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The ICARUS detector

o 760 t of LAr, 476 t active.
o 4 TPCs with 1.5 m drift, 360 8” PMTs. : ‘/ |
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o Almost full coverage of Cosmic Ray Tagger (CRT)

Currently installed at
Fermilab 600 m from the
target of the Booster
Neutrino Beamline (BNB),
as Far Detector in the Short
Baseline Neutrino (SBN)
Program
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From LNGS through CERN to FNAL
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o Operated underground in Italy in 2010
<+ 2012 with CNGS v beam.
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o Overhauling at CERN (2015-2016),
including new:
- cryogenic system;
- scintillation light system:;
- TPC readout electronics.

o Cryostats containing the detector
moved to Fermilab in Summer 2017.

I —
o Final positioning in the warm box inside i

the building in Summer 2018.
o Installation completed in Jan 2020. (>)
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The long path from activation to operation

After completion of installation, cryogenic commissioning started on Feb 13,
2020 by breaking the vacuum in the two main cold vessels followed by cool-down
(2 weeks). Filling with LAr from Feb 24™ to Apr 19t™. Cryogenic stabilization
completed by the end of May 2020.

Procedures paused for ~ 2 months to allow for reorganization of activities taking
accounting for restrictions to travel and access onsite due to Covid-19 pandemic.

Detector activation initiated at the beginning of August 2020 and completed on
Aug 27, First data taking with cosmic rays!

Commissioning of all detector components (TPC, PMT, DAQ, slow controls, trigger)
led to detection of first neutrino interaction candidates from BNB in early March
2021 and from NuMI beam in April.

May 30%" — June 27t 2021: full-time beam run to verify readiness for operations.

Commissioning activities presently continuing to improve detector performance in
preparation for restart of the FNAL accelerator complex in mid September.

24/7 shifts since February 14, remote-only since March 17t.
$& Fermilab
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ICARUS Monitoring

ICARUS Online Monitoring

Online monitoring website for the ICARUS Detector. g8 6366
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2% Fermilab
08/04/2 FERMILAB 2021 SUMMER STUDENT MEETING 7




A shifter’s life Il

arusdc:

o
@
(x]

File Edit Search CSS Window Help

2000 0 5 .~ 100 2000
o, 19978 2 MR- IS 0, 200281 2

w
©
©

w
©
®

configuration directory /dag/softuare/pl
@ - - -
size of objectList @ @)%
ourc
[icarusdeslicarus-evb06 /1§ Java HotSpot = Primary HV Power Supply (Bertan)
icarusdesBicarus-evb05 /15
icarusdesBicarus-evh6 /15 RIS
sornp1. javazd3) 7.524E4
at
at org.eclipse.equinox. launcher.

[t uas remcved in 8.0 e e ESEEHV
|| kel ]| mldk |2 & || @f % | S]e|| @]«
icarusdes@icarus-evb06 /1% '
\ 60.* . ,100
icarusdes@icarus-evb06 /1§ 400
. Larg.reFlect. Hethod, invol = HV Distribution (CAEN SY1527)
$7.522€4 4
at org.eclipse,equinox, launcher.|

§& pmt_monitor.opi 3 | & west_pmt_hvDistributor_monitor.opi (& east_pmt_hvDistributor_monitor.opi & VME_monitor.opi = G
10-2,17/configuration/services/pvarpc HE J = o] J & B =
2021-06-11 00:52:29,706 CONFIG [Thread 1 | x i
J L monitor
e.rcp
[icarusdcs@icarus-evb06 /1§ cssexp
2]+ Tone
icarusdes@icarus-evb06 /5 QUL LS 2B
4 v
e ashpibted 7.528E4 4 Voltage [V] Current [mA] Voltage [V] Current [mA]
at org.eclipse, equinox, Launcher. |
& ~West PMT ~East PMT
§7.52E4
=
Caused by: java, lang,Nul IPointerExceptiol

