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A coherent elastic neutrino-nucleus scattering (CEνNS): '' AA +®+ nn

It was predicted theoretically 40y ago: D.Z. Freedman, D.N. 
Schramm, and D.L. Tubbs. Ann. Rev. Nucl. Part. Sci. 27, 167 
(1977)
As well, Kopeliovich V B, Frankfurt L L JETP Lett. 19 145 (1974); 
Pis'ma Zh. Eksp. Teor. Fiz. 19 236 (1974)
but has never been observed experimentally because of the very 
low energy transfer 

A neutrino interacts via exchange of Z with a nucleus as a whole, 
coherently up to Eν~ 50 MeV

Z
0

σ~N2; for Xe <σ> ≈ 7·10-41 cm2 averaged over energy spectrum of reactor 
antineutrinos: 0 – 10 MeV

CEνNS
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Liquid noble gas detectors

1st proposal (in 2004); LAr detector
Fig. from L. Baudis 2014

In Dark Matter search 
experiments, the progress 
of setting limits has 
increased significantly when 
liquid noble gas detectors 
(two-phase) started 
operation  

C. Hagmann and A. Bernstein,
Two-Phase Emission Detector for 
Measuring Coherent Neutrino-Nucleus 
Scattering
IEEE Trans.Nucl.Sci. 51 (2004) 2151
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B.A. Dolgoshein, V.N. Lebedenko, B.U. Rodionov, 
JETF Letters (in Russian), 1970, v. 11, p. 513

For the Dark Matter search:
A.S. Barabash and A.I. Bolozdynya, JETF 
Letters (in Russian), 1989, v.49, p. 359 

can be rejected



Two-phase emission detector
It combines the advantages of gas detectors: the possibility of 
proportional or EL amplification, XYZ positioning, and the possibility 
to have the large mass!

LUX Collaboration

Photodetectors

(photomultipliers)
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Energy spectra

This is very challenging task, but feasible!
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Ionization yield for sub-keV nuclear recoils

We concidered
“optimistic” and “realistic” scenarios 
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detectors. We find that the best -fit A on each side devi-
ates from the global average by approximate 1-σ in either
direct ion, and leads to a − 5.9% and + 6.4% change in the
charge yields at 0.4 and 0.3 keV, respect ively (the lowest
energy detectors are on opposite sides of the beam). As
the lat ter e↵ect is larger, we report this as the scaling
systemat ic uncertainty in Table I.

The second systemat ic in the two lowest energies is due
to our choice of using a Poisson dist ribut ion to model
charge product ion. We do not have a physical model
for this dist ribut ion; energy conservat ion in the ioniza-
t ion process and fluctuat ions in elect ron/ ion recombina-
t ion lead to compet ing e↵ects which serve to narrow or
broaden the dist ribut ion with respect to a Poisson pro-
cess, respect ively. A first -principles derivat ion of these
e↵ects is beyond the scope of this work. We can, how-
ever, est imate our uncertainty due to the choice of model
by evaluat ing the ionizat ion yield from data direct ly. Us-
ing the simulat ions and the average best -fit values for the
normalizat ion parameter A at higher energies (> 1keV),
we predict the number of events that will be present in
the two lowest energy spect ra. We then use this to est i-
mate the number of events that would produce zero ion-
izat ion elect rons. This allows us to calculate the average
of the measured ionizat ion signal in a model-independent
fashion, and compare with our Poisson fits. We find that ,
in all cases, the calculated yield is in agreement with
the average yield within our stat ist ical uncertaint ies. We
take the maximum deviat ion as a systemat ic uncertainty
due to our use of the Poisson model in our fits. This is
shown as a systemat ic uncertainty in the rightmost col-
umn of Table I.

