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Outline
* TPC Chapters

- “Proof of Concept” and Bevatron prototype

- PEP-4 TPC experiment at SLAC

— Upgrades and PEP-4/9 TPC/Two-Gamma experiment

— 2" generation LEP detectors (ALEPH & DELPHI)

— High rate Mmi-TPC for PEP-1I/B-Factory commissioning
— Pads partout and the STAR Detector at RHIC

* Micro-Pattern Gas Detectors (MPGD)

* International Linear Collider (ILC)
— Detector studies and LC-TPC R&D

* Some Other TPC Applications
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TPC Chapters

* Proof of TPC concept and Bevatron prototype
— Confirmation after approval and some $M
* PEP-4 TPC experiment
— Jet physics and dE/dx particle identification
e Upgrades and PEP-4/9 TPC-Two Gamma experiment

- Qating grid, coated field cage, vertex detector, ... and new detector configuration

— Study of b-quark jets, Tau lepton and gamma gamma process

e 2" generation TPC detectors

- ALEPH
- DELPHI

e 3" generation TPC (pads partout, FEE electronics, low mass, ...)

- STAR-TPC
— Gold-on-gold event

M. Ronan, “TPC R&D” 3



particlas from wire chambers
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Fig. 2. & schematic view of the PEP-4 TPC showing the drift volume {dark.
blue), wire chambers (green) and pads (light blue).
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TPC concept:

A high magnetic field B
parallel to drift electric
fields E reduces transverse
diffusion by a factor of

~ l/ot
where o is the cyclotron
frequency and T is the mean
time between collisions in a
chosen gas at a given
pressure.

Multiple measurements of
energy deposits provides
dE/dx particle
identification.

D. Nygren, 1974
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
4 CH-1211 GENEVE 23 SWITZERLAND
-, PH-DT2-ST Gas Detectors Development

GD

Created in the late sixties by Georges Charpak, inventor of the Multiwire
Proportional Chamber and 1992 Nobel Laureate for Physics, the group has been
active in the development and applications of advanced detectors for particle
physics. After Charpak's retirement in the early nineties, the research is led by
Fabio Sauli, who joined the group in 1969. After Sauli's retirement {(March 2008) the
research will be led by his collaborator Leszek Ropelewski.

(D

WELCOME TO THE GAS DETECTORS DEVELOPMENT GROUP
INVENTORS OF THE GAS ELECTRON MULTIPLIER (GEM)

Many detector designs have been introduced or developed over the years, mostly
{but not only) to satisfy the increasingly demanding needs in high-energy physics.
They include Multiwire Chambers (MWPC), Drift Chambers, {(DC) Multi-Step
Avalanche Chambers (MSAC), Ring Imaging Cherenkov Chambers (RICH), Multi-
Drift Modules (MDM), Micro-Strip Gas Chambers (MSGC). Dedicated devices have
been developed for applications in medicine and biology.

The group's recent activity has been centered on the development of the Gas
Electron Multiplier (GEM) technology, invented in 19597 by Fabio Sauli. A set of large
GEM tracking detectors is operating in the COMPASS experiment; a new tracker for
TOTEM is in construction. Similar devices are under development in other groups
for fast tracking, improved readout for large volume Drift and Time Projection
Chambers, neutron detection. Applications in other fields are also being
investigated, namely medical imaging, astrophysics, structure analysis.

Our offices and laboratories are located at CERN in Building 28 first and second
floor.

A collection of photos of present, recent and former collaborators to the Gas
Detectors development group can be seen in GALLERY.



George Charpak
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Charpak System :
Revolutionising radiclogy

"If devralt Stre interdit de
rassembler des physiclens sans
quiobligatolrement solent

méles & eux des atlstes!"

