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The NEXT program

Prototypes (~1 kg) 
[2009 - 2014] NEXT-White (~5 kg) 

[2015 - 2018]

NEXT-100 (~100 kg) 
[2020 - 2024]

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

ββ0ν searches (ββ0ν 
searches (1027- 1028 y) 

ββ0ν searches (1026 y) 
Show extrapolation to ton 
scale

NEXT-HD/BOLD 
[2025-2035…]



Principle of operation

NEXT-White single electron



NEXT-White
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•A full scale demonstrator 
of  the NEXT technology 
(started in 2016)

•Energy resolution, 
topology, lifetime, 
measured  modeββ2ν



NEXT: Resolution

Energy resolution at 
 

dominated by track 
corrections (0.5 % FWHM 
por point-like tracks). 
Room for improvement. 

Qββ ∼ 0.8 % FWHM



Topological signature

7Single and double electrons from  analysis 
with energies near 

ββ2ν
Qββ



Measurement of  modeββ2ν
8
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bb EZ Fit: Run-V
● bb2n  t: bb selection (DocDB 1182 ), R(Xe) free parameter along with 4x3=12 BG parameters

● T1/2= (2.06±0.71) x 1021 year, c2/dof = 1.66

● Weakness: strong Bi214-Xe136 correlation and the bad c2 (possible bias?) 

•Run-V: enriched xenon: signal + backgrounds 



Measurement of  modeββ2ν
9•Run-VI: depleted xenon: only background 
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bb EZ Fit: Run-VI
● bb2n  t: bb selection (DocDB 1182 ), R(Xe) free parameter along with 4x3=12 BG parameters

● T1/2= E (R(Xe136)=0), c2/dof = 1.30

● As expected, no sensitivity to the bb2n decay, but ~direct bb background measurement 



Measurement of  modeββ2ν
10•Combination: background model independent. 
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BG-Subtracted bb2n Spectrum
● bb2n rate from  t to MC, accounting for statistical uncertainty and RunV/RunVI 3.6% normalization systematic  

h
norm
 = 0.99±0.03 [input: 1±3.6%]● BG-model-independent measurement:  

T
1/2
= (2.30+0.58

-0.51
) x 1021 year

c2/dof = 1.32 (p-value=16.5%)

•HPXe makes feasible to measure backgrounds from the data 
themselves, thus reducing uncertainties associated with the 
background model. 
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NEXT-100 (construction under way)



Solutions to be implemented in NEXT-100

EL mesh Design voltage of cathode and 
HVFT is very close to NEXT-100

SiPM radio-pure substrates.
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NEXT-100 goals
• Improve energy resolution to better than 1 % FWHM 

(replacing the anode plate by two etched meshes to 
improve uniformity)


• Improve radioactive budget (thinner SiPMs boards, 
lighter TPC). 


• Demonstrate low background budget (thus 
background rate). Measure the background from the 
data themselves. 


• Prepare ton scale. 

13



NEXT-100 Background model 14

1. Natural decay series:  < 4.09 x 10-4  cts / keV kg year



NEXT-HD

•  NEXT-HD (“High Definition”) is a detector improving incrementally the technique 
developed by NEXT-White and NEXT-100.


•Background rate reduced to a fraction of event per ton and year in the ROI by 
improving topological signature (including the potential use of Xe-He to reduce 
diffusion) and reducing background budget (no PMTs, ultra-pure SiPM substrates).


•  Symmetric design with a central cathode and two readout planes with SiPMs.


•Energy readout in a Barrel Energy Detector (double-clad fibres)

15

https://arxiv.org/pdf/2005.06467.pdf
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Figure 2. Left: Conceptual design of a tonne-scale NEXT detector installed inside a water tank
and the cryogenic vessel needed in case of gas cooling. Right: Detail of the internal structures of
the detector. The active volume, 2.6 m in diameter and height, would hold a mass of 136Xe of
approximately 1109 kg at 15 bar.

that the axial position of events will be reconstructed, via the measurement of the S1 signal,

with similar precision to what has been achieved in NEXT-White.

