Liquid Argon
R & D at Fermilab

Something about Liquid Argon
Ongoing Work and prospects at Fermilab

R & D opportunities
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Noble Liquids are strong scintillators and allow electrons to be drifted
over long (meters) distances under E fields of ~ 1kV/cm

g e Ne Ar Kr Xe

Boiling Point [K] @ 27.1 87.3 120.0 165.0

latm

Density [g/em?] 0.125 1.2 1.4 2.4 3.0
Radiation Length [cm]  755.2 24.0 14.0 4.9 2.8

Scintilation [y /Mev] | 9,000 30,000 40,000 25,000 42,000

dE/dx [MeV/cm] 0.24 |.4 2.1 3.0 3.8

Scintillation A [nm] 80 78 128 150 175

e’s/MeV ** 39,000 46,000 42,000 49,000 64,000
Triplet life time (us) 13 x 106 15 1.6 0.09 0.03
ppm in air 0] 12 9500 1 0.1

* at zero electric field

** at high electric field
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mechanism of light production
dE/dx = 2.1 MeV/cm
p= 1.4 gms/cm3
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Technical Issues for Multi-ton Argon Dark Matter detector:
*Chemical purity to allow electron drift (10's ppt O2 equivalent),
*Chemical purity to allow light production and propagation

*HV feedthroughs (>100 kV)

*TPC design

Light Detection

‘Data Acquisition

*Cryogenics and associated safety issues)

‘Detector Materials Qualification

*Shielding from environment radiation

‘Radio-purity of detector materials

*Radio purity of Argon
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Technical Issues for any Multi-ton Argon detector:
*Chemical purity to allow electron drift (10's ppt O2), (vand DM)
*Chemical purity to allow light production and propagation (v and DM)
*HV feedthroughs (>100 kV) (v and DM)

*TPC design (vand DM)

Light Detection (vand DM)

‘Data Acquisition (vand DM)

*Cryogenics and associated safety issues (v and DM)

‘Detector Materials Qualification (vand DM)

*Shielding from environment radiation (OM)

Radio-purity of detector materials (DM)

Radio purity of Argon (ODM)
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A nice feature of Argon (and Neon)

Pulge shapes
Scintillation has 2 components: g AmBe neutrons from Tina Pollman
t(fast) = 7 ns, t(slow) = 1600 ns 3 'UF S5 s60MYa

E ~ 25Th 84 keV'y
Fast/Slow depends on ionization E
density

Time dlsTr'lbuTlon of light ou’rpuT*

recoils

Time [0.4 ns]

I(fast)/I(slow) = 0.3(y), = 1.0(a), = 3.0(neutron-recoils)
Basis of PSD (pulse shape discrimination) for rejecting e and y events

(Other parameter used in 2 phase TPCs (eg Xenon 10/100) is light to
free electron which is also strongly dependent on ionization density.)
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Bottom Lines for considering Argon as target medium

Neutrinos - excellent event identification,

powerful for distinguishing neutral current 7€ from ve CC scatters - 013
(eff Ar/H20 ~ 5 per unit mass)
Proton Decay - sensitive to Kaon modes (unlike WC)

WIMPS - large mass, powerful background rejection
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Existing Stuff (has operated at least once)
Materials Test System

Electronics Test System with TPC
ArgoNeuT (T-962)

DarkSide 10 (prototype DM detector)

Cryogenic Distillation Column
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\ Liquid Argon Development Area at the PAB &%
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Liquid Argon Purification and Materials Test System
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' [Liquid Argon Source and Materials Test System

l

P S
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Features of Materials Test System

Can insert materials into known clean argon

Can insert materials after purging only or after pumping on them.

Can position materials into liquid and into ullage with range of temperatures.

Can insert known amounts of contaminant gases

Nitrogen-based condenser can maintain liquid for long (weeks) studies

Internal filter-pump can remove contamination introduced by materials — 2hr cycle

Sample points at Argon Source, after single-pass filters, in cryostat gas and liquid
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Measurement Features of Materials Test System

o Measure electron drift lifetime (0.3 milliseconds to 10 milliseconds)

o Measure Oxygen (0.5 ppb sensitivity) with oxygen meter (Delta-F & Tiger Optics)
o Measure H20 in gas (0.5 ppb sensitivity) with water meter (Tiger Optics)

o Cryogenic data, Lifetime Data, analytic instrumentation data in single data-base

o Runs 24/7 unattended except for filter regeneration and argon refills
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On-line data and DAQ