Georges Charpak, La we a fif tendu

& Charpak system at the Saint-Vincent-de-Paul hospital in Paris
« Like a taut weave of fabric

« Twio slots to reduce irradiation

@ One ling every 30 milliseconds

« One hundred times fewer X-rays

& Improved image gquality

# 9 months and 250 patients

@ Contact

eorges Charpak, 1992 Mobel Prize laureate, is well known in Canada. Invited in October 1984 by the Scientific Service, he gave a sparkling lecture and was given a
tour of Ottawa's premier laboratories and met with its leading scientists. YWhen he returned in 1995, he was made an honarary doctor of the University of Ottawa. Far the
occasion, he sponsored 3 Canada-lsrael research grant put together by the French embassy.
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The staff using it at Dr. Gabre! Kalifa's ward at the Saint-Vincent-de-Faul hospital in Farls have dubbed Jt the "Thamak System”. The revalutionans equipment, now
being tested for clinical evaluation over a nine-month periad, 1s the result of research canducted by the French NMobe! prize laureate Gearges Charpak. The praject
developed by a campany called Blospace Radiologie means that patients will be subjected to one hundred Hrmes tewer x-rays than befare. The apstem alao increases
the amount of information conveyed by the Image and provides divect digital data acqguisition,

In the early 80's, Lev Schektmann, a physicist who then worked at the Georges Charpak detector research department at CERMNT in Geneva, came up with the idea of a
medical radiology application for the wire chamber, which is commaonly used in nuclear physics. The originality of the system is largely based on the way the wires are
set up in the chamber.

In 1983, Lev Schektmann's research work at the Muclear Physics Facility in Siberia led to the set-up of a diagnostic machine at the Moscow Mother and Children's
Hospital, which specialises in scanning women's pelvis. Twao detectors using 258 wire chambers were set up to heighten resolution. In 1987, the new type of detector
was installed in the Mowossibirsk hospital for standard radiology examinations, and mare particularly for examinations of the spinal column and the lungs. Since 1933, a
new version of the detector, with B40 detection components, has been used as an experimental machine at the Budker Institute. An identical model is now being
evaluated at the Saint-Yincent-de-Paul hospital.

Like a taut weave of fabric

The originality of the different machines stems fram the propaortional multi-wire chamber or "Charpak detector”, whose design and construction earned the French
physicist the Nobel Prize in 1392 The proportional multi-wire chamber is a gas (a mix of xenon and COZ) paricle detector. From the outside the detector is a 50 cm
wide aluminium box with & small manometer on top, which serves to maintain xenon pressure at 3 bars.

When the box is opened, an alignment of wires can be seen inside. They are made of copper. Measuring 10 micrans in diameter, they are pulled tight like the weft of
fabric on a loom. The axis of each wire faces the x-ray source, 1.30 m away, the wires measure & cm and are separated fram one anather by a distance of 1.2 mm.
Cathodes are set up on each side of the wire layout. The connections to the first electronic level are under the chamber. Each wire is connected to an amplifier, a
selection component and a counter. All the components are on 32 cards inserted into a built-in hood on the chamber. The chamber-electronic counting unit is supported
by an arm with x-ray tube fitted onto its other end.

Two slots to reduce irradiation

A small piece of furiture, which is separate from the detector, holds the power input electronics, the control systems and the data processing unit of the information
cormveyed by the detector. The data is then transmitted to a PC-type microcomputer that can display and process the images. ¥-rays are still sent out by a standard
systern, which does, however, have an electronically controlled generator and an ordinary store-brought tube.

As the wire chamber is a linear detector which can record only one line at a time, the whole system has to scan the patient. The arm, with x-ray tube at one end and
the detector at the other, is powered by an electronically controlled motor which moves the arm verically. ¥-ray beam collimation slots have been fitted onto the arm to
reduce patient irradiation radiation scattering effect. The equipment is computercontrolled and has a programme so the doctor can measure the distances between the
ohjects an the image, the density of each paint on the image and the average density of any fragment of the image. Other operations such as windowing, zooming, etc.
are also possible.

