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I. CONTEXT

The DarkSide collaboration published in 2018 two world leading results for WIMP dark matter search
for spin-independent interaction: the world best upper limit at low masses, between 1.8 GeV/c? and
6 GeV/c? [1, 2] and the best upper limit for high masses, above 30 GeV/c? [3], for argon targets. One
crucial ingredient for achieving these results was the use of argon depleted in the radioactive 3°Ar isotope
by a factor 1400 compared to atmospheric argon (AAr) that has a radioactivity of about 1 Bq/Kg.

All collaborations pursuing first-generation liquid argon detectors, ArDM, DarkSide, DEAP-3600 and Mini-
Clean, recently merged into the Global Argon Dark Matter Collaboration (GADMC), with the purpose
of pursuing together the proposed DarkSide-LowMass (1 tonne), DarkSide-20k (20 tonnes) and Argo (300
tonnes) experiments, aiming at investigating WIMP masses above 1 GeV/c? with cross sections down to the
neutrino floor [4].

DarkSide-20k is an approved project by INFN (Italy) and NSF (USA). A proposal for DarkSide-LowMass
will be presented in the Fall 2019.

Two important steps of this research program are Urania, the 250 kg/day underground argon extraction
plant to be deployed in Colorado, now in advanced tendering process and scheduled to start operations in
2021, and Aria, the 350 m cryogenic distillation plant in construction in Sardinia, Italy, that will achieve a
factor of 10 3°Ar suppression per pass at a rate of 10 kg/day. Aria is expected to enter operations in the
second half of 2019.

For DarkSide-20k it is expected that the argon extracted in Colorado will be shipped to Sardinia where it



will undergo chemical purification to be transformed into detector-grade argon at the rate of 1 ton/day, and
from there shipped to LNGS.

For DarkSide-Low Mass, which requires only a ton of argon, a distillation step with Aria to suppress further
the 39Ar content is foreseen. Aria will enter operations before Urania and its test is a priority for the
GADMC.

II. PROPOSED EXPERIMENT AND GOALS

In this Technical Design Report (TDR), we describe the DArT in ArDM experiment at LSC aiming at
measuring an 3%Ar depletion of order 1000 with 10% precision.
The experiment DArT in ArDM is meant to re-using the ArDM infrastructure [5] with a minimal modifica-
tion, consisting of locating in the middle of the ArDM vessel a radio-pure copper single-phase liquid argon
detector of about one litre active volume, named DArT. DArT will be filled with the argon to be tested and
be readout by two cryogenic SiPMs of 1 cm?, that come, together with the readout electronics, from the
DarkSide-20k production chain.
The ArDM detector for this experiment should act as an active veto against internal and external radiation.
For this purpose we are building a dedicated single phase setup with a new set of low-radioactive photo-
multipliers (PMT), while we retain the entire present double phase setup for later use, e.g. for measurements
on large quantities of depleted argon [6].
Extensive GEANT4-based simulations of the setup were performed with tuned-on-data MC, inherited from
the DarkSide-50 experiment at LNGS.
These simulations show that DArT in ArDM will achieve in this configuration a % measurement for 3°Ar
depletions of order 10 compared to AAr in about a week of running and a 2% measurement for depletions
of order 100 (statistical uncertainty only).
This setup will be very useful, if deployed in a timely manner, to characterize the performance of Aria, that
is expected to suppress the 37 Ar content by a factor of 10 per pass. To achieve this, first goal we need DArT
in ArDM to be ready by the second half of 2019.
A very important addition to the above described setup will consist of adding 6 ton lead belt of about 1.4 m
height, around the ArDM vessel, at mid height position, to suppress the impact of external photons that
dominate the background budget. This will allow to measure larger 3°Ar depletion, corresponding to those
of the argon coming from deep wells underground in Colorado, from the Urania plant.
If the depletion levels are those already measured in the past (i.e. of 1400), it will be possible, according to
our simulations, to measure them with a 7% uncertainty in a about a week of running. Upper limits can be
set on depletions of order 25200 (statistical uncertainty only), i.e. UAr with one distillation pass in Aria.
The argon from Urania is expected to be available only at the end of 2021. However, it is planned that,
after the run of DarkSide-50 at LNGS, presumably at the end of 2019, its argon will be measured in DArT
in ArDM to cross-check the old measurement and to test the new setup.
This DArT in ArDM experiment is expected to become a facility for the LSC for the years to come since it
will be needed to measure samples of the extracted argon from Urania over time.
The scientific relevance of depleted argon goes quite beyond its use in DarkSide-LowMass, DarkSide-20k and
Argo and is now being considered also by DUNE, COHERENT and LEGEND experiments.

III. BASIC TECHNIQUE AND PAST ACCOMPLISHMENTS

The amount of 3?Ar in the sample will be determined from fits to the spectral shapes as illustrated in
Fig.1 from data from DarkSide-50 (left) and ArDM (right) experiments.
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FIG. 1. Examples of background spectra measured with liquid argon detectors for Dark Matter search: DarkSide-50
(left) at LNGS and with ArDM at LSC (right).