Tek  Run Average 4353 Acis 23 Jan 09 17:28:42

Interval (Min) 20 ot Sw 7o
e1s Liquid Stat
Remammg 8555 [ 1 iquid Status

I Waiting for Next Intenval

Stoothing=| 40 | 0.0000004s | vV
EMS Cut= | 10
Stop DAQ
Run Number| 3146
Run FileName | CAPrM Data\Run_03146 tit
Log File Pa’thl ES
1/23/2009 4:51:05 PM Anode Peak = 3.746e-03
Run =3146Pass =1 Anode Time = 8.228e-04
Diode Peak = -3.680e-02 Anode Baseline = 1.073e-04
Diode Time = 6.000e-06 Anode Rise = 2.654e-05
Eesults |Diode Baseline = -8.640e-04 Cath Factor = 1.724e00
Cathode Peak = -2.659e-03 Anode Factor =1.138e00
Cathode Time = 1.380e-04 Anode True = 4.350e-03
Cathode Baseline = 2.599e-04 Cathode True = 5.032e-03
LifeTime = 5.647e-03
Ch1 5.0mY Ch2 5.0mYy s 2.5MSSs 400nsht
Ch34 200mY Q y Ch3 ~ 204mY
O-Scope Print Form |
v CH1 Analysis Wave Choice
v CH2 Ch 1M Smooth |~ Raw
v CH3 Ch2 ™ Smooth |~ Raw

ue ﬂl moo v Raw
A. Baumbaugh Ch3T Smcth W R
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FR-4 Sample in Materials Test System showing effects in liquid, in cold ullage and in warm ullage
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A sample of materials tested

Material Date test started Preparation Tests Water [ppb] Lifetime [ms] LogBook #
Cleaning Solution 6/29/09 evac. 24 h vapor/liquid 4 5 946
Vespel 7/9/09 evac. overnite liquid/vapor 5-7 2-5,4-6 960
MasterBond glue 7/16/09 purged 18 h vapor/liquid 1.6 1.3-2.9 974
Bostik didn't pass submerging in the liquid argon 992
LEDs 7131/09 purged 38 h vapor 3.5 5 993
Carbon filter material 8/12/09 evac. 24 h liquid/vapor 2 4-9 1000
962 FeedTru Board V2 10/12/09 evac. 24 h vapor/warm 85 1-5 1062
Teflon cable 1/9/10 purged 28 h warm/liquid/vapor 8-20 2-5 1175
3M "Hans" connectors 1/29/10 purged 46 h warm/liquid/vapor 5-12 3 1198
962 capacitors 3/2/10 evac. 24 h warm/liquid/vapor 6-14 3-6 1228
962 polyolefin cable 412110 evac. 16 days warm 2 1237
Rigaku feedthrough 4/20/10 purged 7.5 h warm 15 3 1250
Rogers board (Teppei) 4/23/10 purged 26 h warm/liquid/vapor 40 2,6-10 1254
Arlon Board (Teppei) 5/14/10 evac. 0.5 h, pur.2 days warm/vapor 00, 80 1.3, 35 1263
Polyethylene tubing 5/24/10 evac. 6 h, pur. 66 h warm 1 1278
Teflon tubing 5/27/10 evac. 1 h, pur.17 h warm 9-13 4-5 1283
Jonghee board 5/28/10 evac.6 h, pur. 1.5h  warm/vapor 100,28 1.2, 5-8 1285
Jonghee connectors 6/4/10 evac. 3.5h, pur. 16 h  warm/vapor 50 2-3 1290
PVC cable 6/14/10 evac. 29 h, pur.1h warm 120 1-2 1296
Teppei TPB samples 8/3/10 purged 26 h warm 600-1600 0.7 1342

A useful database is http://outgassing.nasa.gov/ which gives removable water content

17
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Relative weight change - Polyolefin cables baked at 100 C for 4 h.