tudioPYARPCServiceFactory (getPYARPCSery|
nunber of widgets in the ADLFile 0 | Al j 2 | o~ | fa- §- i =l o
TeSourcePlugin (start) - ResourceHelper
[2] 58106 £ [ElADL Parser |[JshiftviewerPerspective {2/Data Browser [&OPI Runtime &
usdes/css-uorkspace/cssexp/
icarusdes@icarus-evb06 /1§
a == 1 7.526E4 ]
at org.eclipse.,equinox, launcher.
bk has no value,

r/current
w
8
2

3 57.518e4 —All Channels —Network——— —All Channels Network

Fonnected ‘ connected
ClF, OFF

w
©
-3

at java.util.Objects.requireNont

57.516E4
at org.csstudio,opibuilder . scrip

18 7.514€4
J£7.512e4

—Epics Server——— Epics Servet———
ol Monitor — Monitor -
C751E0 ] running running
o

w_
©
@

8)
at org.csstudio,opibuilder.scripi
at sun.reflect.|

w
©
2

a
icarus_tpeps_ewl3 not on netuork, ping fi 4 3
icarus_tpeps_euld not on netuork, ping F ,2,7'5085“
icarus_tpcps_ewlS not on network, ping fi 27 506E4 ]
Learon toens a3 o, on neteork: birg 4 i,
icarus_tpops_ewl? not on netuark, ping . 7.504€4 ] 9

icarus_tpps_eu13 rot on netuork, ping /| oo 1 7
icarus_tpeps_eu1d not on netuork, ping f: 7.502€4 ] VME Crat
icarus_tpeps_ew0lt not on network, ping &
icarus_tpcps_ew0in not, on network, ping { | 300

icarus_tpops_eu0b not on netuork, ping HZ_EL Crate monitor all crates ok

icarus_tpeps_eu20t not on netuork, ping
388.9 7 7.4969E4

icarus_tpcps_ew20m not on network, ping - T . T - - - 1
b 20b not on netuork, pi

oo uat oo a0 ot on nosuGek’ pung | 2021-07-28  09:40  10:00  10:220  10:40  11:00  11:220  11: 2021-07-28
icarus_tpeps_e=03 not on netuork, ping 1 09:15:29 12:15:29
icarus_tpcps_ee04 not on netuork, ping f) Time

icarus_tpeps_ee05 not on netuork, ping f.

icarus_tpcps_ee0 not on netuork, ping f: |——icarus_cathodehv_monitor/volt ”—ucarus cathodehv, monltor/:urrent‘
icarus_tpcps_ee07 not on network, ping f. = =t =t =

@
©
w

icarus_cathodehv_monito

w
©
N

icarus_tpcps_se08 not on netuork, ping f
icarus_tpcps_ee03 not on network, ping f:
icarus._tpeps_se10 not on netuork, ping f
icarus_tpeps_eell ot on netusrk, ping Flrrous o .
icarus_tpcps_ee12 not on netuork, ping failed, Check pouer button on front of unit.
icarus_tpops_eel3 not on netuork, ping failed, Check pover button on front of unit.
icarus._tpops_eeld ot on netuork, ping failed, Check pouer button on front of unit.
icarus_tpops_eelS not on netuork, ping failed, Check pover button on front of unit.
icarus_tpcps_eel6 not on network, ping failed, Check pouer button on front of unit,
icarus_tpcps_se1? not on netuork, ping failed. Check pouer button on front of unit.
icarus_tpops_ee18 not on netuork, ping Failed. Check pouer button on front of unit.
icarus._tpeps_se1d not on netuork, ping failed, Check pouer button on front of unit,
icarus_tpops_ce0t not. on netuork, ping failed. Check pouer button on front of unit.
icarus_tpops_ee0ln not on netuork, ping failed, Check pouer button on front of unit.
icarus_tpops_ee01b not on netuork, ping failed. Check pouer button on front of unit.
icarus_tpops_ee20t not on netuork, ping failed, Check pouer button on front of unit.
icarus_tpops_ee20n not. on netuork, ping failed. Check pouer button on front of unit.
icarus_tpcps_ee20b not on network, ping failed, Check pouer button on front of unit.
There are 48 ualues out of range.

