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General Property of Liquid Xenon

http://www.pd.infn.it/ ~conti/LXe.html
Rich detection media : Scintillation and Ionization

Scintillation Ionization

energy position

photomultipliers lonization chamber with low noise amp. 300e
GEM/photocathod GEM in 2 phase Xe

Avalanche Photodiodes
22,000 VUV photons/511KeV with 3ns, 27ns and 45ns

30,000 electron-ion pairs/511KeV
electron drift at 2.3mm/us with 2kV/cm

At 511 keV, 22% photoelectric, 78% Compton with xenon
half a mm for 511 keV photoelectron

Primary ionization signal is weak: of the order of 1, 10, 100 and 500 keV
for coherent neutrino, dark matter, solar neutrino and PET respectively.



XENON (PSD and Scint/lon)
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Table 1.5: Physical properties of noble liquids (adapted from Ref. (98)).

LAr LKr L. Xe
Atomic Number 7 18 36 54
Atomic Weight A 39.95 83.8 131.3
Density (g/cc) 1.39 2.45 3.06
Melting Point T,, (K) 83.8 115.8 161.4
Boiling Point T} (K) 87.3 119.8 165.1
Critical Temperature T, (K) 150.7 209.5 289.7
Critical Pressure P, (atm) 48.3 54.3 H7.64
Critical Density (g/cc) 0.54 0.91 1.10
Volume Ratio (p;/p,) 784 641 519
Fano Factor 0.107 0.057 0.041
Drift Velocity (mm/usec) @ 1(5) kV/em | 1.8(3.0) 2.4(4.0) 2.2(2.7)
Mobility (cm V~1s™1) 525 1300 2000
Radiation Length (cm) 14.3 4.76 2.77
(dE/dx) (MeV /cm) 2.11 3.45 3.89
Liquid Heat Capacity (cal/g-mole/K) 10.05 10.7 10.65
W-value (eV) (ionization) 23.3 18.6 15.6
W-value (eV) (scintillation) 19.5 15.5 14.7
Wavelength of Scintillation Light (nm) 130 150 175
Decay const.

fast (ns) 6.5 2 2
slow (ns) 1100 85 30

Refractive index @ 170 nm - 1.41 1.60
Dielectric constant 1.51 1.66 1.95
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EXO TPC

/

1 phase 2006

http://www-project.slac.stanford.edu/exo/

; Double B Decay

ligXe-TPC, grid and segmented anode and PMT, 10ton (3m?3)
WIPP : Waste Isolation Pilot Plant Carlsbad NM, Excavated in underground

salt - lower U/Th activity. ~
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200kg (63l), enriched 30Xe (80%) 2006
without Ba tagging for 2 years
1 fon with Ba tagging for 5 years

10 ton with Ba tagging for 10 years

136Xe —13%Ba**+ e+ e~

=7 |0 < Extract the Barium ion from
i o the event location
': o (electrostatic probe)
,G “ I Deliver the Barium to a laser
dii o[l system for Bal3®
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Xe offers a new tool to reduce background:

136X e — 13°Ba*™* final state can be identified
using optical spectroscopy (M.Moe PRC44 (1991) 931)

Ba" system best studied
(Neuhauser, Hohenstatt,
Toshek, Dehmelt 1980)

Very specific signature
“shelving”
Single 1ons can be detected
from a photon rate of 107/s

Barium tagging would
eliminate all radioactive

backgrounds, leaving
only 2v[3f3.

TPC Symposium 2003

y)
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493nm

BR = 30%
650nm
4
Dap

metastable
T=47s

Single ion can emit
10 photons/sec

Level structure for Ba—™

The Enriched Xenon Observatory




It’s just crazy enough to work

Assuming that the Xe chamber + Ba tagging reduce to 0O all
radioactive background...

Isotope | Det mass Enrich. Eff. I\/Ileasur. Background T1,08 <m,,> (eV)
(kg) %) (%) time (yr) (yrf QRPA | NSM

. Y

136Xe" 1000 80 |70 |5 ) + 1.8 events  8.3*10%¢ 0.051 0.1
136Xe™ | 10000 80 |70 [0 p+55events 1. *10%8 0.013 0.037

* o(E)/E = 2.8% R.Luescher et al. Phys. Lett. B434 (1998) 407
" o(E)/E = 2.0% Modest improvement on the above.

The meV region 1s within reach.

TPC Symposium 2003 The Enriched Xenon Observatory 8



The EXO-200 is an
ultra-low background cryogenic apparatus

Heat exchange/shielding

) / fluid
N TN 200 kg copper chamber
~1.7m | Liquid Xenon at 165 K
(not actual geometry)

e

Copper croystat in
lead shielding (not shown)

April 4 2006 13



Realistic Monte Carlo Geometry for
Background Studies.

Lead §hield

~—>

Copper
TPC

Outer
cryostat

Inner
cryostat



Charge Detection
Double-ended TPC chamber

with ~20 cm drift regions Cathode -75kV
Mid-plane cathode biased at -75

kV | | _ 20 cm Drift Region

38 Inductive “Y” wires per side spatial resolution

at -4 kV, 100% charge 1 -2cm

transparent. \ |
38 “X” wires at virtual ground to § Lvr\;es

collect the charge.