DarkSide-50 performed measurements of both atmospheric argon (AAr, black) and underground argon
(UAr, red). From fit of the S- spectrum of 39Ar to the background a depletion factor of about 1400 was
determined for UAr.

ArDM instead only measured AAr, using a fiducial region of the inner 200 litres, to reduce the external and
cryostat background components.

A new measurement has been performed by DEAP-3600, currently being prepared for publication. DArT will
benefit from experience of building and operating DEAP-1, which similarly consisted of a small cylindrical
wavelength shifter coated acrylic chamber, instrumented with 2 light sensors [7]. DEAP-1 and DEAP-3600
have achieved good light yield and very low surface alpha activity [8-10], which will also be important for
DArT

IV. NEW SINGLE PHASE ARDM CONFIGURATION

Fig 2 shows the basic experimental configuration with the DArT chamber in the middle. The dedicated new
ArDM single phase configuration is embedded in the 50 cm thick outer polyethylene shielding (not shown)
and the stainless steel cryostat with the liquid argon cooling jacket. Similar to the original construction of
ArDM the main detector consist of 6 low radioactivity PMT’s at the top and 7 at the bottom, surrounded
by the reflector foil covered with TPB, entirely attached as a unit to a second top flange which was used for
the development of ArDM at CERN. The active liquid argon target amounts to about 0.9 ton in mass.

All this structure is meant to be assembled and tested at CERN together with the DArT chamber in a
non-radio-pure acrylic structure. After successful testing it will all be shipped to LSC where also the DArT
chamber will be refurbished with the radio-pure acrylic.



FIG. 2. ArDM cryostat cut view with the new single phase setup and the DART chamber in the middle.

Most of the external background photons that reach DArT come from the lateral side of the detector, due
to the smaller distance that external s have to travel. For this reason, different lateral external ~ shielding
have been simulated.

The optimal configuration was obtained with lead belt of 140 cm height and 10 cm width in terms of
background reduction and weight (6 tons). The lead belt will be placed at half height of the ArDM detector
in the space between the cryostat and the polyethylene shielding, as shown in Fig3 and Fig4.



FIG. 3. External view of ArDM (a) and cut view (b) showing the lead belt inside attached to the polyethylene shield
(the cryostat was removed in this picture)

FIG. 4. Horizontal slice of the polyethylene shield with the lead belt (dark) attached to the inner surface

V. DART

A. DArT Mechanics

In order to minimize the possible background given by the intrinsic radioactive contamination of the
detector, DArT is built with materials known to be extremely radio-pure like OHFC copper and acrylic
(PMMA). In Fig. 5 a technical drawing of the inner part of DArT is shown.
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FIG. 5. (a) Side view of the inner structure of DArT, (b) Top view of the inner structure of DArT, (c)Side view of
the inner structure of DArT with the innermost part removed

The detector hosting the argon to be tested is made of copper cylinder with 5 mm thick lateral wall and
8 mm thick top/bottom. The machined piece is shown in Fig. 6.

FIG. 6. The DArT copper vessel. The top flange still needs to be machined to accommodate the two copper pipes.

Mechanical simulations showed that such design is able to withstand the maximum pressure foreseen
(Ibar) during the evacuation of the vessel inside ArDM. Two copper pipes penetrate inside the vessel, a
thinner one going all the way down the vessel allowing the filling of the argon and a larger one stopping at
the top flange providing the necessary connections (SiPM HYV, signal, level meter etc) through radio-pure
cables.

The inner structure is made of an acrylic cylinder, coated with wavelength shifter (TPB) on its inner surface
(200 g/cm?). The outer surface of the acrylic is enrolled in a Vikuiti reflector foil.



An additional cylinder (annulus) is used as filler of the space outside the reflector foil. A picture of this
acrylic piece machined is shown in Fig. 7

FIG. 7. The DArT external acrylic cylinder

The outer acrylic parts will be attached to the top vessel flange, as shown in Fig. 5. The total of the acrylic
pieces are 8. They are the following:
e Attachment to the top cover, 1 piece.
e Quter cylinder, 1 piece.
e SiPM support, 2 pieces.
e End cap, 2 pieces.
e Inner cylinder, 1 piece.
e Down facilities support, 1 piece.
Two disk of acrylic of 6 mm thickness with TPB evaporated over the inner surface will be placed between
the argon active volume and the two SiPM .
The readout will be performed using one SiPM on the top and one of the bottom from the DarkSide-20k
production with a dedicated board attached to another acrylic disk using acrylic screws, as shown in Fig. 8.

FIG. 8. Top support of DArT acrylic structure housing the FEB.

It is foreseen that for the tests done at CERN the acrylic will not be of the radio-pure type. For the
running in LSC it will be very important instead to have the radio-pure version, with proper sanding to



suppress the plate-out of 222Rn daughters.
Fig. 9 shows the DArT chamber assembly procedure.

ai § §

Install level sensor
& heaters

Attach top support Install top SiPM Put the active volume Install bottom SiPM

FIG. 9. DArT chamber assembly procedure

B. DArT Cryogenics

1. Integration with ArDM

The DArT chamber is fabricated using ultra pure 99.99% Oxygen Free High Conductivity (OHFC) copper
with only 4 ppm of oxygen. It has two 20cm pipes, see Figh, fabricated always with OFHC copper, the
smaller one for the argon inlet and the larger one for the argon outlet and for the wiring connecting the
instrumentation inside the chamber to the room temperature equipment. A top flange gives access to the
inner part of the chamber. All the instrumentation is connected to the top flange, so that removing completely

the bottom part of the chamber allows an easy access to our test space and instrumentation.