The other major adjustment from NEXT-100 would be changing to a symmetric TPC

design (cf. the left and right panels of figure 1) with a central cathode and two EL gaps.

This modification halves the maximum drift length, easing the requirements on gas purity

and high voltage. For example, the detector of 2.6 m would require ⇠65 kV at the central

cathode to achieve a NEXT standard drift field of 500 V cm�1, a value already within the

target specifications of the NEXT-100 high-voltage feedthrough. The shorter drift length

would also reduce the average electron di↵usion (proportional to the square root of the

drift length), which impacts track reconstruction. Moreover, no bu↵er region would be

required to protect sensors and electronics against high voltage discharges from the cathode,

maximizing the isotope used for physics.

The field cage itself is expected to be an extrapolation of the current NEXT-100 design,

which has been developed with scalability to the tonne scale and minimization of material

mass and radioactivity as central concerns. The current design secures the field shaping

rings using high-density polyethylene (HDPE) bars of the same length as the detector active

region. Polytetrafluoroethylene (PTFE) panels are then attached to the HDPE bars making

the light reflector seen in figure 2. These reflectors are ⇠ 5 mm thick and constitute the

majority of the mass of the field cage. If the detection of the S1 signal finally requires

it, panels of wavelength-shifting fibers would be fitted to the PTFE covering the internal

walls of the TPC. The field cage is surrounded by an inner shield of 12 cm of copper that

attenuates external gammas by several orders of magnitude before they reach the active

– 5 –

• A detector of 2.6 m diameter and 2.6 m 
length deploys at mass of 1 ton at 15 
bar. 



NEXT-HD
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Figure 3. Left: histogram of all simulated events normalized by activity with the analysis cuts
applied. Right: the track multiplicity for signal and background events.

to the measurements made by the collaboration for pure-xenon operation [22,46]. A second

parameterization at 3⇥ 3⇥ 3 mm3 assumes an improvement in di↵usion due to the addition

of molecular or He additives to the gas [47–50]. An example of the hits being grouped into

10⇥ 10⇥ 10 mm3 voxels can be seen in the right column of Figure 2.

All tracks built are subject to a series of cuts designed to accept only 0⌫�� events.

The initial steps involve rejecting events with reconstructed energy far from Q��. This

is achieved by strictly requiring energy between 2.4–2.5 keV (the broad energy cut). The

surviving events are then required to have no voxels within 2 cm of the field cage nor within

2 cm of the anode or cathode. With these first two cuts, events which obviously enter

from outside the active volume or which have energies far from the region of interest are

e�ciently rejected.

Once the broad energy and fiducial cuts have been applied, the surviving events are

subject to the basic NEXT topological analysis. The voxels are grouped into tracks by

treating each voxel as a node in a graph and applying the Breadth First Search (BFS)

algorithm [51]. The details of the specific implementation of this algorithm can be found in

Ref. [23]. The expected topology of a �� event is a single continuous energy deposition as

the two electrons share the same initial vertex and will be reconstructed together. At the two

extremes there are high-density energy deposits, described hereafter as blobs, corresponding

to the two Bragg peaks. Multi-particle background events will be reconstructed with more

than one track, and those induced by single electrons either from the interaction of gamma

radiation or from beta decays, while often producing a single track, can only have a blob

at one extreme. Figure 2 shows an illustration of a signal (top) and background (bottom)

event, in Monte Carlo truth (left) and after voxelization (right) at 10⇥ 10⇥ 10 mm3 scale,

– 10 –

Figure 4. Histograms of the blob energies of signal and background events. The blobs are defined
such that blob1 has higher energy.

respectively.

Events with more than one track are rejected as being most likely background. However,

a non-negligible number of signal events are also reconstructed as multiple tracks. Energy

loss via bremsstrahlung is possible and the photons can travel a significant distance before

interacting which frequently results in multiple track signal events. The track multiplicity

for signal and background events can be seen in Figure 3 right. The corresponding energy

distribution for the signal and background events can be seen in Figure 3 (left) using a

double beta decay half life of 1027 years, the NEXT-1T background model, and pure xenon

(for example).