LXE electron mobility ~2000 _
Cm2/(Vs) / X WIres,

Saturation velocity ~ 0.28*cm/us %Vmual ground
Electron lifetime goal of 3ms APD’s

=> 2.4% loss at 20 cm. for lights



Xenon calorimetry

Anode
We measure the event b :A (3} : é :
energy by collecting the afpltle,d | | :
1onization on the anode and/ eﬁzcl:; 1 | | |
or observing the | | |
scintillation. : : loniking
| ol €- particle

As the electric field 1s
increased, the collected

<__________________________

|

[

[

[
ionization increases and ' 4 :
the scintillation decreases. ' 175 nmﬁ ¢

scintillation
Cathode

TPC Symposium 2003 The Enriched Xenon Observatory 12



200 kg prototype to be installed at DoE’s WIPP, NM

SALT STORAGE PILES

shielding depth
~2.5 km w.e.

AIR INTAKE SHAFT

2150 ft.

SALT HANDLING
SHAFT

WASTE HANDLING
SUPPORT BUILDING

EXHAUST SHAFT

PANELS 2-8

NOT YET EXCAVATED

GATUNA
0 - 36 ft.

SANTA ROSA
0 - 250 ft.

DEWEY LAKE
100 - 550 ft.

RUSTLER
275 - 430 ft.

SALADO
1750 - 2000 ft.

REPOSITORY

CASTILE
1250 ft.

BELL CANYON
1000 ft.



An experimental facility for EXO
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http://www-sk.icrr.u-tokyo.ac.jp/xmass/;for Solar v, 23, DM

" A 2004
Strateqy of the XMASS project : 1 phase

NOW

~2.5m

~1 ton detector
(FV 100kg) ~20 ton detector

Dark matter search  (FV 10ton) _
Solar neutrinos

Dark matter search

Prototype detector
(FV 3kg) R&D 100kg

Confirmation of feasibilities
of the ~1 ton detector
Analysis techniques

Self shielding performance (= )

. 0 i
Low background properties R Bgﬂﬁaetﬁgtge:lzzte&r;g;rch
Purification techniques 0 0

August 18, 2004 Y.Takeuchi @ICHEPO4 in Beijing
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Physics goals at XMASS  JV/°° = 0-5on vear

E, =5keV, 3c discovery

—4)

: . 5 Spin Independent Mp#dmions hown.ccu
Direct search via nuclear 3 -
_ : 3 DAMA Nal CUORICING
elastic scattering SN AN\
- ERTRG
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107 £ et CDMS |
L natural Xe 10t ) = =" ZEPLIN2
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E,, = SkeV ~200 events/day/ton
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m Xenon Detector for Weakly Interacting MASSIive
Particles (Dark Matter Search)
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Physics goals at XMASS

XMASS FV 50 ton year

Measureppvviav+e —-v+e (90%CL)
10 g
-G. Gratta
Gallium  (Chlorine | Super SKD @Neutrino200
M ttp:/lwww.sns.ias.edu/~jnh
y 10" =
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m Xenon MASSive Detector for Solar Neutrinos (pp/’Be)

2vpBp life time should be measured
|sotope separation would be needed




JE—
Physics goals at XMASS

m Search for Ovpp (2vpB) decay of

136Xe — 136Bg + e + e- 136Xe (na 8.87%)
Q-Value: 2.48 MeV m High purity and enriched Xe can
10 be used.
3 ‘w/o smear —— 3 i i di
sl 0% at 100keY m Energy region is different from
107 f, ' 100keV ,,,,,,,,,,,,,,,, I solar v/ DM.

102 | ,,,,,,,,,,,,,,,,,, SRty ' m PMTs should not be placed near

‘ “ peak OSI’[IOI‘]
ot [ 2VBB o p ‘p ffffffff - _ the detector.

T 1/2 theory

[cts/keV/5years/10ton]

100 | Need another design
y of the detector!
10 | (low priority, at moment...)
10-2 | | | | e
O 500 100015002000250030003500

lkeV]

m Xenon Neutrino MASS Detector (Double Beta Decay)




" J
Self shielding

30cm & 10° reduction
for < ~500keV

Liquid Xe Volume for shielding

-
o
Pl
Y § 106 - 0-3000 keV
- - o : ____ 0-1000 keV
Fiducial volume - 0.750 KoV
PR A 5 . — 0-500 keV
’ ‘ 19 . ___ 0-250keV
i ; y ]
v 1
! 3
11. ! : > 10* i
\ f Q .
~ - " :
“PMTs ° 5
b X 102
Reconstruct the vertex and energy based —_
on PMTs information (light pattern) 0 10 20 30 40 50 60 70 80 90 100

event position depth (cm)

m Quite effective for the events below ~500 keV (pp v & DIV)

m Not effective for double beta decay experiment
August 18, 2004 Y.Takeuchi @ICHEPO04 in Beijing



S
. Aug.04 run
Alpha vs Gamma separation |Preliminary

| Mean x SO

O 4al 2.2
% g FADC data :=
c 12— e s
@) I R
10} S \
a- Alpha- Ilke ,;*ﬁ: 1 Gamma-like
61 -/
T A k- 1
2
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Pulse width (ns)

Alpha-gamma separation by using FADC wave form
would be possible (under further investigation)

August 18, 2004 Y.Takeuchi @ICHEPO04 in Beijing



2006

MEG Detector : 1 phase

http://meg.web.psi.ch/
search for muons decaying into positrons and gamma rays

Liquid Xenon

COBRA Magnet - Scintillation Detector

Thin Superconducting Coil
\

— —=
| —

| I
j .'
L
Stopping Target ‘_, : {I
+
e

> ~ Timing Counter |
Muon Beam

Drift Chamber

1m

800~900 | liquid xenon
846 PMTs immersed in the liquid
No segmentation

21
Satoshi MIHARA, ICEPP Univ. of Tokyo, JSPS meeting in Matsuyama
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* Time coincidence