The two copper pipes are connected, using silver brazing, see Fig. 11 to a structure including the continua-
tion of these 20 cm copper pipes with stainless steel pipes up to the top flange, a CF200 one and the external

connections, as shown in Fig. 10.



* External DArT system

connections Cable connections
CF63 1x25 or 2x25

* CF200 flange Cable reservoir
Vacuum port CF40

* Pipes D40 & D8
Gas outlet

Gas inlet

\

* Cu/Inox interface CF200

* DArT

FIG. 10. Integration of DArT in the ArDM cryostat

* D40x1.5 and D8x1 inox pipes.

* CF40 and ferrule unions.

* The Cu/Inox welded by silver brazing.
* D22x1 and D6x1 copper pipes.

* 200 mm away from DArT.

FIG. 11. Integration of DArT in the ArDM cryostat: detail of the connection copper-stainless steel

2.  Filling end emptying procedure

a. Initial conditions Less than 1 ppm of oxygen will be left in the evacuated chamber before filling it

with argon (larger oxygen traces may quench the scintillation signal produced by the liquid argon), pumping
the chamber down to 10~3 mbar when still at room temperature.
Refer to Fig.12 for the following. The chamber may be flushed with atmospheric argon (cylinder B50,
AAr) and re-pumped again further decreasing the oxygen content and other possible contaminants. For this
purpose we use a pumping system equipped with a turbo pump connected to valve v11. Such a flush and
pump procedure may be repeated.
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FIG. 12. Schematics of the gas handling system and cryogenics for the operation of the DArT chamber.

An inspection with a helium leak detector at room temperature is performed to assure there are not leaks
in the DArT chamber and in the lines at room temperature, where some oxygen might potentially enter. For
this purpose the system must be proven leak tight at a level better than 10~7 mbar 1/s. The turbo pump
should be anyway kept on until the system is warm. As an option, being the chamber and pipes volume
very small, we may use the leak detector itself, equipped with a turbo pump, to reach the expected level of
vacuum. The set of pressure gauges, indicated with P, include a mechanical pressure gauge, a pirani and a
cold cathode penning gauge.

After the chamber has been proved leak tight, the underground ArDM cryostat (or the similar ”clone”
cryostat located at a surface CERN laboratory that will be used during the preliminary tests) is filled with
atmospheric liquid argon and the DArT chamber will cool down, the temperature being monitored by the
two PT1000 inside the chamber. The SiPM’s will cool down slowly enough by conduction through the DART
chamber (that is at 87 K) avoiding unnecessary large thermal stresses.

The Turbo pump can now be switched off , v11 closed and the static vacuum pressure in the DArT
chamber, read out by the penning pressure gauge is constantly monitored. We expect the pressure to further
decrease with the temperature.

b. Filling the DArT chamber with argon The same procedure will be applied twice, in a first step for

atmospheric argon to flush the entire system. About 900 litres STP of atmospheric argon gas, stored in
the B50 cylinder (e.g. 18 bar, 50 litres) equipped with a pressure regulator, will be used to fill the DArT
chamber where it will condense by giving the heat to the ArDM liquid argon target. The gas/liquid density
ratio for argon is about 840 referring to gas at STP. After removing the atmospheric argon and pumping the
DArT chamber the argon sample to be studied can be filled. The argon will flow through a SAES getter for
purification (”Gas cleaning”) before reaching the DArT chamber.
The pressure in the DART chamber must be kept at few tens of mbar above the atmospheric pressure, e.g.
0.03 barg to assure that in case of a small leak the argon will not be contaminated. To monitor precisely
the pressure, a mechanical pressure gauge working in the range 0-1 barg is placed, at room temperature,
between the v4 and v10.

The argon will slowly flow in the DArT chamber and condense therein (without using any pumping
system). The speed of the process will be compatible with the ArDM temperature and the slight DArT
chamber over-pressure. The final pressure of the argon gas in the lines, after the full condensation of the
liquid argon in the chamber, will be approximately 1 bara (0 barg). We estimate that eventually about 840
litres at STP of argon gas will be condensed in the DArT chamber, 50 litres will remain in the cylinder
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and less than 10 litres in the room temperature lines. For the underground argon we will use the same
procedure, but the source will be the set of cylinders B10 (10 litres each). The fullness of the DArT chamber
will be monitored by three PT1000 used as level sensor, exploiting the different self heating of the platinum
resistance in gas (3.2mW/K) and in liquid (32mW/K) phase.