The remaining single-track events are then checked for the double electron condition

(two-blob cut). The end-points of the tracks are identified as the two voxels at greatest

distance from each other along the track and the energy is integrated within a sphere

of fixed radius from each end-point. The radius chosen was optimised for each tracking

parameterization with 18 mm chosen for 10⇥ 10⇥ 10 mm3 voxels (pure xenon) and 15 mm

for 3 ⇥ 3 ⇥ 3 mm3 (low di↵usion). The integrated energy in the regions is required to

exceed a threshold chosen for each parameterization by using a test statistic to find the cut

value which optimized the figure of merit "/
p
b, where " is the signal e�ciency and b is the

residual background. Figure 4 shows the blob distributions for all signal and background

events generated, the figure of merit indicated a threshold of 500 keV as the best minimum

for the integrated signal at the extreme with lower energy (blob 2). In this way we can

e↵ectively reject Compton electrons and other remaining backgrounds.

All events that remain are inherently fiducial, single track, with a blobs at both ends

– 11 –

Figure 6. Total background activity as a function of the cuts for all sources considered. Here
the half life of 136Xe was assumed to be 1027 and is just for reference. The detector performance
used here is 0.7% FWHM energy resolution and assuming Pure xenon for the di↵usion, with the
NEXT-1T background model and a location of LNGS.

ratio of events in the ROI to the total generated events.

For both the pure xenon and low di↵usion configurations a set of unique acceptance

factors were calculated for each detector component and for each background source.

These are then combined with the mass of each material and the expected radioactive

contamination. Wherever possible NEXT measured materials are considered, with reference

to other published results complementing. This combination then yields a background

index, which can be used to establish the expected sensitivity in each configuration and for

each background model.

Background Index =
Acceptance Factor⇥Activity (per unit mass)⇥ Component Mass

Active Mass⇥ ROI
(4.1)

The mass of each detector component is determined from the volume of the Geant4 geometry

and the density of the material, with the exception of the read-out planes, which are scaled

according to surface area. These masses are summarised in Figure 5. In this figure we use

the term equivalent activity to describe the activity that would have resulted in the level

of background remaining after applying all cuts. The acceptance factors and background

index for the radiogenic sources considered for each analysis set are reported in table 1.

The e↵ectiveness of the cut-based analysis can be seen in Figure 6, where the e↵ect

of each cut on each background source can be seen. The fiducial cut does not reduce the

activity from the gammas from bismuth and thalium since the attenuation length of gammas

– 13 –

Figure 7. Left: Projected sensitivity to the 136Xe 0⌫�� half-life with both the NEXT-100 and
NEXT-1T background models for the pure xenon and low-di↵usion cases; the band represents the
span of the background model for the given di↵usion assumption. Right: Background index for both
background models and pure xenon and low di↵usion mixtures.

of thee energies is long so interaction within the fiducial volume is likely. However, when

theses gammas interact their energy and topology can be scrutinized and the power of the

topological analysis is evident.

5 Predicted background index and sensitivity

The sensitivity of an experiment is defined as the median half-life which can be excluded at

a given confidence level in many repetitions of an experiment providing a null observation.

Based on the predicted activities and acceptance factors presented we can evaluate the

median sensitivity of the tonne scale NEXT-like detector.

The total background index for each analysis configuration was calculated by taking

the radiogenic contribution plus an additional 20% to account for material contributions

outside the copper shielding, the cosmogenic background for a siting location, and the

possibility of radon contamination. Due to the low background nature the additional 20%

do not impact the sensitivity in a major way. Figure 7 (right) summarises these numbers.

The background index from each set was used to generate a sensitivity curve following

the Feldman-Cousins method for a 90% unified confidence interval [52]. These sensitivities

were then used to construct a band that is dependent on detector performance for both

NEXT-100 and NEXT-1T background models. The width of the band shows the di↵erence

between the models, as seen in Figure 7-left. Siting of the detector is not yet specified, though

candidate underground laboratories include SNOLAB (6 km.w.e), SURF (4.3 km.w.e.),

LNGS (3.3 km.w.e.) and LSC (2.2 km.w.e.). For these studies, we assume siting at LNGS

– 14 –

Reach: T ∼ 1027 year for 3 ton ⋅ year



R&D for NEXT-HD

Water tank

Copper shield

Field cage

Cathode

Readout planes

•EL amplification for large diameter grids.


