949

of the ReD TPC satisfies the requirements needed to950

achieve the scientific aim of the ReD experiment. Fi-951

nally, a phenomenological parameterisation of the re-952

combination probability in LAr has been applied in or-953

der to describe the scintillation and ionisation response954

of ReD in a consistent framework. The parametrisa-955

tion provides a good description of the dependence of956

scintillation quenching and charge yield on the drift957

field for energies between 50–500 keV and fields up to958

1000V/cm.959

Appendix A: S3 “echo” events960

Similar to DarkSide-50 [12], S3 “echo” events are ob-961

served in ReD, produced when photons from an S2 sig-962

nal hit the cathode and extract one or more additional963

electrons. These electrons are then transported by the964

drift field, extracted and eventually accelerated, pro-965

ducing a delayed electroluminescence signal (S3). Since966

they travel from the cathode, the delay with respect to967

S2 corresponds to Tmax, defined in Sec. 5.1. S3 signals968

allow an independent measurement of the S2 gain (g2),969

but since they originate from one or a few electrons,970

their amplitude is generally very small (< 50PE). Due971

to sub-optimal e�ciency of the standard reconstruction972

algorithm in this regime, these data are reconstructed973

with a relaxed threshold.974

Fig. 19 shows the drift time distribution between S1975

and S2 events (red curve) and between S2 and S3 events976

(black curve), obtained from a set of 241Am measure-977

ments at Ed = 183V/cm. While the S2� S1 drift time978
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Recombination Model Results/2 

S1 + S2 fit finds escape probabiity for 
241Am data 

c = 3.6 ± 0.6 %
(might be detector dependent) 
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Result 2: for consistent inclusion of 
the S2 data need to introduce a non 
zero «escape probability» (for 
electrons to avoid recombination
and being undetectable), even at
null field: c

Recall recombination at null field:
R0 = 1-c

17
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cm/MeV cm/kV cm/kV cm/MeV PE/e�

ReD + ARIS 0.49(5) 0.56(2) 1.1(1) 5.3(7) 0.1(1) 0.87(9) 0.25(5) 20.0(0.9)

ReD only 0.50(6) 0.56(2) 1.1(1) 5.8(9) 0.7(1.2) 0.64(30) 0.26(5) 19.8(0.9)
ReD+ARIS, no g2 constraint 0.48(6) 0.56(2) 1.1(1) 5.4(7) 0.1(2) 0.87(13) 0.27(8) 19.6(1.4)
ReD+ARIS, no W constraint 0.45(6) 0.56(2) 1.1(1) 5.3(7) 0.02(3) 0.92(5) 0.31(8) 21.0(1.3)

Table 2 Fit parameters for the modified Doke-Birks recombination model of Eq. 12 based on ReD and ARIS data. The value
of the ionisation work function (W ) is constrained to (23.6± 0.3) eV [36] for all fits, except for that labeled ‘no W constraint’,
for which the fit returns a value (26.6± 0.2) eV. See text for more details.
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Fig. 18 S2 yield (left axis) and charge yield (right axis)
vs. Ed, from ReD double-phase measurements with 241Am,
83mKr and 133Ba sources. The solid lines correspond to the
combined ‘ARIS + ReD’ fit described in the text, with fit pa-
rameters given in Tab. 2. The dashed line shows the best fit
to the recombination parameterisation employed by the ARIS
collaboration [39] (D1 = 0, R0 = 1), while the dotted line lifts
the constraint of full recombination at null field. Data taken
with 83mKr and 133Ba sources are kept as a control sample
and not used in the fit.
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than five months of continuous operation and found923

to be reproducible to within 1–2%, demonstrating sta-924

ble operation of the SiPMs at cryogenic temperature925

and stability of the optical properties of the TPC and926

wavelength-shifting (TPB) coating. The purity of the927

LAr, maintained by a recirculation loop, results in an928

electron lifetime above 2ms, significantly longer than929

the maximum electron drift time in the TPC at the930

operational Ed.931

TPC performance criteria have been defined and932
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The scintillation and ionisation gains, g1 and g2, were934

derived using measurements of S1 and S2 taken in single-935
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measured value of g1 is ⇠24% higher than that mea-937