c. Argon Recovery procedure To recover the argon in the cylinders (B50 for AAr or B10 for UAr) at
room temperature, the procedure is the following. Evaporation is achieved by applying heat power through
an electrical resistance, two platinum resistors PT100, driven by a custom circuit. The heater in the DART
chamber has to be switched on and due to the poor argon thermal conductivity the heater inside the chamber
will assure convection therefore facilitating the argon evaporation. The work required to vaporize the DART
liquid argon is 247kJ. With two resistors powered with 3.5W the chamber can be emptied in about 10h.
A system test in the laboratory at CIEMAT was performed and worked well. A liquid nitrogen dewar
(Pcryostat”) will be used to cool a 2 litre cylinder (” Ar condenser”) where the argon will be condensed and
solidified and stored during the recovery procedure. The vapour pressure of solid argon at 77 K is about
270 mbar. A needle valve along the argon path will assure a pressure in the DArT chamber between 700
and 800 mbar, facilitating the evaporation procedure. The different pressure gauges will be used to monitor
the pressure inside the ” Ar condenser” and inside the DArT chamber. The pressure reducer will assure the
desired flow, measured by the flow meter F, of about 90 litres/hour. Once the static pressure inside the
DArT chamber is less than 300 mbar we may consider the argon fully recovered. At this stage, the ”Ar
condenser” may be slowly warmed up to room temperature and eventually the argon gas will be recovered
in the proper cylinders (AAr or UAr).

C. DArT Readout

1. Photo-electronics and front-end

Two SiPM’s from the DarkSide-20k production will be used, one on the top and one on the bottom. The
will be wire-bonded to an Arlon 1.5x 3 cm? board , named DArTeye, that will host the front-end on the other
side, whose layout and schematics are shown in Figures 13 and 14, respectively. To cope with the needed up
to 1 MeV dynamic range linearity, one channel of the front-end designed for DarkSide-20k will be used, with
a 10 times larger feedback resistance in the TTA.

FIG. 13. Layout of the DArTeye board .
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FIG. 14. Schematics of the DArTeye board

Fig. 15 shows the side and top view of the connection of the DArTeye board to the acrylic support.

———

FIG. 15. Side and top view of the connection of the DArTeye board to the acrylic support

2. Simulation of the electronics response

The response of the SiPMs to the scintillation signals was simulated with the DarkSide-20k electronics
simulation package. Signals corresponding to o and (§ particles are shown in Fig. 16.
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FIG. 16. DArTeye signals corresponding to o and S particles for 500 keV events.

Particle identification with SiPM response is being studied in DarkSide-20k and results for DArT will be
provided as soon as possible.

D. DArT Slow control
1. Slow control software and hardware

The slow control hardware will be based on National Instrument frames and board and is under design.

2. Services and wiring

Inside the chamber there are two PT1000 temperature sensors, one placed at the bottom and one at the
top, to monitor the temperature and make sure that the chamber is completely topped up with liquid argon
at the end of the filling procedure. A heater is also installed providing sufficient power to facilitate the argon
evaporation during the recovery procedure. Two SiPM’s for the light collection are placed at the bottom and
at the top of the chamber. Also an optical fibre reaches the inside of the chamber allowing a calibration of
the SiPM’s. The fibre will be illuminated by a led that is place just below the connector on the feed-through.
Services and wiring are summarized in Tab.I and the electrical characteristics of the services in Tab. II

Service |# of units|# of wires/unit|# of pins on the FT cable type connector type on the board
signal SiPM 2 2 4 RG316/RG178 MMCX
LV DArTEye 2 6 12 multi-pole shielded 6 poles 1.27mm pitch
PT1000 3 2 6
fibre+LED 1 2 2
heater 2 2 4
total 28
TABLE I. Services and wiring for the DArT chamber.
Service Instrument Ifcca(mA) | Viceq(Volt) [Pyeca (W) type (D) mon (MA) |6(V)mon (Volt)
LV SiPM  |Source measure unit 28-35 feed /monitor 0.5
LV TIA Low noise linear PS +2.5 feed /monitor 0.2
PT1000 NI 0.01 0.002 feed /monitor
LED feed
heater(PT100) power supply 200 17.5 3.5 feed

TABLE II. Electrical parameters of services for the DArT chamber.
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E. DArT Calibration

In principle DArT does not need a ad-hoc energy calibration since the spectrum of 3Ar already provides
a calibration. In case a more precise calibration were needed, a possibility would be use the 33™Kr gaseous
source, already successfully used with ReD and DarkSide-50. The cryogenic system was conceived with this
requirement in mind.

VI. DAQ AND TRIGGER FOR DART IN ARDM

parameter # of channels|value (keV)
DArT |channels to be readout 2 1
DArT Trigger threshold 2 10
DArT Trigger type AND
ArDM |channels to be readout 11 20
ArDM Trigger type to be defined

TABLE III. DAQ and Trigger requirements. Threshold and signal values for DArT are per SiPM.

The details of the DAQ system need to be defined.
The events will be triggered by DArT or by ArDM. All concurring signals will be recorded for offline study.
Parameters are shown in Tab. ITI.