•Barrel Energy Detector based on double-clad fibres (coated with TPB).


• Improve topological signature (low diffusion, deconvolution methods). 


•Handle dense tracking plane signals (ASIC for the tracking plane)


•Reduce radioactive budget further w.r.t. NEXT-100 (no PMTs, ultra low 
radioactivity substrates)

17



NEXT-BOLD

Detecting “tagging” the Ba++ signaling a ββ0ν process 
has been a long sought holy grail of xenon chambers.

18



Ba2+ detection using molecular indicators

D. Nygren , J.Phys.Conf.Ser. 650 (2015) no.1, 
012002

19

A. D. McDonald et al. (NEXT Collaboration)  
Phys. Rev. Lett. 120, 132504 (2017) 

Exploit single molecule fluorescent imaging (SMFI) to 
visualize a single barium ion as it arrives at the TPC cathode.

For 136Xe, in gas phase, the daughter is ~100% 136Ba++, 
perfect for using SMFI techniques.

Goal: develop custom molecules that change  
luminous response after chelating Ba dications.

Molecules must (and do!) display high specificity to Ba++ 

Common elements: crown ether + fluorophore + linker

Complementary approaches explored in US and Spain
Spain: molecule changes color strongly: green à blue
Texas: molecule changes from non-luminous to luminous

Molecular engineering: predictive computations too!

The NEXT Collaboration’s Big Idea:

6/22/20 Nygren - R&D Progress 44

• Idea (Nygren): Exploit single molecule 
fluorescent imaging (SFMF) to visualise (“tag”) 
a  single  Ba2+ ion as it arrives at the TPC 
cathode

•Ba2+ sensor: Based on molecular indicators, 

able to change luminous response after 
chelating Ba2+ cations. 

•Apparatus: Must be able to detect in delayed 

coincidence the electron signal (in anode) and 
the cation signal in cathode.

•Crucial bonus : delayed coincidence pushes 

estimated background (and error) to very small 
numbers (ultimately limited by  at levels 
near 10-9 ckky). Efficiency of delayed 
coincidence can be measured (calibration with 
Ra2+ source and/or ). 

ββ2ν

ββ2ν
Nature 583, 48–54 (2020)
Nature Sci Rep 9, 15097 (2019)

ACS Sens. 2021, 6, 1, 192–202 (2021)

JINST 11 (2016) no.12, P12011



New Chemistry
• Conventional ion chemosensors are 

not suitable for solventless (dry) 
imaging. 

• NEXT has developed selective, dry-
phase imaging of barium ions using 
crown ether derivatives. 

• Ring receptor can be tuned to bind 
efficiently and selectively to barium. 

• Computational chemistry is 
predictive for molecular 
fluorescence and binding. 

• Two types have been developed:  
on-off, and bi-color.

Dry single Ba++ ion detection with on-off fluorescence

Ba

Sci Rep 9, 15097 (2019) 
Nature 583, 48–54 (2020) 
ACS Sens. 2021, 6, 1, 192–202 (2021)

In-vacuo capture from Ba(ClO4)2 with bi-color response

Ba



Ba2+ expected to chelated indicators in 
high pressure gas

Nature 583, 48–54 (2020)
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FIG. 7. Cluster populations from thermodynamic calcula-
tions

tions involving the barium dication. Such reactions are
critical to some barium tagging methods [5]. Based on
our calculations, the total binding enthalpies of relevant
clusters are 3-4 eV/ion, which must be supplied in order
to remove the barium dication from the cluster. On the
other hand, the enthalpy of solvation of the Ba++ ion in
water is 13.5 eV/ion. Thus removing a barium ion from
a xenon shell appears to be substantially more energeti-
cally favorable than removing it from a solvation shell of
water, and any reactions which proceed in water might
thus be expected to proceed in high pressure xenon gas.