V . D I SCU SSI ON

We compare the energy dependence of Qy direct ly to
two other recent measurements in Figure 8. Our mea-
surements are in agreement with the LUX data at a sim-
ilar elect ric field [20], but have smaller uncertaint ies and
extend the calibrat ion to lower energies. We find that
the ionizat ion yield decreases significant ly below 1keV.
We also compare our results to the Noble Element Sim-
ulat ion Technique (NEST), a publicly-available software
package that has become the standard benchmark for
modeling ionizat ion and scint illat ion product ion in liq-
uid xenon [31, 32]. The ionizat ion models in NEST are
tuned to best describeavailabledata, and themost recent
nuclear recoil model is therefore primarily const rained by
the LUX measurements in the ⇠1keV regime [33]. When
ext rapolated to lower energies, this model overpredicts
the ionizat ion product ion. Our results can inform the
next generat ion of the NEST simulat ion code, and will
help improvemodeling of ult ra-low-energy ionizat ion pro-
cesses in liquid xenon throughout the larger community.

We also find a non-negligible dependence of the charge
yield on the applied elect ric field, in cont rast with the
conclusion of Ref. [21], but consistent with results above

FIG. 8: Measurements of the energy-dependence of
ionizat ion yield in liquid xenon at 220V/ cm, compared

with recent measurements from the LUX
Collaborat ion [20] and Aprile et al. [21] made at similar
drift fields. We also show the ionizat ion yield current ly

implemented in the Noble Element Simulat ion
Technique software package (version 2.0) [33]

25 keV [15]. The measured field dependence is weaker
than that implemented in the most recent version of
NEST, and will again help inform future modeling ef-
forts.

At the lowest energy in our measurement , we find a
yield of 3.5–4.5e− / keV, which corresponds to an aver-
age signal st rength of 1.1–1.4 ionized elect rons. This is
the smallest nuclear recoil signal measured to date, and
approaches the fundamental limit of nuclear recoil detec-
t ion in liquid xenon. Detectors that hope to be sensi-
t ive to recoils at energies lower than 300eV must have
thresholds of 1–2 detected elect rons and rely on upward
fluctuat ions in the ionizat ion signals. The average recoil
energy for 5GeV WIMPs, solar 8B neut rinos, and reactor
ant ineut rinos in a liquid xenon detector are expected to
be 331eV, 433eV, and 67eV, with endpoints at 2.4keV,
4keV, and 1.6keV, respect ively. Our measurements pro-
vide crucial data that can be used to accurately calculate
the sensit ivit ies of detectors for applicat ions in low-mass
WIMP searches and searches for neut rino signals via the
CE⌫NS interact ion.

V I . CON CL U SI ON

This work describes a new measurement of the the nu-
clear recoil ionizat ion yield in liquid xenon between 0.3
and 6.1keV using fixed-angle neutron scat tering. With
st rong background reject ion techniques, high elect ron ex-
t ract ion efficiency, and single-ext racted-elect ron t rigger-
ing capabilit ies, we are able for the first t ime to mea-
surenuclear recoilswhich produceonly a single ionizat ion
elect ron. Our measurements improve the precision of low

LUX data
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ITEP&INR LXe:
ZEPLIN-III Collaboration LXe:

ZEPLIN-II (LXe)
arXiv:0708.0768
Astropart.Phys. 30 
(2008) 54 

~10 phe

ITEP two-phase LXe 
prototype
Phys. Atom. Nucl. 72 
(2009), #4, 653

ZEPLIN-III (LXe)
arXiv:1110.3056
JHEP 1112 (2011) 
115 

~30 phe

Proposals 
on CEνNS 
detection:

Single electron detection
Projects for CEvNS with LXe two-phase detectors appeared after the capability to detection of 
single ionization electrons (SE) was demonstrated:

http://dx.doi.org/10.1088/1748-0221/4/06/P06010
http://arxiv.org/abs/arXiv:0903.4821
http://dx.doi.org/10.1007/JHEP12(2011)115
http://arxiv.org/abs/arXiv:1110.3056
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The RED-100: the laboratory tests 
are under way in MEPhI

LN2 Dewar

Xe storage
electronics

Ti cryostat

break-out-box

Thermosyphon 
control

purification 

RED-100 detector

Titanium 
cryostat

Top PMT 
array

19 PMTs 
Hamamatsu 
R11410-20

Bottom PMT 
array

19 PMTs 
Hamamatsu 
R11410-20

Electrodes
&
field shaping rings

Sensitive 
volume LXe

e-
e-

e-

en~

The sensitive volume 38 cm in diam., 41 cm in 
height, is defined by the top and bottom 
optically transparent mesh electrodes and 
field-shaping rings.