VII. SIMULATION

A. Geometry

The simulations are based in the GEANT4 Monte Carlo package G4DS that has been developed to simulate

the response of DarkSide-50. G4DS embeds a rich set of particle generators, detailed geometry descriptions,
properly tuned physical processes, and the full optical propagation of photons produced by scintillation in
the liquid argon. It tracks all the generated photons until they reach the active region of the photo-sensors
(SiPM’s), where they are converted, after surviving a photon detection efficiency cut, into photo-electrons.
The geometries of ArDM and DArT detectors have been implemented in detail in the G4DS package. DArT
has been simulated as a copper vessel of 5 mm lateral thickness with two pipes on the top flange. The
inside part have been simulated as concentric cylinders of underground argon (UAr), a layer of TPB (WLS),
acrylic (8 mm), a 3-M foil and another layer of acrylic. Two SiPM-based readout boards are simulated as
photo-sensors at the top and bottom sides of the active volume.
The single phase ArDM geometry have been implemented with a liquid argon active volume of 850 kg, and
11 low-radioactivity PMT’s (5 top and 6 bottom). The polyethylene shielding, cryostat, internal supports
and reflector are included too. A general view of the ArDM geometry with DArT integrated inside is shown
in Fig. 17.



15

FIG. 17. Lateral and top view of ArDM geometry implemented in G4DS, with DArT integrated. Down-right: Top
view with the lead belt integrated (red) around the ArDM cryostat.

The amount of external background events is too large respect to the signal expected (Sec. VIIB). Most
of these events are coming from the side of the detector, due to shorter distance to DArT . For this reason, a
lead belt of 140 cm total height and 10 cm width has been placed the cryostat and the polyethylene shielding
as it shown in Fig. 17.

B. Background

The region of interest (ROI) is given by the 3°Ar B spectrum, with energy deposits in DArT between
0-600 keV.
The background events are going to deposit energy in DArT ; ArDM or both. The energy deposited in
ArDM is used to tag background events, considering 10 keV threshold. Therefore, the ultimate background
are the events with an deposit energy in DArT in the ROI but untagged by ArDM.
Electronics was designed to be linear up to 1 MeV for DArT thus the pulse shape discrimination technique
can be used in the ROI and only electron recoils represent a background for DArT"
For this reason, the background sources in DArT are:

e external v fluxes coming from the surrounding rock in the hall were the detector is placed. The flux
of v 5 has been measured by the ArDM collaboration [6].
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e v’s emitted by the different radio-impurities in materials of ArDM and DArT . The radioactivity
levels for the different materials in ArDM was measured with high purity germanium detectors at
LSC (except for the ArDM cryostat)

e 3’s from the plate-out of the ?22Rn daughters on the acrylic. 2'°Bi contamination was assumed such
as that measured in DEAP3600 after machining of a few diffusion lengths of Rn and then sanding in
a Rn-reduced atmosphere.

For simplicity in the following we will call whatever is not external, internal background.

The values for the radio-impurities and mass of internal materials and the external background values are
summarized in Tab. IV.

Source 38U[mBq/kg] | ***Th[mBq/kg] | K [mBq/kg] |*°Co[mBq/kg] |*!°Pb[Bq/kg] | *'*Bi[mBq/m?] | m[kg] |area[cm?]
ArDMCryo 3.42 6.37 1.3 11.21 1630
Base 9176 11043 1978
ArDM | Metal 181 73 371 10.8
PMT’s| Glass 636 115 53 2
Lead Belt 0.37 0.073 0.31 10 6000
ArDM pillars 0.012 0.04 0.06 0.04 16
ArDM rings 3.42 6.37 1.3 11.21 2
PMT’s support 3.42 6.37 1.3 11.21 16
Acrylic 0.004 0.005 0.22 1.8 514
DArTCu 0.012 0.04 0.06 0.04 6.95
Up 3.8
SiPM | Mid 53 70 1300 0.001
Arlon | Low 137
Solder brazing 1203* 406* 3090* 0.001
External 0.72%* 0.13** 0.05%* 406000

TABLE IV. Activities and masses for the different materials used for ArDM and DArTsimulation. The 233U secular
equilibrium in Arlon is broken. For this reason the upper, middle and lower part of the chain are considered. (*)
Assumed value, it is necessary to look for a reference. (**) Flux of 4’s per cm?

The external background events are produced uniformly distributed. However, most of the external event
that reach DArT come from the sides of the detector, due to the smaller distance that external ~y s have
to travel. For this reason, a lead belt was implemented around ArDM(Sec. VIIA). The expected total
background per week is shown Tab.IV.

The DArT active region is defined by the inner acrylic cylinder of volume 1019 cm?® (equivalent to 1.42 kg
of liquid argon). The number of signal events expected depends on the assumed 3°Ar depletion factor.
Therefore, considering a depletion factor of 10 (with respect to atmospheric argon) after one pass of AAr
through ARIA, the number of expected signal events is around 72.000. This corresponds to a signal to
background ratio of 7 in the first configuration without the lead belt.

However, assuming larger depletion factors, e.g. the UAr with a radioactivity of 0.73 mBq/kg (631 events
per week), the signal to background ratio is too small (= 0.06) to perform a meaningful measurement.