Signal and Background

* Signal « Background

— Radiative u decay

/«o V%Q/@
P '

= — Acidental overlap

. E,=m,/2=528MeV
. E,=m/2=52.8MeV

0 = 180°

Satoshi MIHARA, ICEPP Univ. of Tokyo, JSPS meeting in Matsuyama



Depth Reconstruction

» Broadness of light distribution at the entrance side

~= 93999737 339971 95

) )
q
) : :
D D
|_l_ _\_I
shallow deep

Satoshi MIHARA, ICEPP Univ. of Tokyo, JSPS meeting in Matsuyama



Feedthrough

PMT holder

2-inch PMT

(x 264)

Al honeycomb
window

Thin Al
window

Y beam

Holding rail —

an active volume

Vacuum / Xenon

Signal N

= > Liquid nitrogen

[

10:5/ Refrigerator

[

I

L&

] Liquid xenon

Capacitance level meter

Vacuum
for thermal insulation

of about 701 -

surrounded by
228 PMTs

1o

pump
j Al spacer 100 cm
G-10 spacer
U — Ocm

Fig. 1. Schematic view of the large prototype.



LXe-GRIT ; 1 phase 2004

Columbia university - XENON collaboration

baloon flights(1997-2000) of the Liquid Xenon Gamma-Ray Imaging Telescope
Y energy range = 0.511 - 70MeV ( e* - °)

LXeTPC ( prototype of Compton telescope ) with 7cm long drift

~direction of incident Y can be estimated by sequence of Compton scattering

TO TPC PLRAP
.-.--
5 - = fo| =52 LXeTPC : 18.6x18.6x7cm? ( 2.4 1)
5 _!
=i
1"
==
==K
2
) o
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SLad
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e e Y el oy iR
| |.|.|_[I' _ 5 XY -
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2= VACLIUM o crvosTat || 23
™ % ()
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& i
I
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- Figure 2.3: Top view of the LXeTPC with the field-shaping rings. The

" ceramic HV feedthrough is visible in the lower part of the picture.
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Figure 2.6: Schematic of the LXeTPC read-out structure with corresponding
light trigger and charge signals (from (98) and (74)).
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Figure 2.9: Digitized waveforms on wires and active anodes as a function
of drift time in FADC samples, for an %Y 1836 keV ~-ray event with 4
interactions. The upper panels show all wire waveforms, in scaled units
of ADC channels, each separated by an offset. Matched wire signals are
indicated by circles, and only their corresponding anodes are shown. The
wire-anode correspondence is indicated by the dark fields at the top left
corner of each anode display. The solid arrows mark three steps found by
the anode signal algorithm, and the dashed arrow marks an additional step,

included in the fit (smooth solid line) after signal recognition on the wires
(from Ref. (74)).
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Figure 5.7: “Snapshots” of three different events in the LXeTPC recorded
during the balloon flight in year 2000; for each of them the X-7Z view and the
Y-7Z view are shown. Left: a 2-site y-ray interaction. Center: a relativistic
particle passing through the fiducial volume. Several o-rays are visible in the
X-7Z view. Right: a more complex interaction with several particles detected
in the fiducial volume. The vertex happens below the fiducial volume, i.e. at

/7.< 0.



Figure A.4: The LXeGRIT gondola on the launch pad at the National Scien-
tific Balloon Facility (NSBF) in Ft. Sumner, NM, on May 7, 1999 at 7:26:54
local time (13:26:54 UT).




LXe TPC PET ; 1 phase 2005

Subatech, Ecole des Mines de Nantes, IN2P3- CNRS and Universite de
Nantes, France 1 Service de medecine nucleaire, Hopital de Nantes, France

Ix1x9 cm? cell ; a module of 24x60x9cm?® 9cm drift
24x60cm® anode place segmented by 0.5x0.5mm? pads

4

cells 1x1x9 cm’

Fig. 1. GEANT3 simulation of a LXe PET camera with a NEMA NU 2-2001 phantom (right) and zoom on
individual cells (left). The '°F source is homogeneously distributed in a 3 mm diameter and 70 cm length cylinder
positioned at (x=4.5 cm, y=0 cm) in the transverse field of view.

250, 250 and 140 um (FWHM) for x, vy and z coordinates
for y-conversion point

8 modules 24x60x9 cm’




PET camera | Activity (kBg/ml) | Sensitivity — Net Trues | Spatial cut Energy  resolution
(cps/Bg/ml) (spatial  resolution | (FWHM)

FWHM) (mm)
BGO 3 30 10 (~7) 26.7
LXe 0.4 190 3 (~1.7) 13.8
Table 1: Performances of the proposed LXe-TPC PET compared to a standard BGO PET camera.
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Fig. 5. Track rate for true, scattered and random events (left) and NEC (right) as a function of the activity
concentration for the proposed LXe-TPC PET (top) and the standard BGO camera (bottom).



PETYA ; 1 phase

LIP-Coimbra and Department of Physics of the Uni

3004-516 Coimbra,Portugal

2002

versity of Coimbra,

segmented drift chamber with PMT 1x5x6cm? cell ( LXe 6cm long )

R

| A i} y?
CFD .
An, timing
CFD Cl—
CFD
10 mm
RN
e
(S
g
B 3 trigger
A
X 8 _|charge signal E, X 2
\d\ =‘ " processing
SS window 50um wire
y 2.5mm spacing

from the opposite detector

Figure 2. A schematic of the liquid xenon module for PET and its readout

800um, 800um, 2mm (FWHM) for x,

2.24s max. collection time
5mm drift

0.1 mm 2 mm
> < =

-

Figure 4. The mini-strip plate.
system.

y, z coordinates

0.1 mm

2 mm



Compare to the crystal, the reconstruction of the event
topology is possible so that the first interaction in the
detector can be found and its position used in the image
reconstruction.