One line every 30 milliseconds

A finely collimated x-ray bearm scans one part of the patient's body during the examination. The detector records a line every 30 milliseconds and stores it in the
computer memaory bank. The line is then processed and displayed on the computer screen,



Bevatron Prototype TPC
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TPC Gating Grid
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One event from PEP4/9
commissioning run in
1989.

Straw tube Vertex Chamber

EVT 2666
RUN 327

TPC End view

M. Ronan, “TPC R&D” 12
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Tau Physics >
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dE/dx Particle Identification

PEP4/9-TPC energy-deposit
measurements (185 samples
@8.5 atm Ar-CH4 80-20%)

Electrons reach a Fermi
plateau value of 1.4 times min.
ionization. Muons from pion
decays are separated from pions
at low momentum; TU/K are
separated over all momenta
except in the cross-over region.
(Low-momentum protons and
deuterons originate from
hadron-nucleus collisions in
inner materials such as the beam

pipe.)

M. Ronan, “TPC R&D”
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Time-projection chambers

Review of Particle Properties, P.L. B 592.1 ('04) Written Nov. 1996 by M.T. Ronan

Detectors with long drift distances perpendicular to a multi-anode proportional (wire) plane
provide three-dimensional information, with one being the time projection. A (typically
strong) magnetic field parrallel to the drift direction suppresses transverse diffusion (s =
r2Dt) by a factor D(B)/B(0) = 1/(1+w2t2), where D is the diffusion coefficient, w = eB/mc is
the cyclotron frequency, and t is the mean time between collisions. Multiple measurements
of energy deposit along the particle trajectory combined with the measurement of
momentum in magnetic field allows excellent particle identification [91], as can be seen in
Fig. 28.5.  See next slide.

A typical gas-filled TPC consists of a long uniform drift region (1-2 m) generated by a
central high-voltage membrane and precision concentric cylindrical field cages within a
uniform, parallel magnetic field []. Details of construction and electron trajectories near the
anode end are shown 1n Fig. 28.6. See following slide. Signal shaping and processing using
analog storage devices or FADC's allows excellent pattern recognition, track reconstruction
and particle 1dentification within the same detector.

Typical values:

Gas: Ar + (10-20%) CH, Pressure(P) = 1-8.5 atm.

E/P =100-200 V/cm/atm. B =1-1.5 Tesla

v, = 3-7 cm/us wt = 1-8

Oy = 100-200 um 0 =02-1mm

Opgep — 2.5-55% See also www-tpe.1bl.gov, i.e. www-tpe server at Ibl.gov

M. Ronan, “TPC R&D” 15



Dave Nygren

At right, selling new concepts at the
recent TPC Applications Workshop,
Apr. 7-8, 2006, here at LBNL, see

http:// www-tpc.lbl.gov/workshop06.

Below, at Spenger's for workshop dinner

w/ Rebecca Nygren, Ron Settles (front right),
Uwe Oberlach, ...

Following slides:
198x DOE E.O. Lawrence award

1993 LBNL Distinguished Scientist
M 998“]%8% &DV,V. Panofsky award

onan,

16



LBNL Image Library - Collection

Berkeley-Lab/Particle-Detection/Electronic-Detectors

Time Projection Chamber

Image File
96703050

Title
Time Projection Chamber

Description
The Time Projection Chamber (TPC), shown with inventor David Nygren (left), was
desighated by LBL physicists for use at PEP, the positron- electron colliding beam ring at
Stanford. The Laboratory has collaborated closely with the Stanford Linear Accelerator
Center (SLAC), where a 20 BeV electron linac began to operate in 1967. Together they
have desighed and built a positron- electron colliding beam ring (PEP) that will provide
collision energies. (The preceding information was excerpted from the text of the Fall
1981 issue of LBL Newsmagazine.)

(Citation Caption
LBL News, Vol.6, No.3, Fall 1981, p. 99 | The Time Projection Chamber (TPC), shown
with inventor David Nygren (left), was designed by LBL physicists for use at PEP, the
positron-electron colliding beam ring at Stanford.