sured in DarkSide-50 and almost a factor of 2 higher938

than in SCENE, an improvement driven mostly by bet-939

ter optical coverage of the ReD TPC and higher detec-940

tion e�ciency of the SiPMs with respect to photomul-941

tipliers. The ionisation amplification of the ReD TPC942

is comparable to that of DarkSide-50 and more than943

a factor of 6 higher than that of SCENE. The disper-944

sion in the ratio of the ionisation to scintillation signals945

(S2/S1) is found to be 12-13% for nuclear recoils in the946
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sults obtained by SCENE. Based on the measured val-948

ues of g1, g2, and the S2/S1 dispersion, the performance949

of the ReD TPC satisfies the requirements needed to950

achieve the scientific aim of the ReD experiment. Fi-951

nally, a phenomenological parameterisation of the re-952

combination probability in LAr has been applied in or-953

der to describe the scintillation and ionisation response954

of ReD in a consistent framework. The parametrisa-955

tion provides a good description of the dependence of956

scintillation quenching and charge yield on the drift957

field for energies between 50–500 keV and fields up to958
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Appendix A: S3 “echo” events960

Similar to DarkSide-50 [12], S3 “echo” events are ob-961

served in ReD, produced when photons from an S2 sig-962

nal hit the cathode and extract one or more additional963

electrons. These electrons are then transported by the964

drift field, extracted and eventually accelerated, pro-965

ducing a delayed electroluminescence signal (S3). Since966

they travel from the cathode, the delay with respect to967

S2 corresponds to Tmax, defined in Sec. 5.1. S3 signals968

allow an independent measurement of the S2 gain (g2),969

but since they originate from one or a few electrons,970

their amplitude is generally very small (< 50PE). Due971

to sub-optimal e�ciency of the standard reconstruction972

algorithm in this regime, these data are reconstructed973

with a relaxed threshold.974

Fig. 19 shows the drift time distribution between S1975

and S2 events (red curve) and between S2 and S3 events976

(black curve), obtained from a set of 241Am measure-977

ments at Ed = 183V/cm. While the S2� S1 drift time978

S2 & Charge Yield

Important effect at lower drift field

Result 3: sensitivity to excitation to 
ionization, a, for 60 keV energy
electron recoils. Fit confirms: 

a = 0.25 ± 0.05 

arXiv:2106.13168

https://arxiv.org/abs/2106.13168


Expected
effect at 0 

degree (R=2)

Expected effect at
90 degree (R=2)

No effect
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Preliminary results with beam data 

Parameter of interest R: 
aspect ratio of the ionization

column

No effect visible for 70 keVnr recoils!

Sensitivity to exclude aspect ratio 
greater than roughly 1.1

More details in recent TAUP talk 

Paper in preparation

https://indico.ific.uv.es/event/6178/contributions/15829/


Conclusions
The ReD experiment has completed the first phase of the experimental program
Discussed here the characterization of a TPC with SiPM readout:

Paper submitted for publication,
“Performance of the ReD TPC, a novel double-phase LAr detector with Silicon Photomultiplier

Readout”
(https://arxiv.org/pdf/2106.13168.pdf) 

A recombination model for electron recoils between 50 and 500 keV energy deposit and up to 1000 
V/cm drift field has been validated using scintillation together with ionization signal

Evidence for non zero escape probability at null field

Preliminary result on directionality presented at TAUP, paper in preparation, stay tuned

Next experimental phase will be dedicated to low energy ionization measurements, experimental setup 
in progress
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Nuclear Recoil signal was studied with an AmBe source (neutrons up to 8 MeV) and a DD 
neutron generator (monochromatic ~2.5 MeV neutron).

NR band (fprompt>0.4) is clearly separated from ER band above ~200 PE. The S2/S1 spread 
around the most probable values for S2/S1 as a function of S1, µ(S1) is determined to be 
a10-13 % in the range of interest for ReD. Improve SCENE and match goal for our TPC.

S2 response for NR

ER

NR

https://arxiv.org/pdf/2106.13168.pdf

AmBe

DD-gun
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Statistical analysis – combined
double + triple coincidence

Quenching model from PRD 91, 
092007 (2015), combination of nuclear
quenching and electronic quenching
Recombination model adopted from 

JINST 12 P12002 (2017)

R à directionality
parameter (R =1 for no 

effect)
R-1
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MC modeling for ReD
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