RED-100 is a two-phase noble gas emission detector. 
Contains ~200 kg of LXe, ~160 kg in sens. volume, 
~100 kg in FV.
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Schematic layout of grids and PMTs

T and B – top and bottom grounded grids, 
A – anode grid, 
G1 – electron shutter grid, 
G2 – extraction grid, 
C – cathode grid 

Sizes of the drift volume 
and distances between 
grids are in mm. 



RED-100 detector assembling



 

Figure 6. Examples of individual (a) and averaged (b) waveforms of muon events in the RED-100 
detector, c – exponential fit of the averaged waveform; 10000 muon events were taken for averaging. 
 

  

Figure 7. Evolution of the electron lifetime in the RED-100 detector during constant circulation of 
Xenon in the period February 4 – 27, 2019. Electric field strength is 0.3kV/cm 

RED-100 performance: LXe purity

X-ray tube as a 
source of ionization 
electrons for e- 
lifetime 
measurements

“Mojdodyr” spark-
discharge purifier

LXe was purified by a 
spark-discharge 
method with 
“Mojdodyr”:
D.Yu. Akimov et al., 
Instrum. Exp. Tech. 60 
(2017) no.6, 782

After purification, 
the achieved 
lifetime ≳  50 μs
for ~200 kg of LXe

Xenon was 
contaminated by 
highly-electronegative 
impurities presumably 
due to the use of a 
special fluorine-
containing high-
molecular-weight 
lubricant in gas 
centrifuges.

Purification was performed by constant circulation of Xe through RED-100 and SAES
Average energy 
deposition 
from cosmic 
muons is 
practically 
uniform

Electron lifetime was measured by cosmic muons passed through the detector:

1st stage:

2d stage:

SA
ES

μ



  

Figure 12. Example of SE signal (between 234 and 236 µs). The waveforms corresponding to 
different PMTs are overlaid. 
 
  

Figure 12. Example of SE signal (between 234 and 236 µs). The waveforms corresponding to 
different PMTs are overlaid. 
 

RED-100 performance: SE
Typical single electron (SE) signal

SE is a cluster of individual 
SPEs (single photo electrons) 
with a typical duration of ~ 2 μs

Distribution of SE duration Distribution of SE area
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From S2 distribution ONLY, 
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NE – from NEST @ Edr = 0.217 kV/cm
N*

E – corrected for electron lifetime
EEE = NSE / N*

E = 0.54 ± 0.08
@ Eextr = 3.0 ± 0.1 kV/cm 

Electron extraction efficiency (EEE)
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FIG. 10. T he derived EEE values as a funct ion of ext ract ion
elect ric field (in liquid xenon) for both the LF run (red t rian-
gles) and the HF run (blue squares). 100% EEE is defined as
the average value between 7.5 and 10.4 kV/ cm. Systemat ic
uncertaint ies in the measurements are illust rated using the
bands. For comparison, we also show the relat ive EEE mea-
surement result s from XENON100 [16] (magenta diamonds)
and PIXeY [17] (grey circles), along with the absolute EEE
result s from Gushchin et al. [15] (green dots), and LUX [2]
(cyan squares, ext ract ion field values are calculated using the
reported geomet ries and theassumpt ion of 0.5± 0.5 mm higher
liquid level than the spillover resevior due to fluid dynamics).
Relat ive measurements are shown as hollow markers, while
absolute measurements are shown as solid markers.

