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My own biases...

* My experience is in large Neutrino Physics and HEP detectors
- DUNE, SNO+, SNO, Borexino, ATLAS

- Currently my (TPC-related) role is Calibration and Cryogenic
Instrumentation Consortium Leader at DUNE
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Outline

* Introduction

Measurements with natural and intrinsic sources

lonization with UV lasers

- Early systems for gas detectors, R&D towards usage in liquids
- The first laser system in a large detector: MicroBooNE

- Plans for DUNE and ProtoDUNE, single and dual-phase

Pulsed neutron source, a new idea for DUNE
- Neutron transmission and capture in argon

- How to calibrate large detectors from outside

* QOutlook
ez 'I . ;
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Introduction

LABORATORIO DE INSTRUMENTAGAQ

1 pl
José Maneira | Calibration of liquid and dual-phase Argon TPCs %!A! E FISICA EXPERIMENTAL DE PARTICULAS




Liquid Argon TPC
Dual-phase e
Single- phase s T % Readout

U
i ]
Liquid Argon TPC — 1
7‘ ! I Large
13 FE i = = " Electron
/// i : 1, T Multiplier
i L & ek
Charged Particles /I% :: ;\7/ / " )
y‘-\_\ [_:_—_{»e /I / :: ¥g);t;actlon
y iy 7 7]
Cathode -/ / s
Plane }"_\_\ [T ; 5 .
i g :
/ % 29 5 g’
> ) R -
\Q('ot'/ /l ’;’ j
s 2/; /_Cathode
s o
a8 E
‘E_- |41 § :f‘ 9 MPMI‘
drift y
X wire plane waveforms T» LX
Drift in liquid Vertical drift in liquid
No amplification Amplification and collection in gas

Collection in liquid

LABORATORIO DE INSTRUMENTAGAQ
E FISICA EXPERIMENTAL DE PARTICULAS

<4
5 José Maneira | Calibration of liquid and dual-phase Argon TPCs \égll




il I s

Charged
Charged particles, particles
where the physics is Interaction of  Cross-sections
4 particles in LAr dE/dX
5 Tracks
5 0 Hit clusters
S 3 Recombination ~ Work function
® =3 Birks, Box model
S = Electron clouds
o o
o > Electron drift velocity
transport lifetime
diffusion coeff.
Electron clouds
after drift
Detection in transparency
wires
\ 4 Charge in wires
Raw data from the Digitization FE gain
detector ADC/TDC
counts
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Two Types of Calibration

Low-Level High-Level
« Measure model parameters e Check performance of
- Wire collection efficiency, etc. reconstruction
- Detector geometry - Overall energy scale factor
- HV system defects - Energy/momentum scale and
resolution

- Drift velocity/E-field maps
- Purity/lifetime

- Recombination model

- Work function « Contribute to determine

correlations and systematic
uncertainties and

- Position offsets/resolution
- Particle ID algorithm biases

« Spatial uniformity, time
stability

. Input to both simulation and » Input to physics analyses fits

reconstruction
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How well we need to know these?

Driven by physics goals. Example: DUNE

 Oscillation physics: CP-violation and neutrino mass ordering
- Energies O(GeV)
- Uncertainty on energy scale < 2% (5%) for leptons (hadrons)

» Supernova neutrino burst

- Energies O(MeV) DUNE FD Technical Design Report

: Vol.II:Physics arXiv:2002.03005
- Energy resolution 20-30% Y

Sanford Underground
Research Facility

Fermilab

............
......
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Large LAr detectors
mentioned in this talk

(approx. dimensions
of TPC in all cases)

¥ DEEP UNDERGROUND
HB@ m— NEUTRINO EXPERIMENT
) > —a

DUNE far detector module

MicroBooNE @ FNAL  ProtoDUNE @ CERN & SURF (10f4)
: : 13 ktons (active)
90 tons (active) 420 tons (active) 1.5 km underaround
at surface at surface ' J
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Other large LAr detectors

X

« The near and far detectors of the
FNAL short-baseline program

« ICARUS is the pioneer LAr
experiment moved to FNAL from
Gran Sasso via CERN
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« Cosmic muons
* Natural radioactivity (e.g. 3°Ar)

« Atmospheric neutrinos

Natural and intrinsic sources

 Neutrino beam events

* Muons from neutrino beam
Interactions in rock

11
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Cosmic muons

10? £ Preliminary DUNE simulation | ® AdvantageS

Far detector
<E,>=282 GeV

3244 w(10Ki)day - Many possible measurements
- Free
* Challenges

- Low statistics if deep UG

00 1 10 1 100 10t 10° Advantageous to have an
Muon energy [GeV]

 Measure parameters
- Space charge effect/drift
- Lifetime

10r2
1073 '

ProtoDUNE
Cosmic-Ray Tagger

« Detector response to “standard candles”
- through-going and stopping muons
- Michel and Delta-ray electrons

- 19 decay
ez "I ‘ )
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p [nC/m?]