It is also notable that in future high pressure xenon
TPCs for neutrinoless double beta decay, the operating
medium will be isotopically enriched 136Xe and the drift-
ing isotope of barium will be exclusively 136Ba. This has
a small impact on the mobilities relative to those shown
here, which are evaluated using the most prevalent natu-
rally occuring isotope of barium and the average atomic
mass for xenon. This slight mobility reduction can be

calculated by substituting the mass-dependent term in
Eq. 7. For all species considered here this e↵ect leads to
a 0.5-1.5% level reduction in drift velocity. The mobility
of pure 136Ba in pure 136Xe is shown as dashed curves in
Fig. 8
Comparison with both data and previous theoretical

works suggest that the analysis presented here to be ac-
curate at the few-percent level. However, experimental
verification is mandatory. We expect to confront these
predictions with data from our laboratory in the near

FIG. 8. Our calculated pressure dependent mobility for the
Ba+ and Ba++ systems accounting for the e↵ects of molecular
ion formation.

future, as part of the R&D program to develop barium
tagging techniques for high pressure xenon gas time pro-
jection chambers.
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FIG. 2. Equilibrium conformations of simulated clusters in the Ba++ system.

For the reactions in question we can predict the en-
tropy and enthalpy changes based on the calculations of
Sec. II A. These are used to establish the equilibrium con-
stants for each step, from which the relative populations
of each species [BaXeq+N ] can be derived iteratively.

C. Ionic Mobility Calculations

The mobility of each ionic species is calculated via the
low-field ion mobility equation [13]:

µ0(0) =
⇣

31/2

✓
1

m
+

1

M

◆1/2
q

(kBT )1/2�Q

1

N
. (7)

Here, ⇣ is a numerical factor which can be calculated to
be 0.814 from Chapman Enskog theory [26, 27]. m andM

are the masses of the two colliding objects. To facilitate
comparisons with experimental data and previous theo-
retical work, we assume the masses of the most prevalent
naturally occurring isotope of barium 137Ba and the iso-
topic average mass of natural xenon. The alternative
case of interest of double beta decay experiments, 136Ba
in isotopically enriched 136Xe is discussed in Section IV;
q is the total charge; kBT is the thermal energy, set here
to 300K [28]; �Q is the momentum transfer cross section;
and N is the total number density of scatterers.
The momentum transfer cross section Q is derived from

the shape of the potential surface for the cluster in ques-
tion. Following the prescription of [13] we make the first-
order classical approximation to the collision integral,

�Q = 2⇡

Z 1

0
(1� cos✓)b db, (8)

where b is the impact parameter and ✓ is given by:

✓ = ⇡ � 2b

Z 1

ra


1� b

2

r2
� V (r)

E

��1/2
dr

r2
, (9)

with ra the classical distance of closest approach. Q is
averaged over the thermal collision spectrum to yield the
first order collision integral in steps of 0.02⇥kT according
to the recipe in [13]. The second order correction to
the collision integral was also evaluated, but found to be
negligible in all cases.
For the non-spherical structures we also make the Ma-

son Monchick approximation [29, 30], taking the e↵ec-
tive cross section to be the average of pseudo-spherical
potentials approached from di↵erent directions, weighted
by solid angle.
Using the above ingredients we calculate the reduced

mobility of each molecular ion species. Under condi-
tions when several molecular ions are present in signif-
icant populations, the mobility µ

0
eff will be the partial-

pressure-weighted average of their respective mobilities
µ
0
N :

µ
0
eff =

X

N

⇥
pNµ

0
N

⇤
/

X

N

pN . (10)

In this way, the mobility of ions in equilibrium with
xenon gas can be predicted as a function of xenon pres-
sure and temperature.

III. RESULTS

Here we present the results of the calculations de-
scribed above. We first benchmark our technique using
the Ba+ system and then make the first predictions for
the Ba++ system.