Date
May 1980

Division
Physics

People
David Nygren

Equipment
Time Project Chamber

Site
Berkeley

M. Ronan, “TPC R&D”

PEP-4 TPC Detector magnet
cavity w/ Dave Nygren &
Fred Catania at SLAC IR2
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Berkeley Lab Currents — Dec. 15, 1995

Three at Berkeley Lab achieve Distinguished Scientist standing --

Nygren, Poskanzer and Stephens honored
By Ron Kolb

Three researchers who have achieved international acclaim for their accomplishments in designing unusual detector systems have
been promoted to the rare Distingnished Scientist classification at Berkeley Lab.

David Nygren in the Physics Division and Arthur Poskanzer and Frank Stephens in the Nuclear Science Division were named by
Laboratory Director Charles Shank to receive the prestigious "Distinguished” title, which is currently shared by just three others at
the Lab.

In his appointment letters, Shank noted that the Distingunished Scientist rank is "reserved for the most exceptional senior
scientists. It is expected that the Laboratory will have only a few such stars at any given time.”

The Distingnished Staff Scientist/Enginect level is reserved for those who "have a sustained history of distinguished scientific and
technical achievements and/or have directly contributed to the Laboratory's preeminence,” according to the Lab Regulations and
Procedures Manual. The incumbents are "seen as nationally or internationally recognized authorities and leaders in their field;
their expertise is sought after by professional colleagues.”

Nygren, 57, was nominated by Physics Division Director Robert Cahn, who cited his invention of the Time Projection Chamber
(TPC), which has had a profound effect on both particle and nuclear physics, and his pioneering work on pixel detectors. Cahn also
cited his innovative desigh for an x-ray imaging device based on silicon detectors and high-speed data acquisition, and his current
work in very-large-scale neutrino detectors.

"The TPC opened new opportunities for experimentation across a broad range of particle and nuclear physics,” Cahn said. "The
purity and power of his proposal are why, more than 20 years later, new TPCs are still being built.”

Nygren, who has been called the most distingnished developer of particle detection instruments in the country, has been with
Berkeley Lab since 1973 and is a previous winner of the prestigious E. O. Lawrence Award.

M. Ronan, “TPC R&D”
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1998 W. K. H. Panofsky Prize in
Experimental Particle Physics to
David Robert Nygren
Lawrence Berkeley National Laboratory

Citation:

"Far the concept, development, and applicarion of the time praojection chamber {TPC),
enabling unprecedented studies af complex ropolagies of charged particles praoduced in high
energy collisions of interest ro both high energy and nuclear physics. "

Background:

Dr. Nygren received his BA degree in 1960 from Whitman College in Mathematies and lis Ph.

D. from the University of Washington in Physies in 1967. He was a research associate at
Nevis Laboratories at Columbia Umversity and became an Associate Professor of physies at
Columbia in 1969. He moved to Lawrence Berkeley National Laboratory in 1973 as a
Division Fellow and has been a Senior Physiecist at LBNL sinece 1975.

Dr. Nygren has been instrumental in the development of the Tune Projection Chamber
concept for tracking and identification of charged particles in high energy electron-positron
collisions. The TPC concept provides 3-dimensional images of complex events with high
resolution, and sinultaneously determines the charged particle types. Under his direction, the
pioneering TPC at LBNL operated a the Stanford Linear Accelerator Center PEP storage ring
from 1981 to 1989. The TPC concept has been emploved in a wide range of applications as
well as several other large detector systems i Japan and Europe.

Dr. Nygren is a Fellow of the American Physical Society, a recipient of the E. O. Lawrence
Award given by the U.S8. Dept. of Energy, and most recently was a Distinguished Visiting
Scientist at the Jet Propulsion Laboratory. He also has served on the Executive Committee for
the APS Division of Particles and Fields, and several other distinguished, scientific panels and
cornmittees.

M. Ronan, “TPC R&D”
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Presented by Ron Settles,

TPC Symposium, Oct. 2003
see http://www-tpc.lbl.gov/symposium2003

M. Ronan, “TPC R&D” 20
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Conception of the B Factory

f'i+f-i_

How can we do time-dependence measurements in the clean
environment?.