No bake _ | —
- - —— =4=—Cab1l

~li—Cab2

0.0001

0.0000 EA Sy

gl e

Water is the enemy. e 1D cays > o
§ -0.0003 = = e
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-0.0008
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ArgoNeuT (T-962) (FNAL, MSU,
Yale) ran in NuMI Beam 2010

Michigan State Readout, Complete system - real v events
FNAL Mechanics, Purification, Electronics and hit reconstruction
HV feedthrough developed on BO

e

First LAr TPC at Fer'rhilb

19
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Bo Data - track finding and two track resolution

Collection plane

t (ticks)

drift time ->

I 0,

0 1

Induction plane T

“ 2000

Collection Plane Wire

-
g

drift time ->

() [} » % F3) 25 30 0 5 10 195 »
2nd Induction Plane Wire nd Induction Plane Wire

. . (J. Spitz, Yale)
Check simulations -

Filter types B & D have acceptance at lower frequency.
Which give better resolution, signal/noise etc ?
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ArgoNeuT

ArgoNeuT Neutrino Event

t (ticks)

Drift Coordinate —
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Plxel Slze. Induction Plane Wire

4mm x 0.3mm Raw Data

t (ticks)

T
()
o
«c
£
O
o
(o)
(o]
O
R
o
@)

100 120 140
Collection Plane Wire

. Pordes Liquid Argon @ Fermilab R&D Retreat 5/5/11



DarksSid
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DarkSide -10 (prototype) Surface Data

_ recoilevent: f90 ~0.75 = _| = gamma event: f90 ~ 0.3 _
i”" T 3° § gasof—""“"“"“‘ "TTTYTY T ;0 §
‘§375% 5-50 § '§378i | —:50 %
e f90 = 11 90 ns/total 2| § - S1at90 i
365 150 § - ns i.1505'
s60E- ; 200 = 374~ \ 1200 £
assf Q1 4t 90 Caw | \\ from BenlLoer |
3502— L\\_H ns ? 300 370} N 200
T T T e e s Bl e e N I
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Log(S2/S1) vs F90
P T 2 3: -
E 25— 1‘5 25—
% 1%— g 1?‘ *
s F a : 10
S from Ben Loer s
% Run 1444, 1450: 22Na & “FRun 1447: AmBe
L C . 1
-3 'a!i"a.'z'"a!s"a.'.f"a!g"afe"af;“a!a“a!;“;ol 010z 05 o 'afg"afz—,"afs"a!a“a!;'r'g'ol
F
Example nuclear recoil acceptance bounds
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First run of cryogenic distillation column at the PAB

Purification through recirculation

Partial pressure of the Waste and the Product stream as measured in the UGA

Waste gas ¢
arting ratio
:N=1:30
ol

Time:74:53:58
- 2.64e-007 Nitrogen
- 8.63e-006 Argon
- -2.34e-010 Helium
- 1.08e-008 Water
- -5.84e-010 Backg..
- 1.18e-009 Oxygen

Ar Ar
Ar

5
T

Starting with Ar:N = 1:30, ending with Ar:N =33:1
(goal is 1,000,000 : 1)
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Scheme for storage of depleted Argon (as gas)

how to achieve high enough pressure.

Cryogenic Compressor/Booster

Level Probe |

LN2 dump e

Condense argon as liquid
then allow to boil and
reach 3000 psi for

Insulating Vacuum Volume \

High Pressure Argon Inner Volume

LN2 Volume

Evac D:(

C.Kendziora 3.17.11
Product

transfer to gas cylinders.

CC-B at the PAB 5/42011
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Stuff just about to operate
LAPD (Liquid Argon Purity Demonstration)

In-liquid electronics on electronics test stand
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Liquid Argon Purity Demonstration

All current LArTPCs are
evacuated before filling with
Argon. However, difficult (=
expensive) to construct multi-
kiloton cryostat to be evacuable.
=> Demonstrate good life-time in
an industrial vessel without
evacuation.

Atmosphere will be removed by
“argon’ piston, then argon gas will

be circulated through filters to
achieve ~ 1 ppm Oxygen.

Heaters in the insulation can warm
the walls to 60 C.

Filtration system sized for 30
tons of Argon at 1 ppm Oxygen.
Pump will circulate entire volume
in <24hrs.

Expect to start commissioning
very soon.
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Instrumentation for LAPD: Analytic Equipment
Oxygen meters (0.4 ppb sensitivity)

H20 meters (0.5 ppb sensitivity)

DET-IL D=

’j—-i
Ll e
m

bR N2 meter (20 ppb sensitivity)
i " rr T can sample multiple points
ERTD v 75| In the Tank
RTD | 2 sets of 2 PrM (20 cm / 60 cm)
| oy i | 2 sets of 3 translating RTDs
— : " : —PrV =+ Sniffer set to measure purge evolution
| | H Inline
i ! Purity Monitor
y ! |
b= : Sniffers L.
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Insertion Mechanism for Purity Monitors
into LAPD
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Camera in liquid Argon

Video CPU

Vacuum Insulation

Camera w/Heater

Cryo Viewport

30
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First Test of cold (in liquid)
electronics developed by Dan
Edmunds of Michigan State
University. Electronics are
installed around 50 cm drift-
length TPC before installation
intfo Cryostat.