Table 1. Comparison of the liquid xenon detector with scintillation crystal systems

BGO block L.SO block

PETYA detector detector (CTI)
[20] [21]

Time resolution 1.3 ns 2 ns 1.5 ns
Position resolution 0.8x0.8 mm*(*)  5x5 mm’ 2x2 mm’
Interaction depth resolution 2 to 5 mm None 7.5 mm
Energy resolution 15% to 17% 20% 14% to 20% (**)
Efficiency 60% 80% not quoted
Dead time 50 us-cm’ 25 us-cm’ not quoted

* AxxAy; Ax - from the drift time measurement; Ay — obtained with the center of gravity method with the
mini-strip plate (extrapolated from the measurements with o.-source and convoluted with the

photoelectron range)
** for a single crystal
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—Xe In
Cryostat — Xe out
| ' a-a section b-b' section
PMT
_______ Ring diameter 80cm
Depth of sensitive region 6Ccm

Axial length of sensitive

P/ Vacuum for region
thermal
insulation

9-24cm
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LXeComp (TPC) B+Y ; 2 phase 2006

Subatech, Ecole des Mines de Nantes, IN2P3- CNRS and Universite de Nantes,

Liquid Xenon (LXe) based detector coupled to large-area fast gas-avalanche
imaging photomultipliers (GPM), the UV photons resulting from Xe scintillation
are detected in the GPM (Gas Photon Multiplication)

“Sc : a good B+Y vield (94.3%) with only one y-ray of 1.157 MeV

3x3x12cm? cell in 24x12x12cm® ; 12cm long lig.Xe for 1.156MeV gamma

microPET camera
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Figure 11: Spatial resolution as a function of the energy deposited by electrons in liquid xenon
obtained from simulation, in the anode plane (left) and along the drift direction (right).

Figure 12: Energy resolution as a function of the energy deposited by electrons in liquid xenon
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Energy (MeV)

obtained from simulation.



The position of each B’y correlated events has been reconstructed according to the algorithm
presented on paragraph 4.1. The obtained image 1s shown on figure 17. The spatial resolution
deduced from the projection of the transverse image slice on a single coordinate is 2.3 mm.
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Figure 17: Transverse slice of the reconstructed image of a point source with a voxel size of 2x2x2
mm® (left) and its projection on one x axis (vight). Results have been obtained with 0.5 millions of
generated **Sc decays.

The overall reconstruction efficiency for the events is 1.3%



Internal cryostat

gas-avalanche
iImaging photomultiplier

GPM
Field rings
b
1] . . s
—~ Active liquid
¥ xenon volume
i Micromesh frame

Entrance windows

Figure 6. Active volume of the liquid xenon Compton prototype in construction

The ionization signal (760000 e-/MeV) is collected by a segmented anode of 3x3 cm? in
the (x,y) plane, after crossing a micromesh “Frish-Grid”. This micromesh is a copper grid
of 3 um thickness and 50 pm pitch placed 50 pm above the anode (0.5x0.5 mm? pads ),
readout with no-amplification,



GPM PIM (Parallel Ionization Multiplier)

Reflective
photocathode

-. ” GRILLE N2 PAS DE 4lfi SUBATECH, I _— -
e, e o e Mo : °

Figure 8. A microscope view of a copper micromesh
produced by laser machining: holes are 14 pm diameter R — —
with a pitch of 40 um. The concept of a PIM photon I ' I Ampli 2

detector with a reflective photocathode.

GEM (Gas Elecfron Multiplier)

b reflective
V
photocathode

- 5&/# o

» D&\D T e

Figure 9. A microscope view of a Gas Electron Multiplier

(GEM), produced of 50 micron Cu-cladded Kapton,
perforated with 80 micron diameter holes; equi-potentials, ) D D { GEM3
electric fields and avalanche multiplication scheme

occurring when the GEM is polarized by a few hundred
volts; The concept of a multi-GEM photon detector, with a

reflective photocathode. r———————ﬂ anOde
strips




Second Prototype

LXeComp

Figure 13: Liquid xenon module associated to LSO microPET camera (left). The module (24x24x12

em’) is made of individual cells of 3x3x12 ecm’ separated by 500um thick PTFE walls (right). The
rat phantom is a water cylinder of 6 cm diameter and 15 cm length.
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Motivation: cryogenic two-phase detectors for medical
applications

LXe

for PET

readout

PMT

Two-phase Xe
detector for PET

cian > ssa | Chen & Bolozdynya,
e ——j—--—ﬁ' US patent 5665971
B t- - -CBr| (1997)
B e~ - [ B
T _lt__,.J

FADC

Alexei Buzulutskov, Detector Development Symposium, SLAC, Apr 6, 2006

GEM-based two-phase Xe
or Kr avalanche detector

- Solving parallax problem
- Superior spatial
resolution if to use GEM = S

Budker Institute: CRDF grant
RPI1-2550 (2003) sine

CCD

-
C
- 1

[ ]