MICROBOONE-

Space-charge effect (SCE) NOTE-1018-PUB
Study in MicroBooNE A ———

L L CL L LL L L CL L L )

» lon drift velocity much lower (2x105) than nae B E
for electrons [ Before SCE .= 4 -

g correction

 Charge buildup (cosmics) distorts E-field B R 1
and drift velocity, worse with fluid flow R R

_150__IIIIII|IIII|IIII|lIII|IIII|II__
0O 50 100 150 200 250

* Impacts position and recombination x fem]

* Distortions of tracks observed with end-
points of externally tagged muons T st ety

>100[- {*

1 S 450E weromeonzpromivary [| mecen ; i
90 —— § 4002_ :Ez-scEm"eded 50 E ' L P _:
5 3505 R B
Charge g3 After SCE ... - . i
buildup w00 R correction - < i T e
E g 0 . i
model 100: é P E
0E o T T I
0 ! » X L _:.‘“-7 —150.|....|....|....|.;:'..|>..'. 1—:
xanode Xcathode (a) Afyy residual distribution 0 50 100 150 200 250

X [cm]
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Electron lifetime L1 300pptms
02 = k,T - T

;r —1/T
dQ, = dQ,e T
NO2: Oxygen contamination

* Crucial for good charge/energy response _ ProwcounEsp

Date 1/11/2018
T T ———
2/ ndf 1359/15
Constant 288 +0.8618
€ Lifetime [ms] 10.39 + 0.2586

* Directly related to purity, so can change
fast and be non-uniform across detector

8
T

* ProtoDUNE performance

8
[
|

dQ/dx [(ADC count)xtick/cm]
n
8
i 1T 7177 T T 17 I T 171,71 T 1T
P /
-I L1 1 L1 171 I 11 1 1 I L1 11

* Measured with tagged cosmics, high

2

Stat | St | C 05 go ms] 2.0
» Extremely high purities and good Sl ]

agreement with purity monitors e
* Q ratio (Ct) at Cathode: precision of b _________________ -

0.5% (stat) achieved s | arxiv: 2007.06722

01711 0211 0311 04/11 0511 06/11 07411 0811 0911 1011 1111
2018 2018 2018 2018 2018 2018 2018 2018 2018 2018 2018
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Energy

DUNE:ProtoDUNE-SP x<0
600 1

Y Coordinate [cm]
w
[=)
o

100

0o 200

400
Z Coordinate [cm]

DUNE:ProtoDUNE-SP
—— T

Cosmics data
20

YZ correction factors

response maps

* After gain/SCE corrections, equalization of
charge collection efficiency using cathode
crossing cosmic ray tracks

arxiv: 2007.06722

» Stopping muons for absolute energy scale
* ~100 k tracks for 2% precision and fine map

* How long to do the same deep UG?

|
800 1000

o f° T * Anode crossing-tracks? ~ 15 years
gos * All tracks? At least 14 months (w/ 50%
g selection efficiency) punefooounese _ cosmics data
gtoo N 150 I '] calibrated dQ/dx 1
< i _ i [ ] uncaiiorated aarax
0.95 [— m,c_’
2100
s
X coordinate [cm] E
% 50
0 J
200 400 600
dQ/dx [(ADC count) x tick/cm]
7 |) . )
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Michel electrons

« Wide electron spectrum from stopping muon decay

Helps constrain energy scale at low energies

lonization Reconstructed Energy Spectrum

2.0

1.5

1.0

0.5

COSMIC DATA : RUN 4487 EVENT 104. Januar y 12 2016

reconstructed Michel electrons / 1)’ cosmic events

_ ¢ DATA
’ fa _ \ Simulation
|
1{.‘ \F
Co
A .
[ t MicroBooNE
? ] statistical errors only
t
] |
- #
t i
il ¢
+ .
il 3
{1 +
l LT
v,
el =