up to 10.4 kV/ cm in the liquid, compared to < 7.1 kV/ cm
in PIXeY [17], < 6.1 kV/ cm in XENON100 [16], and
< 4.3 kV/ cm in Gushchin et al. [15]. This result agrees
with that of PIXeY, XENON100, and LUX [2] (indirect
method, Equat ion 1) at low field values; at high fields, the
discrepancies with XENON100 and PIXeY are likely to
be the result of thedi↵erent scaling factors used when the
experimental results are reported. In the relat ive EEE
scale used in this work, the highest EEE value measured
in XENON100 corresponds to ⇠92% efficiency, and that
in PIXeY corresponds to ⇠96% efficiency. The Gushchin
experiment was designed to measure the absolute EEE
values, so it is not subject to such biases; but due to the
lack of details in [15] we do not at tempt to resolve the
discrepancy.

The highest elect ric field covered in this experiment
far exceeds that used in any exist ing or proposed xenon-
based dark mat ter experiments. With the observat ion
of an apparent EEE saturat ion and the excellent agree-
ment with other recent measurements, this work o↵ers
the most comprehensive calibrat ion of EEE for dual-
phase xenon TPC experiments to date. Using the EEE
scale in Figure 10, ⇠10-15% of ionizat ion elect rons were
left un-ext racted in the XENON10 and XENON100 ex-
periments, to the cont rary of the assumed ⇠100% elec-
t ron ext ract ion; re-emission of these elect rons can pos-
sibly explain the high observed background rates in the
charge-only dark mat ter searches [13, 14]. Characteri-
zat ion and reduct ion of this unext racted elect ron back-

ground will help us achieve a complete understanding
of the low-energy ionizat ion-like background observed in
xenon-based dark mat ter experiments [16, 18, 19, 45]. If
a substant ially lower background elect ron level can be
achieved, a compact detector at the order of ⇠10 kg may
o↵er compelling sensit ivity to low-mass WIMPs and cer-
tain dark sector dark mat ter part icles [46]. In addit ion,
such detector development may also enable the moni-
toring of reactor ant i-neut rinos using compact noble liq-
uid TPCs [6] through the recent ly demonst rated coherent
elast ic neut rino nucleus scat tering process [47].

Last ly, thisexperimental result on theext ract ion of hot
elect rons from liquid xenon into the gas phase under the
influence of elect ric field also contributes to the studies
of hot elect ron t ransport in non-polar liquid and across
phase boundaries. Noble liquids such as xenon resemble
the simplest dense mat ter and disordered systems, elec-
t ron dynamics in which have been the topic of cont inuing
studies in condensed mat ter physics [23, 26–32], plasma
physics [48], and laser developments [49].

V I . CON CL U SI ON

We report a new measurement of the efficiency of
ext ract ing elect rons from liquid xenon into gas over
a large range of ext ract ion elect ric field, which is a
key performance parameter for xenon-based dark mat ter
experiments. By demonst rat ing previously unat tained
high voltage performance, we studied the EEE values
at the highest elect ric field st rength reported to date.
For the first t ime, a st rong evidence of EEE satura-
t ion is observed over a large elect ric field window of
7.5-10.4 kV/ cm. Combining this observat ion with elec-
t ron t ransport and emission models developed for liquid
xenon, we suggest that this relat ive EEE result may be
used to infer the absolute EEE scale. This result o↵ers
themost comprehensiveelect ron ext ract ion efficiency cal-
ibrat ion for both exist ing and future xenon TPC exper-
iments. It also provides valuable informat ion for xenon-
based experiments to obtain a bet ter understanding of
their low elect ron background and thus improve their po-
tent ial sensit ivity to low-energy dark mat ter interact ions
and to reactor ant ineut rinos.
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RED-100 performance: "spontaneous" SE

JINST 11 (2016) no.03, C03007

Observed in ZEPLIN-III:
JHEP 1112 (2011) 115,  arXiv:1110.3056 [physics.ins-det]
The rate is proportional to the total charge rate in the detector

P. Sorensen, K. Kamdin
JINST 13 (2018) no.02, P02032

"Spontaneous" SE are caused by 
overlapping of the SE tails of the energetic 
events (mostly muons).