PSS N

Cutput i
window v

—

= =

| [F5 I L .|

Liquid Ar or Kr

A Y o
x I--#' Marnmography
phantom

SOUrce

GEM-based two-phase Ar or Kr avalanche

detector for digital radiography with CCD
readout
- Robust and cheap readout

- Thin (few mm) liquid layer is enough to absorb
X-rays

- Primary scintillation detection is not needed
Budker Institute: INTAS grant 04-78-6744 (2005)
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XENON (TPC) ; 2 phase : DM 2006

http://www.astro.columbia.edu/~Ixe/XENON/

Gran Sasso underground lab, Italy

10kg (XENON-10) -> 1 ton with visible energy threshold of 4keV

1 ton LXeTPC consists of 10 TPCs (100kg): 38cm®, 30cm hight cylinder
Under a high electric field, a nuclear recoil will yield a very small charge
signal and a much larger light signal, compared to an electron recoil of
the same energy. The distinct charge/light ratio is the basis for nuclear
recoil discrimination in a LXe (2 phase) detector.

proportiona - ‘ '

WIMP  grift time

! Roadmap:
‘ —R&D started 2001
drift time — XENON-3 lab. prototype 2005
....... | —XENON-IO first DM detector now
(52/1),, << (S2/51). — XENON-100 design later in 2006

Bottom PMT Array
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XENON-10 Detector Now at LNGS

« XENON10 now installed and being tested at LNGS
(Underground laboratory Gran Sasso, Italy)

» Expect first DM search run June — August 2006

Top PMTs

Field Shaping
Wires

Bottom PMTs
Cathode

> Oberlack TPC Workshop LBNL 2006



Summary & Outlook

Dual phase Xenon-TPC's have been developed and tested in the
lab, and are expected to start first DM search runs soon.

Currently, both charge and light readout are based on PMT
readout of primary and secondary scintillation light.

PMT internal radioactivity has been greatly reduced but will
become a limiting factor as sensitivities continue to improve.

Can we profit from higher X/Y spatial resolution?

Uwe Oberlack TPC Workshop LBNL 2006



GEM Implementation in the XENON Detector

Top Flange

Triple-GEM structure with Csl coating.
Mesh stearing electrode to tune field g

Double Sided

for optimum charge transmission and St PC Board with

photoelectron extraction from the Csl.

Replace

CslI Photocathode
Liquid Level Mesh Electrode

Electrical
Connections
PMT Signals {37),
Wire Signal (1),
PMIT HV (37),

Wire Structure HV (1) / =T
54 cm \ . 2 s
Top Flange (OFHC Copper) / HV Multlpherxi Field Shap“lg RlngS

(Gaseous Xenon

Cas Port
(Filling

Teflon Spacer

and
Recirculation)

PMT Support i,
an "
HV Circuits I

437 PMTs

Electron ii R l f:m-“:] :\"1'1 "!k"‘l _TT N _"_2_ S I I
lieatins % | ¢ H
Multiplication § i 4 10 cm

structurg —pr————u---
;

HV IN = = . 1 o
(AC) ‘ﬂ‘i\ Field Liquid Level
o W S
5P H;qpmg
T/ INgs

Liqud Xenon

4 cn Double-sided PC board with X/Y
strips for fine spatial resolution.
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Phaoion
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eflon Ionization
/Reflector Electrons

=20
Efectric
Dirift
Field
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Elecirong
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Low-noise electronics for
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ZEPLIN (TPC) ; 2 phase : DM 2001
http://hepwww.rl.ac.uk/ukdmc/ukdmc.html

-II UKDMC collaboration with US and Italy, 30kg
-IIT UKDMC collaboration with US and Russia, 6kg
-IV  UKDMC collaboration with UCLA 1 ton from ZEPLIN II

1-kg two phase detector

Secondary Scintillation

10.0 20.0

[T T}

£ AN

PTFE

Primary (S1)
Scintillation

[T 1T 1L 100

H. Wang, DM 2006

0 100 200 keV
Primary Scintillation
Figure 4. Secondary vs. primary scintillation plot in
pure liquid Xe with mixed gamma-ray and neutron
sources. The secondary scintillation are produced by
proportional scintillation process in liquid Xe (top)
and electroluminescent process in gaseous Xe

Figure 3. ZEPLIN II: Electroluminescence in gas
(principle of a two-phase, 1-kg detector, developed by
UCLA-CERN-Torino.



Boulby Collaboration Strategy

basic ionisation-scintillation

demonstrate basic and high target mass

discrimination with PSD
- set first limits

ZEPLIN-II
ion-scint
two phase Xe
30 kg

running ZEPLIN-I

single phase
PSD

ZEPLIN A kg
under
array ZEPLIN-III construction
lon-scint
two phase Xe

high field
6 kg

ionisation-scintillation and high field
- ultimate discrimination, low threshold -

- iImprove by x10 - UCLA concept

A multinational
programme

ZEPLIN-MAX
ion-scint
two phase Xe

1000 kg
83

new (5 years)

Involved in programmes:
UCLA, CERN/Padova, Torino,
ITEP, Coimbra, Columbia,
RAL, ICSTM, Sheffield

Neil

July
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Figure 5a. System setup for Xe target (40 kg total):

overall set up.

UCLA design

Figure 6. 1-ton scaled up (ZEPLIN IV) detector.

Figure 5b. ZEPLIN II central detector.

Cross-sections (cm” log scale)

Limit Plot (Current, future, and theoretical)
i 1 i

l\ A
" =

41 —

ZEPLIN-II

Normalised to nucleon

CDMS
Soudan

LN ]

TN

1 2 3 4

WIMPs Mass (10° GeV)

Figure 7.