N
\

TPC
[ fll,":r*»\_fh \}E] l&,_r."_{—ﬂ_‘l!-.'i:’

Pier Oddone has won the 2005 Panofsky Prize “For his insightful proposal
to use an asymmetric B-Factory to carry out precision measurements of
CP violation in B-meson decays, and for his energetic leadership of the
first conceptual design studies that demonstrated the feasibility of this
approach.”

LEML Physics Division Director's Review F. Cahn - BAEBAR - Movember 10, 2004  1-5

M. Ronan, “TPC R&D” 21



PEP-II IR2 Commissioning
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Figure 24: Track rate in the mini-TPC as o function of beam current. Dala are compared to
Monte Carlo using cither the pressure profiles of table 3, or a TDR-like model where zone 4
1s neglected and values of 0.5 nT and 0.5 nT/A base and dynamic pressure are used for zones
1, 2 and 3.
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Figure 26: Spetial distributions for tracks in the mind-TPC: intercept to the beam in the
horizontal plane (left) and angle 6 in the vertical plane (right). Data from the 100 mA run
of January 31 are compared to Monte Carlo. The component of ezpected backgrounds coming
Jrom the “hot spot” of the beam pipe (see figure 20) is also indicated.

M. Ronan, “TPC R&D”

- last i
£ 15 F—
-lf: 10 F
s 5 E
= E
L—:. —
10 E
-15 [
~3p B
00

May 3, 2006

nteraction of a particle before it comes in volume around the miniTPC

Mmosk
mini—TP(
|li_ll|l ||'|'| ""l'.|||||l--' ||.|.|..J..I.IiI.|....Il|..
BEO0 —-500 —400 =300 -—-200 100 a 100 200

Z gugar/ CIT

Figure 20: Origin or point of last scattering of charged particles eventually iroversing the

mini-T'PC or producing showers reaching it. in BoBar coordinates. The plot represents

o view from above in the horizontal plane containing the beam line (see figure i), The

hox indicotes o

“hot spot” of the beam pipe where an importent component af mine-TPC

backgrownds are produced in the showers of primary lost particles.

First Asymmetric et+e- annihilation event

e’ (3.1 GeV) > < e (9GeV) 22



A TPC lies at the heart of STAR

Magnet Time
Projection
Coils Chamber
Silicon
Tracker
TPC SVT & SSD
Endcap
& MWPC FTPCs
Beam I | Endcap
Beam — Calorimeter
Counters
Central Barrel EM
Trigger Calorimeter
Barrel
& TOF
Not Shown: < >
pVPDs, ZDCs, PMD, p .
resent im Thoma
~nd FPDS esented by J omas,

First TPC Symposium, Oct. 2003

see http://www-tpc.lbl.gov/symposium2003
M. Ronan, “TPC R&D”
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STAR-TPC Au-Au Event

A side view of tracks from 200 GeV per nucleon
for a gold-on-gold collision at RHIC, as
reconstructed in the TPC of the STAR experiment

M. Ronan, “TPC R&D”
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New Gas Amplification Systems

Wires s
Replace conventional MWPC system (wires) by £
Micro Pattern Gas Detectors (MPGD): _—
Most promising examples: i
* Gas Electron Multiplier (GEM) (F. Saul, 1997) '
]|
GEM | e
* Micromegas (Y. Giomataris et. al., 1996) | —
Lo
st e L -

M. Ronan, “TPC R&D” 26
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The ILC baseline machine

Proposed baseline machine @ 500 GeV
(not to scale)