Two components:
1st – short, but more intense, caused by emission of the electrons trapped at LXe surface.
2d – long, but less intense; unknown mechanism, decreases with time as purity increase; 
possibly, catching and releasing electrons by impurities (correlation with purity (of LAr) was 
also observed in DS50)

http://arxiv.org/abs/arXiv:1110.3056


However, the "spontaneous” SE rate is quite high: ~ 250 kHz     
in our ground-level lab. (no overburden, no shielding)

RED-100 performance: "spontaneous" SE

Example of waveform:
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To minimize the 1st component, an electron 
shutter is introduced (G2 – G1).

G2

G1

open: UG2 – UG1 = 50 V closed: UG2 – UG1 = - 250 V

Positive pulse (~300 V millisec. duration) is 
applied to G1, and the charge is collected 
to it.
Pulse generator is triggered by muon 
scintillation.
Then, the only ~1-cm part of LXe above G2 
produce the undersurface charge.

The use of shutter allowed us to reduce the SE rate by a factor of ~3

At the site of KNNP (Kalinin Nuclear Power Plant), it will be reduced by a factor of ~5



γ and n shield:
5 cm Cu + ~60 

cm H2O
19 m

Antineutrino flux at this place - 1.35∙1013 cm-2s-1
19 м from core

RED-100 at KNPP

KNPP vert.KNPP 60  - 70°

KNPP, Udomlya



RED-100 in passive shielding 

Water 
tank

Copper 
shielding

RED-100

thermosyphon

supporting frame 



ME value 
in electrons

Estimated ME 
background at KNPP, 

events/160kg/day

Expected CEnNS 
count rate at KNPP, 
events/160kg/day

no cut point-like no cut point-like

2 5.3∙107 1.8∙107 465 283

3 4.4∙105 0.9∙105 129 79

4 2.7∙103 348 35.5 21.7

5 13.7 1.1 10.6 6.4

6 5.7∙10-2 3.0∙10-3 1.9 1.2

Estimation of CEnNS count rate at KNPP 

Taken into 
account:

• New data on ionization yield in LXe for NR
• EEE = NSE / N*

E = 0.54 ± 0.08
• Factor of 5 reduction of muon rate ⟹ 50 kHz spontaneous SE rate
• Poisson flow of spontaneous SE
• Cut on "non-pointness" of event

ME – multielectron events – accidental coincidences of SE is the 
main instrumental background of a two-phase emission detector

We can detect CEnNS with threshold of ~ 4 SE



Further steps to improve CEnNS/bckg 

1 To increase EEE by increasing extraction 
(G2-A) electric field ⟹ CEnNS signal ⇧ , 
however SE rate ⇧ , but not significantly

For this purpose, additional Teflon isolator is 
installed between G2 and A

2 To introduce smart blocking for the muon events: 
the higher muon deposited energy, the longer 
blocking time of the shutter (up to several hundred 
ms)

3 To study the influence of LXe purity on the rate of spontaneous SE events 

4 To improve algorithm of of point-like events selection



Conclusion

1 First ground-level laboratory tests of the RED-100 detector was carried out.
The main technical results are:
• Excellent LXe purity is achieved – electron lifetime of ~ milliseconds
• Electron extraction efficiency (EEE) = 0.54 ± 0.08 @ 3.0 ± 0.1 kV/cm
• SE gain of 29+6-2 SPE is obtained
• The electron shutter was tested: the spontaneous SE rate reduced but 

still high

2 Estimations based on our tests show that detection of the CEnNS events is 
feasible at the site of Kalinin NPP with a threshold corresponding to ~ 4 SE

3 Further steps to improve CEnNS/bckg were discussed

NEW COLLABORATORS ARE WELCOME

THANK YOU FOR ATTENTION !