Limit plot (current, future and theoretical).
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UKDMC llab ti
ZEPLIN Il Lith Us oo Ruceiay "

ionisation-scintillation - low threshold

. 6 kg liquid Xe

« High field (20 kV) operation for better

discrimination
X :
31%wo-inch :
photomultipliers l;

Am241 Single Event Two-Phase 12KV

'-:‘E 0 [l prvrrinaii o sl
¢ [1kg test
=" | chamber

oos Hresult
0075 |

01 | I
0128 | . IN K

015
178 - e ' il

P Raor Laval T
0 'snln' - 'mlnn; ' Hlmlj - Iznlmlj - 'qumlr - 'mlun' ~as00
Time/Sns :
« Completion due end 2001

Neil July



Zeplin Il

- Xenon detector for WIMP search

- Nuclear recoils from elastic
scattering (WIMP - nucleus)

- Operate underground, at Boulby




2006

1 3 2
. = GEMs
0 alli
e 0
He ﬂ ’
Cooling Liquid Xe ’
| T PTFE
Field @ :
. 5 Reflector
Shapi
Rings [ | # [
| . =gt Csl

nucl.rec. AN

J\

11 CONVERSION
{ &¥D
| oRIFT

AMPLIFIZATION

1 TEAIMEFEER.

Csl photocathodes in LXe: E.Aprile, NIMA 338 (1994),
328; NIMA 343 (1994), 121.

GEM phototubes in noble gases:http://
gdd.web.cern.ch/GDD/A.Buzulutskov, NIMA, 443
(2000), 164.

elec.rec. J\\ J\JL

Nuclear recoil signal events contain

no (for low drift field) primary
ionization between these two pulses.

Neil

July



Summary of 1 Phase LXe

Phase| Project | Physics | Xe weight | detector readout year location collaboration
10ton (3m°) X, y anode wires (for 10 years Enriched Xenon Observator,
1 |EXO double beta|1ton TPC |; APD for lights ,| for 5 years |[WIPP, NM, USA |US(SLAC), Canada, Swiss,
200kg laser - ID Nov., 2006 Russia
DM |20ton
1 | XMASS solar v |Iton (800kg) lights |PMT Kamioka Japan, Korea, Russia
double beta|100kg (30 1) 2006
800 - 900 1 Nov., 2006 Japan, Italy, Switzerland,
1 |ME - lights |PMT PSI
y H=EY 701 e 2003 Russia, USA
, NSBF (National
| |LXe-GRIT| cosmic y |2.41 pg [V Yanodewires) 99, g e Baloon |Columbia universit
. : i
e CosSmic y  PMT for lights | 1999, 2000/°C" olumbia university
Facility),NM, USA
1 |LXe-PET PET  |64.81 TPC |segmented pads | proposal |Nantes Cyclotron |France
, anode wires or
drift | . 2002 . .
1 |PETYA PET mini-strip ; PMT, Univ. of Coimbra |Portugal
chamber , (prototype)
APD for lights
77.8 1 _ Waseda univ.,
1 |TOF-PET PET lights |PMT Japan

121

2003

NIRS




Summary of 2 Phase LXe

Phase| Project Physics Xe weight |detector| readout year location collaboration
PET [1001 anode pads ; |simulation Nantes
2 |LXeComp/*Sqmicro-PET|13.81, 6.9 1 TPC |GPM for simulation France, Israel, Japan
, Cyclotron
0.11 lights 2005
Budker ,
2 |GEM-based PET TPC |GEM 2003 , Russia
Institute
; US patent BT TPC 1997 Columbia USA
5665971 university
ig%rll( 100kgx10 o Gran Sasso
2 |XENON  |[DM (WINP IOkgg TPC |PMT, GEM Zeggan undergroun |US, Italy,Portugal
d lab
3kg 2005 |
I?
Lton (IV¥) UK, US, Ttaly,
2 |ZEPLIN DM (WINP) 30kg (II) TPC |PMT, GEM 2006 |Boulby, UK ,
Russia, Portugal
6kg (III) 2006




Detector
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GEM: Gas Electron Multipliers

Two-phase argon and xenon avalanche detectors based on Gas Electron Multipliers
A. Bondar, A. Buzulutskov , A. Grebenuk,D. Pavlyuchenko, R. Snopkoy, Y. Tikhonov
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia.

www.arxiv.org physics/0510266

S avirmhe o8 phase Foils : 28X28 mm? each, and a
/3 B cathode mesh were mounted in
GEMs ——> IV VIl ol a cryogenic vacuum-insulated
\j T chamber of a volume of 2.5 |.
1 The distances between the
AN first GEM and the cathode,
fonization Sig”a'*:x i ahase and between the GEMs, were
Cathode __ R He, Ne, Ar, Kr or Xe 6 and 2 mm, respectively.

Cryostat Radiation

Fig.1 Schematic view of a two-phase avalanche detector
based on GEM multipliers.



The Gas Electron Multiplier GEM

A GEM (F. Sauli, 1997) is a thin metal-insulator- Driftl
metal structure, densely perforated with small '\
holes. A voltage across the metal layers !

J 4 Copper | 72! N

generates a sufficiently strong field within the

holes to focus the electrons and multiply them. Amplification

The GEM is technically realized at CERN through Polymer foil
copper-coating on 50 um thick kapton (polymer)
foil, with chemically etched holes of conical profile.
A standard GEM has a hexagonal pattern of 70 um
diameter holes in the metal, 55 um in the foil, with
a pitch of 140 um.