3 wire planes at 120 degrees to
each other.
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Cold Electronics Testing ..

LArTPC  Run #189 Event #1 Time 04-May-2011 106:03:04.6040

Signals at room
temperature from
photo-electrons
produced at gold
photocathode at
bottom of TPC
illuminated with
Xenon flash lamp

S. Pordes

T T T T T T T T T T T T ‘ T T

Noise from Signals ‘fr'om

N (collectionplaney -

130 -

210} ESRU USSR e

10 ——y—~—1———

0 000 1000 1200
Sample Number 198 nsec/sample 405 usec total
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Stuff in the Design Phase
MicroBooNE (E-974)
LAr35t (35 ton demonstration of membrane cryostat)
LArl (1 ktonne prototype for LBNE)
QUPID (Quartz Photon Intensifier Detector)
DarkSide 50 (E-1000)

Proposal for LArTPC Test Beam Calibration Experiment
(B. Rebel)
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MicroBooNE (E-974) Schematics

TPC and PMTs in Cryostat Cryostat in MicroBooNE hall
8000 channels, 180 tons ~80 tons fiducial)

'
$

» r“f”}h}' L
’mﬂileﬂu; il

e |

'!l'!!'jj,!,l,jjj y

R & D goals:  Cold (ASIC) electronics; 2.6 m drift;no evacuation
Event reconstruction, Library of Argon Interactions,
Cosmic backgrounds, 100% livetime DAQ

34
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LArl at DZero

LAr20 at DUSEL

i & B. Baller

Rucinsk

R
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Membrane Cryostat R & D (R. Rucinski/B. Baller)

Assembly of first membrane panel showing: delivery crate, (from
Korea to Fermilab), insulation backing, weld between two
overlapping panes, and 3 panel section ready for leak testing.

B

3 o 4 =5 [T & ° \ ¢ It <
S - B TN R sl
. X -"V 4

-
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QUPID - low radioactivity photo-detector
UCLA/ Hamamatsu

PPD EE dept. (M. Utes) designing HV source for testing

1st samples in a month

Photocathode
at -6kV \ 7 .
Electron .//’;. =TT .\\‘\"\->\
Trajedmes /,/’, e " \\.
f / /:/-::’:‘. - .‘\\\l\
[ [/ \ |
|/ 1'/"54:‘ % \ 76 mm
Equipotential |
Lines Indium
l‘_ 66 mm ——I \
71mm —* Baseplate

Minimum no. of feed-throughs, low-radioactivity glass
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Continuing Topics of R & D largely glossed over ...
Tracking (ionization) Read-out (GEMS, LEMS in gas)

Light Read out (PMTs, SiPMs, TPB coated extrusions,
TPB-based Scintillator with wave-shifting fibers)

Charged and photon Beam calibrations (B. Rebel)
High Voltage Feedthroughs and Generation (Cockroft-Walton ? )

Lifetime Measurement with VUV LEDs and better photo-cathodes,or
with radio-active sources.

Cold electronics development.
Low radio-activity Photo-detectors.

DAQ & Software - from in-line pattern recognition and trigger to
100% live to simulation to reconstruction & event identification
under the aegis of LArSoft (B. Rebel)
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End & random back-ups
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Argon Piston Demonstration Percent O2 Sensor Output vs. Time
data compared to analytical model

‘Argon and air > 2 ft from bottom Run 2
- + 6 ft from bottom Run 2
Analytical Diffusion 2 ft position
—— Analytical Diffusion 6 ft position

Percent O2 by volume

Iapsed Purge Time (hours)
05 10 15 2.0 X

I Nitrogen a nd air = N2 - 6 ft sensor on tank centerline
o N2 - 2 ft. sensor on tank centerline

\w 3|
o

= Perfect Mixing Prediction

))))

... .05 . 1 : .. 25 ey
LiquidArgo?\@Fermila R&D Retreat 5/5/11 " ' ' '
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Our first experience of a closed system - returning re-condensed argon directly to liquid