Seript done.

BT carusdes@icarus-evbos ~15 ]

%@E 6 |T‘ 2‘ SH 4‘ Eicarusdcs@ic

[EVE TaCK, FIU BaNK 27 UH

(py3.6.8) [icarusdes@icarus-evb0B pdu_check]$ bash runCheckEvbPdu,sh
B == Checking Event Builder rack PDU ----- —
Run At Wed Jul 28 00303322 CDT 2021

EVB rack, PDU Barnk 1: 13,3 A
EVB rack, PDU Bank 2: 0 A

11/(py3.6.8) [icarusdes@icarus-evb0 pdu_check]s []
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Detector activation

200

o After LAr filling, all the 360 PMTs were .
activated: st |
- 357 PMTs are working fine;
- the 3 not working ones, in 3 different
chambers, were already marked as
“not working” from warm testing.

Slow Component

-400 |

-600 |-

-800 |-

Amplitude (mV)

-1000 |

-1200 Fast Component

-1400 ‘ : :
-1000 0 1000 2000 3000 4000 5000

o Two steps activation of the TPC:

Time (ns)
1) Beginning of August _ cathodes HV raised to -40 kV and then to -75 kV with
all wires shorted to ground through 50 Q) terminators.
» Stable HV and first tracks recorded on the first induction planes, operating
in semi-collection mode.

2) End of August (Aug 27t™") _ all wire planes taken to the nominal voltages and
cathodes HV raised to the nominal voltage of -75 kV.
* HV has remained stable, without any glitches or issues.
* No significant currents on the wire bias, except for 576 second induction
wires of the West module that remain at 0 V (instead of -30 V).

2% Fermilab
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TPC electronic noise mitigation

o Increase of TPC electronic noise by ~30% after LAr filling, well above expectations
from dielectric effect. However not preventing neutrino events collection.

o Intervention in Dec ‘20 allowed to mitigate in the West cryostat a 120 kHz noise
detected in several boards, disentangling contributions of front-end electronics
from external ancillary devices and restoring some ground connections.

1400 20

' Coll/Ind2 wires 20k Indl wires 3 Indl wires 0
ot (3.8 m) noise: ; (9 m) noise: ] (9 m) noise: N
1000:_ 41->3.9 #ADC L 6.6 -> 6.1 #ADC ik 7.4 ->6.6 #ADC 6-\(\’@( d\’(\o“
E 80- E @&0(‘ . '\@(\\I
800F I 120F % f(’i@( \\)
s 3 fo0f- [
600 standard flanges % top flanges e middle flanges
w00 ar soz
200:- J i 405

: 20F

C- | | | 0'.._1...4 ..... Qe iyt o

0o 2 4 6 & 10 1 0 2 4 & & W 1 T T Y o0 R
RMS (#ADC) RMS (#ADC) RMS (#ADC)

o Several potential external noise sources (TT-Link trigger/clock, cathode HV, wire
bias and test-pulse distribution systems) excluded through investigations in situ.
Deep investigation of coherent noise on all signal flanges needed but extremely

difficult within the pandemic; test-bench in Padova studying the issue.
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Early assessment of TPC performance

ICARUS SCE Comparison: AXvs. X Run 2628, WW TPC: Max Track Drift Time

- [72] =
- ——— Simulation Prediction 2 as0b
— C -
- Run 2321 (Sep. 14), WW TPC GO - Vg = 01575 cmijis
N —— Run 2628 (Oct. 1), WW TPC 5 400
- —— Run 2943 (Oct. 18), WW TPC * -
B 350 —
B 300 ;—
- 250 —
_ 200
O 150 i—
- 100
] ' \ 50 -
(4 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 0 : 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] 1 1 1
20 40 60 80 100 120 140 910 920 930 940 950 960 970
Drift Coordinate X [cm] Max Track Drift Time [us]

Space charge effects (SCE) measured using anode-cathode-crossing cosmic muon

tracks, looking at spatial distortions in drift direction.

Same track sample used to measure drift velocity by maximum drift time of

charge associated with tracks.
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Early CRT commissioning

o 7 side CRT wall sections (5 installed even during the pandemic) integrated in the
readout.