Transfert

A 2D readout of strip
anodes on the transfer
side of the GEM can
provide ~ 1 mm spatial
resolution.




|
10" f Two-phase Xe solid: liquid condensate =
- 3GEM at the bottom ]
Pulsed X-rays open: no condensate
10° | Xe29%CH4 at the bottom i
E 159K, 0.70at Xe 163K
' > V- 0.88atm
i Xe 165K
£ 0.99atm ]
S c
10' Xe+2%CH4 3
172K, 1.50atm -
100 | | | |
300 350 400 450 500 550
AV GEM (V)

Fig.12 Gain-voltage characteristics of the triple-GEM,
measured using pulsed X-rays, in two-phase Xe and two-
phase Xe+CH,, when there is a liquid condensate at the
chamber bottom, and in gaseous Xe+CH,4, when there is
no condensate at the bottom. The appropriate
temperatures, pressures and CH,; concentrations are
indicated. In the two-phase mode, the electric field in
liquid Xe 1s 4.0 kV/cm. The maximum gains are limited
by discharges.

Preliminary results
were obtained in
the two-phase Xe
avalanche detector:
the maximum gain
of the triple-GEM
in fwo-phase Xe
and Xe+27%CH4 was
about 200.
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High pressure operation of the triple-GEMdetector in pure Ne, Ar and Xe

A. Bondar, A. Buzulutskov *, L. Shekhtman

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
http://xxx.sf.nchc.gov.tw/abs/physics /0103082

GEMI1
GEM?2
GEM3
PCB

St. steel
vessel

Al window /

_——— - = =

1.6 mm
1.6 mm
1.6 mm

Drift gap
4 mm

X-ray
source

—=D>
o A

i. //\\ 7~ L.

R O9R R 095R R R

GEM foils (50 um thick kapton,
80 um diameter and 140 um
pitch holes, 28X28 mm? active
area) and a printed curcuit board
(PCB), mounted in cascade with
1.6 mm gaps

the density of noble gases near
the boiling point, at normal
pressure, is higher compared to
that at room temperature.
Xe : higher density by 1.6 fimes
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MHSP : Micro-Hole & Strip Plate electron multiplier

hole multiplication followed by anode-strip multiplication
GEM-like MSGC-like

good optical screening of avalanche photons

Cathode Plane

28 x 28 mm?, 50 um thick Kapton with a
5 um copper clad coating on both sides.
Drift

bi-conical holes of about 40/70 um in
diameter, arranged in an asymmetric

== Vmp—l hexagonal lattice of 140- and 200-um

| g pitch in the direction parallel and
perpendicular to the strips pattern in the
bottom side, with the holes centered
within the cathode strips, “100 um wide,
: while the anodes, “35 um wide, run
Kisi.reglon Hole region between them, in a 200 um pitch

Cathode Strip

Anode Stripf}

i
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arxiv.org/pdt/physics/0601120

Operation of MHSP multipliers in high pressure pure noble-gas F. D.
Amaroa, J. F. C. A. Velosoa,b, A. Breskinc, R. Chechikc, J. M. F. dos Santosa,*

aPhysics Dept., University of Coimbra, 3004-516 Coimbra, Portugal bPhysics Dept.,
University of Aveiro, 3810-193 Aveiro, Portugal cDept. of Particle Physics, The Weizmann
Institute of Science, 76100 Rehovot, Israel
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Small Animal PET

B Medicine experimentation on mice
B Very high image resolution required

E Low efficiency tolerated
(increase the dose)

B Mostly based on exotic crystals

YAP, LSO, LYSO, LuYAP
microPET, ClearPET
E 2 gaseous detectors:

HIDAC (MWPC with Pb converter)
RPC-PET (RPC with Cu converter)

HIDAC

Spatial resolution: 2mm FWHM

S

YAP-PET

SNICO06 - SLAC April 3-6, 2006 5 D. Domenici, LNF-INFN



SPECT and PET

B SPECT (Single Photon Emission Computed Tomography) and PET (Positron
Emission Tomography) are medical imaging techniques in which a radiotracer
is injected into the subject to study.

B The concentration of tracer is measured by detecting the products of
nuclear reactions.

B Differently from transmission imaging techniques (e.g. X-Rays) the
information is both morphologic and physiologic

SPECT PET
.
Y 51l keV
.
99mTC 6?3 Nl - reg-:--
e ‘5?’ LY Y Bllkev
€02 .., 141 keV'y kit AR

KW

“
0] vV,

SNICO6 - SLAC April 3-6, 2006 3 D. Domenici, LNF-INFN



Scintillator crystal
Multi-anode PMT

2x2x10mm?
Coincidence micro-. Clear-PET
Unl'l' Of E:||I:-|:!:- _
2 Cln'ri-par'a”el Multiplier
phOTonS Seintillator

l Cryatals

Tomographic
reconstruction

Desertor Blicck

Typical image resolution
5+ 10 mm

Annihilation

SNICO6 - SLAC April 3-6, 2006 4 D. Domenici, LNF-INFN



PET Image Degradation Sources

Random coincidences

Random events « 2t
Time resolution

I

Scattered events

Off-center emission
Parallax error

Anti-Compton with peak
determination
Energy resolution

TOF + DOI — constraint on
Z reconstruction

\

Depth Of Interaction

N determination

SNICO06 - SLAC April 3-6, 2006

6

D. Domenici, LNF-INFN



HIDAC Hig

h Density Avalanche Chamber

Oxford Positron System, UK

QUAD-HIDAC-16
o [=] i .:
o o n.h “ & QLTI |
o ey :
. | S ——— |
& "
' -"'I"_.I'I'-I'I'l I A
L : | Photon
A F .:. H Converter A
7 1]
e o & "4 1 Rl Y-Cathode tracks
o gl I
o " @ . 1 % // Anode wires
ik

X-Cathode tracks

Converter B

Figure 1. Schematic design of quad-HIDAC tomograph detector configuration. The 16 modules

are clearly visible.

photons
. 4——  |ead window
. — =riE s insulation and
= fg + lead layers

y-cathode tracks

Ar + quenchers

¢ — anode wires
4 x-cathode tracks
insulation and

lead layers

lead window

electron

16-Module : 4 layers/QUAD
32-Module : 8 layers/QUAD

0.4-mm holes

Photon

Lead and
insulation

Electrons

Table 1. Selected system parameters of 16-module quad-HIDAC small animal PET tomograph.
The reconstructed image size is specified in terms of diameter and length of the field-of-view.