25 LllZ L?Z
Dg“ Condenser Ligm-sme
Condenser On Condenser On LR Aok
20 > <€ >

-

15 /x‘
. N LA

—a—|mpurities (Constant/Lifetime)

Drift Lifetime (ms) or Imprurities

5
. . —e—Electron Lifetime
lifetime /WA 0000 |} A
0 | : Sample Cage  Purity Monitor Scrubber Filter
1/29/08 6:00 1/30/08 6:00 1/31/08 6:00

Water is the enemy - it lurks in the warm ullage
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Filter On o
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]
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£ 6
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4 4 1
]
]
2 - 0
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Metal ] |—,_
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S. Pordes

Drift Lifetime Study with
different returns

Condensed argon exits condenser
from 1 inch tube concentrically
above 1.5 inch filter housings

1.5 inch tube with
no filter material

3/8 inch stainless steel
tube, slightly spiraled
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<— Sintered materials
housed in 1.5 inch
stainless steel tube

=

Sintered glass,
10-15 um pores

Sintered metal, 10 um pores

Stainless steel wool
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Simulation Software:

Full Simulation of events inthe |
detector starting from ionization  .©
through signals induced on
wires through amplifier shaping  -©
and Fourier deconvolution etc

—know what to expect using A
“typical’ parameters =

—investigate alternatives
(wire spacing, wire angles)

—develop pattern recognition
and event ID algorithms

Neutral Current Event Vertex [, ../ |/ .
(B. Baller) o me
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; Text book
Electrons
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WIRE LAYOUT (proposal)

Drift
) SO layout Y ol wie
e 1A -"o” layout layout
QAR IO & Vertical layout

Ground layout

Fixes issue of
wires that do
not reach the
top
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quartz fiber S
anode grid =

.'/"

PrM drawing
s

cathode gnd grid anode

C.Kendziora2/3.05

PrM photograph
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Schematic of Liquid Argon Purity Monitor (PrM)

Drift lifetime Measurement

\I,\_
‘—@ cathode signal

~tyriet /T
Qanode/Qcathode = © drift/

...................................................

photo-cathode

T

ground grid ~—
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~20 cm

o

o
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liquid argon

photodiode signal

1
fiber —
light pulser quans 1l photodiode

G. Carugno, NIM A 292 (1990)

Ch1 100mY Ch2 80.0nsht
Urnk
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fast/slow

f r'O m WA RP Integrated S1 signal (° = 40 us) Integrated S1 signal (* = 40 us)
- E' | mg
m} (a) e-like event, F = 0.29 i (b) ion recoil event, F = 0.74
’ |N:
00!
l’hil's 5 " ‘
A }
C N § . :
© [
. g o} Ly
_ TR /- S (s Ky
sanbllabon S 2 : E LA .
3 36 3T 3 39 40 41 & &) 44 48 % 3% 37 % @ 4 42 9“4 s
Timea fus) Tima fuxl
o surviving ionization
lonization " 200
electrons 3 . o 52/51 e 000
8 . =g
Primary &0
00

1 2 3 4 50 100 150 200

S1 (energy, time distribution -> particle dE/dx)
S2 (ionization that escapes recombination -> particle dE/dx)

S1PSD rejection ~10°%, S2/51 rejection~102, com. 1077-8
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Some LArTPC Technical Issues for Neutrino Detectors

Argon Purity

Vessel Design

Detector Design

Electronics &
DAQ

Simulation &
Reconstruction

S. Pordes

—From atmosphere to purity without evacuation

—How to remove impurities from Argon (filter gas as well as liquid?)

—What impurities matter and how to measure drift lifetime

—What are the sources of contamination and how to avoid/remove them
without pumping (vessel, plastics=> surface physics)

—Design, (Underground) Construction, Safety
—Cryogenics (cooling system and insulation )
—Thermodynamics (argon temperature and flow distribution)

—HV system

—Mechanical reliability - TPC constructed in situ or externally
—Constraints from electronics (eg readout only at top?)

—Light collection scheme; (for “triggering’ and pattern recognition)

—Amplifiers, multiplexing, digitizers - in cryostat? Feedthroughs
—Signal/noise (large capacitance) and constraints on TPC design

—Zero suppression, signal processing, local event recognition capability,
100% livetime (not just beam spill)

—Real and simulated signals on wires; develop signal processing
—Event generation in argon
—Vertex and pattern recognition; cosmic ray rejection; event reconstruction
49
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