~30 km
o ML ~10km (G = 31.5MV/m)
RTML ~1.6km e é
| 1un+~1zmm"r -8 ﬁ\\ﬂ\1 <
= E-Krrl — UNDULATOR \ __; nac T ook
27mr e- Llnac 2mr _z_f” BDS 5km W ﬂﬂmr
|/ o ﬂ;,:m
| ~ 5CGe
( e+ undulator @ 150 GeV (~1.2km) \ /
R = 955m
E=5GeV

e e*e’ linear collider, ECM=500 GeV, upgradable to 1 TeV

* 30 km long :
* Superconducting RF technology region(s)

tune-up /

* 2 IR's, 20/2 mrad, 2 experiments (?) e

* Plan to start construction in 2012 BSY

Interaction
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final focus
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=
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A Devis Contarato, Mike Ronan
FErrerer I

|
i N gRgport from LCWS 06

Research Progress Meeting

April 20, 2006
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Linear Collider Higgs Physics ...

50,750) |[=1[3][x]
I

Use Higgstrahlung process ¢'e” --> ZH with
Z decaying into leptons to measure /
confirm Higgs mass from LHC, and to
determine branching ratios precisely.

N.B. Also, need to calibrate Higgs
multi-jet reconstruction

efficiency.
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s TESLA TPC Proposal

.-D. Heuer L : X N N T S > Symposium
amburg University —* * : erkeley, Oct.2003
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It might look somethink like

7450

Bd50

4450

3850

2077

1908
Le8D0

320

7400

M. Ronan, “TPC R&D”
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Multi-Jet Higgsstrahlung Events e.g. ete- —>Z + Higgs --> 2-4 jets

3¢~ LCD Event Display (750,750)
n 20 Event== 0 0.

M. Ronan, “TPC R&D”



-- Overall momentum resolution

May 3, 20

One can use LCDTRK to calculate the expected momentum resolution
for different detector designs including intermediate and forward tracking.

Here 1s a comparison of a modified
version of the American LD detector
to the TESLA TPC performance.

Both TPC's are taken to have the
same pad size and point resolution.

The TESLA TPC has better low
momentum resolution since its
inner radius 1s smaller.

The assumed intermediate tracker
resolutions are taken from the
corresponding studies resulting
in a difference at high momenta.

There should be no difference in the

DP/P**2 LCDTRK

1072

1073

1072

assumed SIT resolution. The comparison

indicates how the SIT could improve overall

momentum resolution.

M. Ronan, “TPC R&D”

06

i

TESLA TPC {100 micron), SIT {10 micron)

LD2.5 TPC (100 micron), SIT {7 micron)

Pl

109 101 102
P [GeV/c]

Comparison of TESLA TPC and updated American
Large Detector (LD2.5) momentum resolution.
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American Large Detector Simulations ete- > ZH > 4 jets N

X A LCD Event Display (750,750)
Run 20 Event=1 (Detector ldmarD1)

Geant4 Detector Simulation
Provides detector hits

LCD Analysis Modules:
Hit smearing
TPC Pattern recognition
Calorimeter clustering
Event display

LCIO
JAS histograms
AIDA tuples

Detector: ldmar01
Hits: TPC (cyan),
Inner trackers (cyan)
EM Cal (blue)
Tracks (red)
Clusters (green)

M. Ronan, “TPC R&D”



It will look something like

200

150 _

100

30 |

M. Ronan, “TPC R&D”

ECAL

TPC isuppnrt arm

cahle route

\_outer field cage
central membrane Endtmta
s
inner field cage
' |
.
electronics ZH:H
| | | | | 1
0 50 100 L50 200 250 300

May 3, 2006
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Micro-Pattern Gas Detectors

* (@as Electron Multiplier
— Fabio Sauli

* Micromegas

— Georges Charpak, Ioannis Giomataris et al.

e Commercial devices

e Micro...