- Implemented into standard DAQ for shifter-piloted runs.
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e 5t g Mg @ oo e i e °©
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i d 3 o« osk o e sE
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PMT calibration

o Calibration with laser system performed to find the nominal voltage for each PMT
for getting a 107 gain in cryogenic environment.

o Signals recorded for 5 different voltages under the same
illumination condition and data fitted with an analytical function oo ot e

(depends on voltage)

to measure the released charge q. /

100

1 ple —(z — qin)?)
Si — ) ’ ’ ’ )
() = agEn(x,q0,00,7T0) + @ nz:l Nz \n! exp( 5

H: Mean number of PE at
Photocathode
(Identical on same PMT)

_ " pemessmen 4 2 uf wemse . 4 O Results fitted  with
z 4= 10.10  8.56e-01 £ | a=7e1zsseerssazerissens " 3
a v ] SuE W "1 power law to get PMT
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o il 05E 2 E .
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l| Iao' 50 8o s e Te00 e oo 17s0 = evaluated and set.
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Initial activation of the trigger system

o Setup of an initial simplified trigger system aimed at verifying the correctness of
the trigger chain and its functioning, as well as exercising the synchronization of
the DAQ components.

In parallel with development/commissioning of full trigger.

o Two steps:
1) “spill-only”, based on the BNB extraction signal (gated-BES) distributed via White
Rabbit network (guaranteeing synchronization of nodes to better than 1 ns), to
read-out both TPC and PMTs signals in the East cryostat;
2) addition of scintillation light info by requesting ~10 PMT pairs in either PMT wall
in the EAST cryostat inside a 1.6 us BNB gate.

o Offset added to the gated-BES for the
PMT trigger generation ~ 335 us:
time difference between gated-BES and
neutrino extraction (RWM) signals + v
time of flight from MI-12 (beam target
hall) to ICARUS.

2% Fermilab
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Measurements with “spill-only” trigger

o Time of PMT light flashes (>5 fired PMTs within 150 ns window in coincidence in
both left and right TPCs) in PMT readout window shows excess over the cosmic
background rate at the expected v arrival time.

o Anode-to-cathode cosmic u tracks with unambiguously measured crossing time in
the TPCimage t;pc found to match the corresponding time of PMT light signal tp\r.
Clear ~2 us peak in tpc — tpyr confirming the correct relative TPC - PMT timing.
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M 325 4

# of Fl
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250 1
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v arrival time
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------ Background: 331 counts
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COLL and IND2 views.
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Two tracks produced, Epgp ~ 170 MeV

6 Ccm

ing after L
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~ 70 MeV
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Example of BNB v,CC candidate

o QE v,CC candidate (run #4626, ev #227

o Vertex at 29 cm from the bottom wall

the proton candidate w

Track 1 is

Track 2 is likely the u exiting on bottom wall after L =51 cm.
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Activation of the NuMI beam trigger

o Similar procedure adopted for NuMl:

1) time interval between Early warning signal (MIBSS74) and proton extraction
signal (RWM counters at target) measured at oscilloscope;

2) excess of PMT light flashes (>5 fired PMTs within 200 ns window in coincidence
in both left and right TPCs) over the cosmic background rate at the expected
time verified in dedicated test run recording only PMT components;

3) setup of minimum-bias NuMlI trigger to record all components (PMT, TPC and

CRT) at each beam extraction.