10 20 30 40 50 Gb 70 80
reconstructed energy [MeV]

| R. Acciarri et al. 2017 JINST 12 P09014 |
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Beam events: n? —2y

 |nvariant mass of pi0 decay provides

energy calibration in a wide range

BNB DATA : Run 6194 event 10, May 6" 2016.

uBooNE
——

C. Adams et al 2020 JINST 15 P02007

Fraction of Events

n° candidates / 14.7 MeV

E, spectrum for v, CC n° events

[ photon spectrum
[ leading photon
[ subleading photon

MicroBooNE Simulation
0 100 200 300 400 500 600 700
photon energy [MeV]
70 I
: 3 n° signal
60 1 - 1 background
¢ data
50 -
MicroBooNE
40 1
30 1
20 1
10
0

100 200 300 400 500
Reconstructed M,, [MeV/c?]
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lonization with UV laser
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Calibration via ionization (gas)

« Use lasers to “simulate” particle tracks

- Advantages: narrow beam, well defined position and timing,

 Studies of energy density vs mixture, wavelength]| _

independent of magnetic fields [ anderhub et al. 1979 NIMA 166 p. 581

|ldea proposed in 1979 for drift chambers. Gas mixture with ionization
potential of 6.5 eV so that two-photon absorption can occur with N2

laser (337 nm, 3.7 eV)

G. Hubricht et al. 1985 NIMA 228 p. 327

Using also Nd:YAG laser 4th h. (266 nm, 4.67 eV)

With additives (e.g. TMA), can reach ionization
densities higher than particles

Needs only moderate intensities (1ud/mmz2)

IONIZATION DENSITY o

Ne™
e : )
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3
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-
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0 r - 3

CONCENTRATION OF TMA

19

José Maneira | Calibration of liquid and dual-phase Argon TPCs

LABORATORIO DE INSTRUMENTAGAQ
E FISICA EXPERIMENTAL DE PARTICULAS

| l/lll

i)
\‘
1P P



Application: calibration of ALEPH

ALEPH 91-150
TPCGEN 91-004 _ o
M. Schmelling & B. Wolf  |dea applied to the calibration of the

7.11.1991 ALEPH (LEP/CERN) gas TPC

- * Ingenious system of mirrors simulates
beam from ete- interaction point
|
| | « Used to monitor drift velocity and
! il . .
| HaDRON it misalignments
3 i
Csoeom e ey TPC Drift Velocity
i ' S o ————r e y s
— : KN ? 5.26 3 p g; : 18deg beams : 30deg beams :
e GAMMA : I = %5,24 g 02 \'/
:—”, — - ! o 5.22 _ ‘ _ 0.1 | + E
T ) ! S ' 5 ; 3 | —‘
S e 2 ' - N T
: E'I.P C/./'/";.e : : | : 5.18 _ (O) * ;_ yg; :- 39deg beams :* 67deg beams :
i / g - g0 R=368 — ' 5.16 | = 02 ¥ 3
i | RONTTOR |’ 5.14 _ time covered : _ °'; 3 T *' E
00 bz L i o1y | 297Au9=1989 until 12-0ct=1991 % | o1 | “\ \‘\
SPLITTER-RING R ' N 025 05 o078 xo.és 05 075
. 0 5 10 15
220m o : time/khours

o R Sl
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IonizatiOn Of * Absorption of two (266 nm, 4.67

. . eV) photons only capable of
Ilq u |d argOn excitation, need a third one to

+ LAr ionization potential = 13.84 ev ~ 'ONize
- . * First measurements in 1996, at
* In purified liquid argon, there are CERN. for ICARUS

no low ionization potential states

from impurities or additives * Much higher laser intensities

3P3PPe, ) 15 J=1 lontzaton st 15764 eV needed, ~05 mJ/m m2
3573p*(?P=y ) B J=1 18 762EV \ (] *(lg)
_‘ Jontzaion stdto ectron number fcm I 4
=1384 eV ] .0
3573p°(?P°, M5 J=1 Exctod statos 11.83 €V sorbiddon 59 "
3573p*(°P )45 J=0 11.72eV —
35730°(2P, 145 J=1 ﬁnsz &V tortiddon 87 57
3523p*(?Pey; s J=2 11.55eV \ i Exciiod statos 1 = s
=063ev | A ) t\é 5
|. Badhrees et al. 2010 o =
S~ 52
New J. Phys. 12 113024 5w i
Y g Y .~t|J Sunetal 1996
AE19zeV 1 g a i | NIMA 370 p. 372
C 4
E=467 eV c « :
o « i
———— ot aialn "8 pwarasaroraeararacaeartasl il Ll
3573p%('S) =0 (O]
0] Laser power (log W/mm2)
Gas Argon Liquid Argon
. . . . L EE?' I LABORATORIO DE INSTRUMENTACAQ
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-. R&D on LAr laser ionization