Detector

Hole diameter
Separation between hole centres
Cathode track separation
Anode wire separation
Lead thickness/module
Coincidence window

Dimensions
Detector length
Inner detector separation

Data sets
List mode file size
Typical binning percentage
Reconstructed image size: 60 mm x 100 mm at 0.3 mm
Sampling distance

0.4 mm

0.5 mm

1 mm

1.5 mm

12 x 50 um
40 ns

280 mm
170 mm

~100 MB /107 counts
90%

52 MB

0.1 mm-1 mm variable




RPC-pET Portugal, Spain

the metallic cathode of one
RPC on one side and on the
Spatial resolution opposife side the resistive

~ 580 um FWHM anode of the next RPC
in C2H2F4 85 %, SFe 10%, C4H10 5%

Compton or . Detector
photoelectric . stacked
interaction . electrodes

‘/E/ M e | iGasgap
C

|
S 7
> .""a--{;_’?."‘:; 5{“\.
—
% Sensitivity x

L
Active area 32 x 10 mm?

* Copper (on a PCB) and glass electrodes.
Incident photons * 0.3 mm Gap.
* 32 1-mm wide X pickup strips.
 Not optimized for high efficiency.

Fig. 1. Schematic view of the detecting element, showing the detection process
of the incident gamma photons, which take profit of the stacked construction
of the RPCs.



Hybrid Parallel Plate Counter

Hybrid: the anode is resistive (glass), the cathode is conductive (gold)

: 2
50um kapton with FOV: 100x100 mm
3um gold film ‘

GND

gas gap
T + HV

550um float glass

500um FR4 spacers
outside active area 1

HV distribution
resistive coating

(~IMQ2/1)
50um kapton with
Sum X-strips .
kapton circuit supports
the cathode of the :
following layer 50um kapton with
Sum Y-strips

Many single layers are stacked to realize one detector

SNICO6 - SLAC April 3-6, 2006 9 D. Domenici, LNF-INFN



HR+ (19995) microPET | (1997)  microPET Il (2003) Autoradiography

64 mm3 0.008 mm3

HIDAC, 32-module

FIGURE 6. (A and B) Images (OPL-EM) of 22-g mouse, ac-
quired in 15 min, 1 h after injection of '®F-FDG show maximum
intensity projection (A) and a single central slice (B). (C) Maxi-
mum intensity projection of 27-g mouse, 1 h after injection of 18F
fluoride.



Summary of small animal PETs

TABLE II. COMPARISON BETWEEN DIFFERENT SMALL ANIMAL PET PARAMETERS AND THE EXPECTED PARAMETERS OF THE RPC-PET.

Image Time Central point
Spatial resolution  FOV (mm potnt. Source ( mm Peak NEC
Scanner . absolute sensitivity
resolution, (ns @ X mm) (cps/kBq) @ X mm) (kcps)
FBP (mm)  FWHM) PSR
: ® 25x 70 235
microPET I [1],[15] 1.1 3 160 x 49 23 -33 o se sie at ~2.35 MBa/em’
60 x 150 24.6
rat size at ~0.19 MBg/cm’
) 18 ) 90 (not peak)
YAP-PET [2],[16] 1.6 2 40 x 40 at (@ = 150 mm) at ~16.6 MBq
Quad HIDAC 100
(32 modules) [7],[17] 0.95 170 x 280 I8 at ~0.2MBg/cm’
: - 25x 70 318"
RPC-PET 05 0.3 60 x 100 21 mouse size at ~2.63 MBg/cm’
" Measured,  Simulated
ClearPET 1.25-2 5.7 (135-225)x110 (125-200)x110

Imaging 2006
INTERNATIONAL CONFERENCE ON IMAGING TECHNIQUES IN SUBATOMIC PHYSICS,
ASTROPHYSICS, MEDICINE, BIOLOGY AND INDUSTRY
Stockholm, Sweden 27-30 June 2006
http://lepton.particle.kth.se/imaging2006/index.php



MEG-TPC



LXe-PET : no segmentation with PMT, TPC
333 |, 80cm® , 12cm depth, 24cm axial length

(1) 2"PMT : 4x54=216 TPC : 48KV
52.2Usec/24cm
Spatial resolution = 2 mm (2.3mm/psec)
Time resolution = 1 nsec continuous readout
timing for the TPC with time stamp by PMT

Iﬂl low noise
< 300e




LXe-PET : no segmentation with PMT, TPC
333 |, 80cm® , 12cm depth, 24cm axial length

(2) 2'PMT : 4x54=216 TPC : 48KV
52.2Usec/24cm
Spatial resolution = 2 mm (2.3mm/psec)
Time resolution = 1 nsec continuous readout
timing for the TPC with time stamp by PMT

detection in 2 phase
GEM, MHSP

[T
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