Phys. Rev. A 97, 062509



Ba2+ chelation in dry medium

Nature 583, 48–54 (2020)
Extended Data Fig. 3 | Computed structures of FBI–barium perchlorate 
complex. DFT-derived fully optimized structure of 7ca complexed with barium 
perchlorate. A dummy atom located at the centre of the 1,4-disubstituted 

phenyl group is denoted as X. Bond distances and dihedral angles are given in 
Extended Data Table!2.



Ion Transport & 
Concentration

• One concept for ion collection 
from large volume is through 
concentration with RF carpets at 
10 bar, onto 1mm2 sensors. 

• Simulations and HV tests suggest 
that efficient ion transport is 
achievable in principle at 10 bar.  

• Dynamics of transport influenced 
by molecular ion formation with 
xenon – experiment is mandatory. 

• Program of R&D at the CARIBU 
facility will test high pressure RF 
carpet, scheduled for 2020 (COVID 
permitting).

JINST 15 (2020) 04, P04022 
Phys.Rev.A 97 (2018) 6, 062509

DFT calculations predict ion clustering and RF carpet 
simulations predict efficient transport.

RF HV strength of Xe is sufficient for RF transport at 10bar.
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High pressure microscopy



BOLD R&D
• Ion beams using 222Rn2+ from thorium 

decay are under development for 
single ion test. 
  

• Beam tests also planned at ANL  
CARIBU with 144Ba2+  mass-selected 
from 252Cf fission. 
  

• The ultimate test-beam is ββ2ν ! 
   
• Demonstrator phases at 10kg-scale 

are being planned for ~2024-2025. 

• Multiple full system concepts under 
exploration, to be guided by ongoing 
R&D. 

• The program is well funded by DOE in 
USA and by ERC (Synergy Grant, 2020) 
in Europe. 

”SABAT” concept with fully active cathode, SiPM-based 
tracking  and Energy Barrel Detector

”CRAB” concept with RF carpet concentrators and camera-
based topology measurement

CCD

TPX 
Cam

Tracking with 
VUV Image 
intensifier + 
TpxCam

Ba2+
e

e

e

EL (+HV)

RF
C

Barium tag 
with 
EMCCD and 
laser 
excitation

CCD

Barrel energy measurement

CCD

TPX 
Cam

CCD



Plans for first NEXT-ton module at LSC

•  NEXT-100 will operate at the LSC from 2021-2024 with 100 kg of 
enriched xenon


•LSC is starting the process to procure +400 kg by 2025. 


•The goal of the collaboration is to build a new detector in 2024 initially 
with 500 kg fiducial mass. R&D under way to determine flexibility to 
increase pressure, so that the same vessel could hold 500 kg at 10 bar 
and ~1ton at 20 bar.  


•The baseline option is to build a symmetric “HD” design, with the aim to 
reach a sensitivity ~1027 y, while the R&D on “BOLD” proceeds.


•Eventually, replace “HD” by “BOLD” with a mass of ~1 ton.
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Multi-ton, multi-module, multi-site approach

•  HPXe detectors can be staged. Once the technology is mastered, 
duplicating modules is (relatively) straight forward. Operating at room 
temperatures avoids many complications associated with cryogenics. 


•Thus, it is possible to build more than one module, and the modules can 
operate in more than one lab. We believe that modules of 1 ton can be 
achieved and will be demonstrated by the pilot-module at LSC. 


•SNOLAB depth makes for an attractive location for one or more of those 
modules (given the reduced impact on cosmogenic background) and fits 
well with the strong NorthAmerica-Europe nature of the NEXT 
collaboration.


•The R&D for BOLD may involve prototypes/demonstrators operating 
both at LSC and at SNOLAB.

27
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0 NEXT-Project 12/05/2022

1 NEXT-100 3 years

2 NEXT-HD R&D 1 day ?

3 NEXT-BOLD R&D 1 day ?

4 NEXT-500 1 day ? 1; 2

5 BOLD Demonstrators 1 day ? 3

6 NEXT-BOLD/HD multi-ton 1 day ? 4EE; 5
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