The second configuration including the lead belt allows to reduce the external background by a factor 65,
and this would correspond to a signal to background ratio of 1.3 for the UAr.
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Source Evts/week in ROI|Evts untagged/week in ROI
ArDM Cryostat 3164.4 218.3
ArDM PMT’s 1053.0 42.8
ArDM support pillars 0.4 0.2
ArDM support rings 14.0 0.3
ArDM PMT support 14.1 0.1
Lead Belt 150.5 16.2
DArT vessel 16.6 5.4
Arlon SiPM 40.9 23.5
Acrylic 5.3 2.7
Acrylic surface *'’Bj 3.7 3.7
Acrylic surface '’ Po 0.1 0.1
Solder brazing 4.2 0.3
External without the lead belt 117623.0 10020.5
Total without the lead belt 122098.9 10301.7
External with the lead belt 2596.2 155.7
Total with the lead belt 7209.9 465.5

TABLE V. Number of background events per week in ROI before and after the veto tagging due to the different
materials. For the external background, configurations both with and without the lead belt are considered.

Another important feature is the shape of the background spectrum. The energy deposited in DArT per
week is shown in Fig. 18 with a stacking of the material and external background events. Two different
spectra are shown, before and after including the lead belt. In the first case (left), the external background
(blue) dominates by far. In the second case, the external background is reduced and becomes of comparable

size to the internal one.
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FIG. 18. Internal (green) and external (blue) v background spectrum in DArT expected per week assuming a veto
threshold of 10 keV. The spectra before (left) and after (right) including the lead belt shielding are shown.

The energy deposited in ArDM per week is shown in Fig. 19 with a stacking of the material and external
background events. Two different spectra are shown, before and after including the lead belt. Different
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peaks are clearly visible at 1450 keV, 1700 keV and 2600 keV, compatibles with s coming from 4°K, 210Bj
and 2%6TI respectively.
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FIG. 19. Internal (green) and external (blue) v background spectrum in ArDM expected per week. The spectra
before (left) and after (right) including the lead belt shielding are shown.

Another possible source of background are the events coming from inner acrylic surface, due to 2?2Rn
daughter plate-out 3 events from 2'°Bi and degraded « events after the interaction with the deposited TPB.
The energy spectrum in DArT of surface 21°Bi and 2'°Po events is shown in Fig. 20. There are events in the
DArT ROI for both cases, although « events could be partially removed with pulse shape discrimination.
For this reason, it is fundamental to have DEAP-style radon progeny control (0.22 mBq/m?) for the DAr'T
inner acrylic cylinder, this will reduce the number surface background to < 4 events untagged per week.
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FIC. 20. 2'°Bi surface 8 background spectra (left) and >'°Po surface o background spectra.

The current ArDM double phase geometry is able to detect events up to 10 keV using 24 PMT’s. However,
with only 11 PMT’s and DArT shading some of the light, it is likely that the detection threshold will be in
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fact larger, probably between a factor 2 and 3. The total number of background events in DArT is calculated
as function of the veto energy threshold in the Fig. 21. The variation is linear with a slope of 8.5% every 10
keV.
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FIG. 21. Number of background events as a function of the veto threshold without the lead belt (left) and with the
lead belt (right). The background increase is 8.5% every 10 keV.

C. Light response

The energy deposits in the liquid argon of DArT will produce photons that will be detected by the two
SiPM at top and bottom sides of the active volume. The propagation of photons to the SiPMs, depends on
a large number of optical properties of the detector materials and their interfaces. The relevant materials
affecting the simulation are the liquid UAr, the acrylic (PMMA), the TPB coating of internal surfaces, the
3M foil reflector and the SiPMs planes.

The ultra-violet scintillation photons are converted by the TPB coating around the active volume to ~
420 nm. The visible photons cross the acrylic and they are reflected in the 3-M foil. At the end, the photons
are collected by the SiPMs or lost in some dead area. Most of these materials are modelled as pure dielectrics,
with the exceptions of the 3-M foil which is assumed metallic, i.e. a surface that photons cannot penetrate.
All the internal PMMA surfaces are coated with a TPB. The TPB is assumed to re-emit a single visible
(VIS) photon for each absorbed UV photon with a characteristic time of 1.5 ns.

The SiPMs are modelled as dielectric, but with an arbitrarily reduced absorption length, in order to fully
absorb the transmitted visible photons in a few nanometers. Absorbed photons are converted to photo-
electrons, with an efficiency of 0.4. All the remaining detector materials adopt standard GEANT4 modelling,
with parameters tuned according to [11].

In order to evaluate the light response in the detector, 20,000 events of 39 Ar events have been simulated in
the active volume. The mean energy for the 3?Ar 8 emission is 210 keV, thus considering a energy electron-
ion pair production of 19.5 eV in liquid argon and a quenching factor of 0.95 for electrons, we expect around
10300 produced photons per event. The number of produced VUV-photons as coming from the simulation
is 48.3/keV and are converted into visible photons with an efficiency of 0.985.

With reflector only on the detector sides, the average collection efficiency on the SiPMs turns out to be
about 2.4%, that corresponds to a LY of 0.5 PE/keV, assuming 0.4 of photon detection efficiency (PDE).
The light yield correspond to about 300 PE per SiPM for 1 MeV signal deposits. A possibility to increase
the light yield is to add a reflector foil around the SiPM on both top and bottom caps, adding one special
acrylic support to the previously described structure. The simulation shows that the LY can go up to 10
PE/keV. We keep this as an option in case after the first tests we verify the the LY is too low.