Trigger time

1000 4

900 1

2.292 ms - 500 us

=1.792 ms el

# of Flashes
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600 -

500 1

t

# ¢ ‘ 4
o

== Avg: 605 counts
¢ Data: 1.00 us/bin
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0.5 m Drift direction

Example of NuMI v.CC candidate

A :
A coLL - Tnd?2 ,
: < | . A A S Y
N :.g | r‘7)‘- ' jan :
: S -',. S | > § { | ."'-.5 ’_ :‘: ." 1":'
. Electr: 0’7,7'.".4'5: - o E Trdek 2 /’;5:‘" :’/r RiAR?
X > - Fln o~ 23 - e " Electron
\,- ' 1 § [y
. ] g g x ;
~Track1 - (o) -
Q / .
f Beam direction 09 m Wires - Beam direction 10m Wires
< > € >

QE electron neutrino candidate with two particles at the primary vertex (indicated
by red arrows):

Track 1 is the upward going proton candidate stopping inside L= 13 cm

The electron shower is downward going: the beginning of the shower is clearly
visible in particular in Induction 2 view (in Collection the e  and track 1 are

overlapped).
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First beam trigger based on scintillation light

o Activation of beam trigger requesting scintillation light Qo
in coincidence with beam gate, for both BNB and NuM!: y
W

* PMTs in each cryostat grouped in 3 "slices”, 7
6m size along beam direction, 60 PMTs/slice; V
\\

* request of signal = 10 phe in at least \_\Ce’b
10 pairs of adjacent PMTs in at least /
one slice.

N beam

o PMT waveforms readout at any /
scintillation light activity in 2 ms 5\-\&’5

around the beam gates. Global
. trigger ‘ . .
information on cosmics : i 5 i i

during TPC drift time | TPC readout(r/): 1.638ms (1 ms drift) :

for offline matching of |
PMT
30 ps
$& Fermilab

light and charge.
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First ICARUS data run

o Goals of the ICARUS RUN-O:

* Certify the readiness of the detector for physics quality data with TPC and PMT
and operate as primary BNB user in stable mode and with minimal downtimes

* Accrue a good quality data samples to tune the reconstruction of neutrino and
cosmic candidates, perform dedicated detector and trigger efficiency studies,
improve the calibration, and tune the simulation .

o 1 month of stable operation for both NuMI and BNB.

Change-over with BEGIN Summer
ANNIE from swing shift Shutdown: Return to
BEGINNING OF RUN 0 commissioning mode
24./ 7 continued run with checklist Comal
shifts and on-call experts.

warm-up

BNB Stable operation BNB Stable operation

NuMI Stable operation

06/27/21 at
00:00
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Beam detection efficiency

W
=
'

Delivered BNB

Collected

~
w
'

L
=3

POT delivered: 29.3 E18
POT collected: 27.8 E18
Efficiency: 95%

Jun 25

108 POT/day

Junl? Jun 21

= w
' '

Jun 01 )un.05 Jun 09 Jun. 13
Day (UTC)

w
o

Delivered NUM’

g 40- == Collected

E POT delivered: 54.6 E18
o POT collected: 52.0 E18
~ 10 — Efficiency: 95%

n 17 Jun 21 Jun 25

o
'

Jun 05 Jun 09 Jun 13 Ju

Day (UTC)

o Efficiency of beam detection, measured as ratio between collected and delivered
pot (proton on target) in excess of 95% for both beams.

o All episodes of unplanned interruption of data taking investigated and lessons
learned informing improvement of the operation procedures.
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Monitoring of detector status and data quality

o TPC noise stable for the entire duration of the detector data run.

o Electron lifetime above the reference values for both cryostats and compatible

with the 3D reconstruction of charge signal.
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Commissioning activities during the summer

* Detector upgrades:
— Installation and activation of the TOP CRT

— Upgrades of the PMT HV systems, installation of the Adders (modules that produce the
analogue sum of PMT waveforms , and full recalibration of the system

— Further mitigation of TPC noise sources external to the cryostats
— DAQ upgrades to improve multi-PMT acquisition and integration with trigger

— Improvements of the trigger system, including better synchronization of timing of the
detector sub-components and fixing of bugs observed during RUNO

» Shifts: the experience was overall good during RUNO, but some critical points emerged
— Simplify the shifter’s experience and improve the documentation

— Discussion to add shadow shifts, backup shifters, and recognition of experts
contribution is in progress
* Reconstruction and analysis:

— the quality of the data collected is sufficient to work on calibration studies and the
tuning of the reconstruction targeting a simple v,CC selection

— Trigger efficiency studies will also continue during the summer in support of the
improvements planned
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