» Test setups with up to 5 m drift @Bern
Nd:YAG laser (266 nm), steerable with cold mirror

B Rossi et al 2009 JINST 4 P07011 S
A Ereditato et al 2013 JINST 8 P07002

4 \\’Jﬂultlu‘ ‘
Signal [mV]

>ollection wire coc¢
o

4000 5000 6000

Dﬁ’f??lmo [us]

Extensive R&D, inc. measurements of:

NN \‘\‘\\‘\5\\\\\5\\\\\\ \\‘

2
510000 22 I'ndf 29.41/18
s - poO 4.369e+04 + 3288
*+ Muons T p1 -0.0004888 + 1.958e-05
S =
‘/{»/ "] = Laser @ 8o00|— |

/ ~ 6000 - I

- : I
/// Dl’lft Ve|OC|ty 4000 [

| Electron Lifetime| ,

F

'NI’{\I\{III\III\IIII\I\\III

04 o6 08 1 1z 14 N A A N AV R R
E-field(kV/cm) 3000 3500 4000 4500 5000 5500
Time [us]
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MicroBooNE laser
calibration system

- - - optieal bench * First implementation in a
large detector, with two laser
benches + periscopes

« Coverage pattern due to
shadows from field cage

Cryostat

A. Ereditato et al 2014 JINST 9 T11007
C. Adams et al 2020 JINST 15 P07010

SBND also building a laser system
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MicroBooNE results

« Compare TPC reconstructed track with
“true” track (given by mirror position)

T B BN BN I
50 100 150 200 250

« Combine two tracks from opposite lasers 0 e

to cancel displacement ambiguities =

+ Fit displacement map to obtain map of | . \\’\\Y\\ !
E-field distortions - up to 15% X\\\' JERR R

+ Stat. / Syst unc. each ~ 2% - \(J:I.N AédTaTSS sg%fgzo

MicroBooNE Preliminary
E,/E,[%] @Z=518cm ,

lmﬁmm‘“‘"ml lmmmm!.!ﬂ' |
0 50 100 150 200 250 0 50 100 150 200 250
X [em] X [cm] X [em]
e,r;?' ) .
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Laser calibration for DUNE

« Stringent physics requirements
~2% energy scale, and low
statistics of cosmics deep UG »

 Need dedicated calibration
systems

- position shifts of anode,
cathode, HV system

EE

- various QC checks for wires,
gaps, HV system

- drift velocity/E-field "mllllll"
- electron lifetime (under study) """

- photon detection system

Single-phase

A

bottom field cage

» Challenge due to huge size
(100x MicroBooNE !)
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SP Calibration access ports

* Plan to have at least two lasers per drift volume. Range needs
to be about 20m (MicroBooNE showed > 10m)

* New designs to avoid shadowing, improve alignment and
checking direction

View from Top

WEST

O : o
 KE 3 K 1t 3 & 3 & s 3 & C K SR
59-. 3 X3 X3 XX XF O KX KX KX KX K wla I lemy o bl g byl 1y o]y 'O NN XN EN XN XN XN R :?q
.III: .IIIIIIIIIII IIII'IIIIIIII.IIIIIIIIIIIiIIIIIIIIIiII: APA....I
\ 'End-Wall Top Field Cage

Design 2: end walls; Design 1: top-of-TPC;

40 cm away from FC 40 cm away from APA

No FC penetration; FC penetration:

. . . . N EE?'“ LABORATORIO DE INSTRUMENTACAQ
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DUNE TDR -
B. Abl et aI 2020 JINST 15 T08010

| - opening on top FC (SBND also)

1L ard|l|| - target+camera+visible laser

-

All drawings: Preliminary! |

mirror (M) PlN diode pad [ yl ‘h |
mirror pad

- Better coverage of TPC volume

- dual rotation for ports on the side

+ Alignment system

« Beam location systems

- fixed to Field Cage

zzz
.....
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ProtoDUNE |
Dual-Phase

ProtoDUNE (S =aagl
Single-Phase M=

Upcoming:
ProtoDUNE-II

* ProtoDUNE-I (just ended) has
no dedicated TPC calibration
systems

 All these new systems will be
installed and tested in
ProtoDUNE-II soon!