The average collection efficiency in the SiPM is represented in Fig. 22, as a function of the 39Ar vertical
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(left) and radial (right) interaction position in the argon. The top and bottom SiPM-planes are asymmetric
respect to the Z position, when the event is closer to one the planes the collection efficiency is higher. The
collection efficiency dependence with the radius interaction position is stronger for events close to the SiPMs
for solid angle reasons. However, the total collection efficiency is uniform in the chamber. Therefore, the
detector shows an adequate collection light efficiency. With reflector also on top and bottom caps a more
uniform dependence vs radius was observed.
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FIG. 22. Average collection efficiency vs height (left) and radius (right) of the interaction position in the detector.
In this simulation there is no reflector on top and bottom cap and therefore for events closer to the SiPMs planes the
collection efficiency dependence with the radius is stronger.

With reflector on both top and bottom plate, light collection efficiency turned out to be very sensitive to
absorption coefficient of the acrylic. With the G4DS default value of 1.4 m at 420 nm the collection efficiency
turned out to be 17.3% when the reflector was set also on top and bottom window. With the absorption
coefficient corresponding the acrylic that we are going to implement in DArT the collection efficiency becomes
52%. Without the reflector on top and bottom plates the sensitivity to the acrylic absorption coefficient is
less.

The energy resolution of DArT is shown in Fig. 23.
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FIG. 23. Energy resolution in DArT vs energy.

The optical simulation for the background events is too time consuming. For this reason, a look-up table
has been developed based in the 37 Ar optical simulation.
The look-up table use the collection efficiency over the SiPM channels for the different energy deposit
positions in the detector, using a grid of 1x1x1 c¢cm cubes. The table is generated with 20000 events of
39Ar using Gaussian distributions for the value in each cube. The number of generated photons from
each energy deposits are calculated with Gaussian distributions considering the electron-ion pair production
energy (19.5 eV) and the quenching factor. Finally a the number of photo-electrons was calculated assuming
a Gaussian function of mean 0.4 and sigma 0.025.

D. Sensitivity

After the characterization of the background and the light response in DArT, it is possible to evaluate the

sensitivity expected for the different argon depletions. In the following we calculate both the measurement
uncertainty on the depletions in case a clear signal is observed and the 90% C.L upper limits in absence of
an excess over the expected background.
A typical PE spectrum acquired with one week of running of DArT, with 3?Ar depletion factor of 10 respect
to the AAr, is shown with black dots in Fig. 24. The total background is shown in red and 3°Ar signal is in
blue. The total distribution is a randomized distribution generated from the sum of signal and background
distributions. The 3?Ar content is extracted with a fit of the observed shape to the weighted sum of the red
and blue histograms.



22

Ll 4 L
o 10 — Random data o — Random data
-
a . — DART events untagged R 10?8, — DART events untagged
-
-~ *®Ar Spectrum ~ iy *Ar Spectrum
® 10° i 2
-— - i
c 2/ ndf 57.56 /64 c ¥2 / ndf 43.35/43
2 s I
LL 102 SIOuNd 319e+04 + 2 2540+ 1 background 588.1+39.5

10

0 200 400 600 800 10001200140016001800 0 200 400 600 800 1000120014001600 1800

Edart [PE] Edart [P E]

FIG. 24. Photo-electron spectrum corresponding to one week of data taking (black dots), with 39 Ar depletion factor of

10 without lead belt (left) and with 3°Ar depletions corresponding to the UAr with lead belt (right). The background
spectrum is in red and 3°Ar signal is in blue.

Tab. VI shows the uncertainty that can be achieved on the measurement of the depletion factor per week
with the different depletion factor of 3°Ar considering the configurations with and without the lead belt.

Depletion factor |statistical uncertainty |statistical uncertainty
with respect to AAr| without lead [%] with lead [%]
10 0.5 0.4
100 2.5 1.3
1400 20.3 6.7
14000 / 41.1

TABLE VI. Statistical uncertainty per week vs 3> Ar depletion factor with the two configurations without and with
the lead belt.

The evaluation of the 90% C.L. upper limits to 3?Ar depletions was instead done only considering the
number of events in the ROI as if they were in one energy bin and again neglecting systematics on the
background knowledge. The complete calculation with the fit to the whole spectrum is underway.

90% C.L. upper limits on the depletions that can be measured are derived calculating the depletions that
correspond in terms of number of events in the ROI to 1.640 fluctuation of the background, assuming
gaussian fluctuations. Only considering the statistical error on the background, from Tab.V these are 139
events without the lead belt and 35 events with the lead belt , corresponding to depletions of 6340 and 25200
respectively.

These preliminary results assume knowledge of the background shape from the Monte-Carlo and therefore
do not include a systematic uncertainty.

In practice, however, the background shape in the ROI cannot be taken reliably from MC and will need
to be derived from the data. The strategy that is going to be applied is to start from the total measured
background spectrum (before using the tagging cut) and applying to it the veto cut efficiency vs E obtained
from MC (which is most probably very well modelled and we assume to be correct to % precision).

A mixture of data and MC could be used to improve this estimate due to the different tagging efficiency for
the various backgrounds as shown in Tab. V. We notice that the tagging rejection factors of the main internal
backgrounds are around 14.5 for the cryostat and 24.6 for the PMT background. For the external they are
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11.7 for the case without belt and 16.7 with the belt. For the case without the lead belt the background is
totally dominated by the external one and so a correction factor on the total background shape can be a
reliable estimate of the tagged background, to less than few % level. For the case with the lead belt cryostat
background and external background are of similar size and also the PMT and internal background are
sizable and we may expect larger uncertainty, probably at the 5% level or more. The study of these effect
is underway. Also the ArDM energy spectra could be used in a global fit to improve the knowledge of the
background spectrum.

The 3?Ar shapes can be obtained from the MC and validated with the AAr run and contribute to negligible
systematic error.

E. Conclusions

In conclusion, the DArT sensitivity has been studied using the background and light response simulations.
It shows a proper to design to operate with argon depletion factor up to 100 with the current ArDM design.
The measurement of the UAr depletion factor requires a lead belt in order to reduce the external background.
Systematic studies on the background shapes are underway.

VIII. ORGANIZATION AND TIME-TABLE

The DArT in ArDM project is supported by the whole DarkSide collaboration. Specific responsibilities
and tasks of the Institutions for DArT in ArDM with an updated time-table are defined at the link
https://docs.google.com/spreadsheets/d/1EYRKGFJ7dr81EEmLc-0AOHHCFOy9HXLO8BMIG-A682x4/edit?
usp=sharing

IX. REQUESTS TO THE LSC

approval to install the DArT chamber in ArDM

approval to install the lead belt

timely support in potential safety reviews that could be needed in this context
continue to provide support for the infrastructure as done for ArDM

the supply of lead for the lead belt and its support structure.

X. COST, PERSONNEL AND FUNDING

Many components of the DArT assembly come in-kind from the different participating institutions.
Personnel will be provided by the participating institutions.

XI. TOWARDS A MEMORANDUM OF UNDERSTANDING

Given the high scientific relevance of the proposed experiment and its value for the experiments to come,
a MOU between the proposing Collaboration and the LSC needs to be prepared and signed in due time.

The MOU will clarify formally the ownership of the DArT in ArDM, the collaboration and LSC duties
and its exploitation rights for the years to come.

Agnes et al. (The DarkSide Collaboration), Phys. Rev. Lett. 121, 081307 (2018).
Agnes et al. (The DarkSide Collaboration), Phys. Rev. Lett. 121, 111303 (2018).
Agnes et al. (The DarkSide Collaboration), Phys. Rev. D 98, 102006 (2018).

E

[1] P.
[2] P.
(3] P.
[4] C. E. Aalseth et al. (The DarkSide Collaboration), Eur. Phys. J. Plus 133, 131 (2018).


https://docs.google.com/spreadsheets/d/1EYRkGFJ7dr8lEEmLc-oA0HHcF0y9HxLO8M9G-A682x4/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1EYRkGFJ7dr8lEEmLc-oA0HHcF0y9HxLO8M9G-A682x4/edit?usp=sharing
http://dx.doi.org/10.1103/PhysRevLett.121.081307
http://dx.doi.org/10.1103/PhysRevLett.121.111303
http://dx.doi.org/10.1103/PhysRevD.98.102006
http://dx.doi.org/10.1140/epjp/i2018-11973-4

[5] J. Calvo et al., JCAP 1703, 003 (2017).

[6] J. Calvo et al., JCAP 1812, 011 (2018).

[7] P. A. Amaudruz et al., Astropart. Phys. 62, 178 (2015).

[8] C. Jillings, AIP Conf. Proc. 1549, 86 (2013).

[9] P. A. Amaudruz et al., Astropart. Phys. 108, 1 (2019).

10] P. A. Amaudruz et al., Phys. Rev. Lett. 121, 071801 (2018).
1] P

. Agnes et al. (The DarkSide Collaboration), JINST 12, P10015 (2017).

24


http://dx.doi.org/10.1088/1475-7516/2017/03/003
http://dx.doi.org/10.1088/1475-7516/2018/12/011
http://dx.doi.org/10.1016/j.astropartphys.2014.09.006
http://dx.doi.org/10.1063/1.4818082
http://dx.doi.org/10.1016/j.astropartphys.2018.09.006
http://dx.doi.org/10.1103/PhysRevLett.121.071801
http://dx.doi.org/10.1088/1748-0221/12/10/P10015

	
	Contents
	Context
	Proposed experiment and goals
	Basic technique and past accomplishments
	 New single phase ArDM configuration
	DArT
	DArT Mechanics
	DArT Cryogenics
	Integration with ArDM
	Filling end emptying procedure

	DArT Readout
	Photo-electronics and front-end
	Simulation of the electronics response

	DArT Slow control
	Slow control software and hardware
	Services and wiring

	DArT Calibration

	DAQ and trigger for DArT in ArDM
	Simulation
	Geometry
	Background
	Light response
	Sensitivity
	Conclusions

	Organization and time-table
	Requests to the LSC
	Cost, personnel and funding
	Towards a Memorandum of Understanding
	References