LABORATORIO DE INSTRUMENTAGAQ
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Dual-phase

* Dual-phase has better S/N than SP,

but larger SCE Pt i - @
ey s s, Multiplier
- Dual-phase has a longer drift length: / i // ’;’ \\ g : \ _
12 m instead of 3.6 m. A Reedien
* Due to amplification, ions produced . .
in gas phase are much more than in B |
the liquid and can drift back into the 2 .

liquid causing much more SCE

JO D DN oo
-
-

~ PMT

z, time

* SCE in DUNE SP expected to be low
(<1%) but in DP could be up to 15%,
similar to SP detectors at surface

F;

* Even more crucial to measure this
effect in Dual-Phase

2% . x
Iqi I LABORATORIO DE INSTRUMENTACAQ
ET»P E FISICA EXPERIMENTAL DE PARTICULAS
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7

Sigral FT chimreys with
DAQ crates Field cage susf

Dual-phase

» Design for calibrations in dual-
phase less advanced than in SP

e Current idea is to use the same
type of periscopes, inserted in
gap between anode readout and
field cage

« Should be possible to deploy 12
periscopes in a single module of
DUNE DP

LABORATORIO DE INSTRUMENTAGAQ
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Source Calibrations

 Pulsed neutron source

» Radioactive source deployment

LABORATORIO DE INSTRUMENTACAO
TICULAS
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Neutron interactions in argon

n +4Ar = 41Ar + 6.1 MeV V. Fisher et al., Phys. Rev. D 99, 103021
« Measurements at Los Alamos e
answering these questions: 1200 S pmeess -
1000 - =) Total sror -
- Thermal neutron capture cross section?z 5 E
[ACED, published] ° soof E
- ) 400 =
Corre_lated gamma cascade? [ACED, “F before ACED E
ongoing] 3 :

- Neutron-argon scattering anti-resonanct AT BT vy o

@ 57 keV? [ARTIE, ongoing] g 10—
b:é 102; — ENDF natural Ar

- e Winters
[ (0.2 atoms/barn)

* |dea: use an external neutron source to

calibrate DUNE 1
. 10"
- 6.1 MeV events calibrate low energy .
response (SNB, soIar)Proposed by B
. 20 40 60 80
Bob Svoboda (UCDavis) Neutron Energy [keV]
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P.D.F. [a.u.]

Position X [m]

Neutron Calibrations in DUNE

» Source: commercial DD
generators, 2.5 MeV

At a cryostat port, just to avoid
absorption in insulation layer

« Two locations at both ends may
enough to cover 58 m long TPC

1
107"
1072

Neutron Capture: Top view projection

‘o

= 1B 8

. ? chboddbdghd bbb gl bbbl b Ll b
be . ' %;J;S

DUNE TDR ==)

B. Abi et al 2020 JINST 15 T08010

Entries

-30 -20 -10 0 10 20 30
Position Z [m]
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10"
P.D.F. [a.u.]

P.D.F. [a.u.]

Position Y [m]

Neutron Capture: Side view projection

Entries

L [ 1 1 1 B al d d
-30 -20 -10 0 10 20 30 10°10210"
Position Z [m] P.D.F. [a.u.]
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Tests in ProtoDUNE

« Neutron (DD) generator sent
from LANL to CERN this year

* Well-shielded and placed at a
port on ProtoDUNE-SP

* Tests over a few days this July,
just before turning detector off

» Valuable operational and physics
data taken, analysis ongoing

Stay tuned!

LABORATORIO DE INSTRUMENTAGAQ
E FISICA EXPERIMENTAL DE PARTICULAS

122y
34 José Maneira | Calibration of liquid and dual-phase Argon TPCs \!glll




Outlook

« Calibrations of TPCs from a combination of natural and
dedicated sources

- Many efforts over the years in ICARUS, LArIAT, ArgoNeuT,
MicroBooNE, ProtoDUNE, SBND

* Dedicated sources more necessary for deep underground
detectors

* Integrated plan for DUNE far detector

- Long history of developments in laser calibration will have its next
step in ProtoDUNE

- New ideas with a neutron source

- Plans for near detector starting to form. Gas and liquid argon TPCs

| l/lll
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