See many examples in TPC References, http://www-tpc.lbl.gov/References.html

M. Ronan, “TPC R&D”

May 3, 2006
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Single electron avalanches in the LHCb GEM
PN 140 u m Gas; AI: ?0%1 CO: 3{}%, TIZE’(K? K PZI ?tm T T T T T T T Tylpe: 1I40f8I0-'f50

E Edrift = 2 kV/em
o Ecoll =2.2 kV/em
o 004 F \ [ -
<« 5 >
o] ;I."'_ F ‘\}1
D ~60 um 003 [ \ 1
i f& 5,
002} [ ~ i

=3 Electron drift lines from o trock

s Gonl G, 0%, & V0%, T=i00 K, pat .:|:-nL ortcles 30 egually spoced painls g .
SRV I S S 3
§ : | :
“oogp
7 B H " GRS
] B E o '\,I,' Y 7
i = _'I'} ‘/Qﬁ/"!{? :’ _
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-7k 1t L L : \ 1
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- ."%3"1 { | X\ L ¢
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-BF i_-;:;" ™) "-_\ t\:‘ ‘,’?' Faaiy | .f;
y N [, 1 -
-EE ] I Ay b ¢ ] 1 Y L ‘E‘n’w‘r\ AN I ] 1 1 1 ] 1 1
. z R EEEE EEEE EEESE:
2SRRI R228aR8338228"
12k h L% ] h h h n Ln n L% ] . n
14 ¥Viewing plane: x=0.056 }’-AKIS [Cm]
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Fabio Sauli

May 3, 2006

Fabio's

Pages : i e
WELCOME Fab‘o SAULI
MY CV Gas Deteclors
SEMINARS Deveiopment
CERN-PH-DT2
CH-1211 GENEVA
GALLERY SWITZERLAND | ;
TSINGHUA ' Phone +41(0)22 76 73670

UNIVERSITY
HONORIS CAUSA
MULHOUSE

GSM +41(0)76 487 0159
- Fax +41(0)22 76 77100
fabio.saulificern.ch

The research activity of the Gas Détéctér Development group is d_e‘écribéq in the 'pa_':gzés:.'

hito:Hadd.web.cern.chiGDD!

M. Ronan, “TPC R&D”
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Multiple GEM's (e.g. a “Triple GEM”)

Cascaded GEMs allow larger gains and safer operation in harsh environments

Trlple GEM. 5 L S L o S-ID-T GEI\:I equ'v'alt-lgailt bis
107 F / ]
-(g [ TGEM
DRIFT I
2
g
ED DRIFT Ea DGEM
10* |
GEM 1 S50 0202088 [
ET1 TRANSFER 1
GEM 2 XX XXXXXXXXXZXX i
ET2 TRANSFER 2 / /
GEM 2 - Y XXXXXZXXZXXZXXX ;
E| INDUCTION 10° SGEM
READOUT [
10500 350 400 550

AV 0 V)

C. Buttner et al, Nucl. Instr. and Meth. A 409(1998)79
S. Bachmann et al, Nucl. Instr. and Meth. A 443(1999)464

M. Ronan, “TPC R&D” 38
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fowfastacks ed

L e e e
s Eoihoaen vasg

Induction gap

e SGU Lo d N e s
]

LR e b e A S e

300 350 400 450 500

Time (ns)

No positive ion tail —» very good multi-track and time resolution

M. Ronan, “TPC R&D” 39
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(1) Gas Electron Multiplier (GEM) - based DHCAL

GEM-BASED DHCAL CONCEPT

NOT TO SCALE

500 channel/5-
layer test
30x30cm? foils

A

Details of new 30cm x 30cm
foils from 3M

M. Ronan, “TPC R&D” 40



Drift electrode

650-800V

Edriﬁ = 100-1kV/cm

gap
2 M

Corvetsion

Micromesh

350-500V

E =50-100k
Strips amp

Arnplification
gap

00 | 1 e

Amplifier

V=

Strip read-out

DETECTOR CURRENT

electrons

9 Curment (2}

i

-

100 200
Time (ns)

e

Microstrips

M. Ronan, “TPC R&D”

HWV1

HY2

May 3, 2006

Micromegas: A metalic woven or
electro-produced micromesh
sustained by 50-100um pillars over
anode plane.

Very high gain electron
multiplication between anode and
mesh in one stage. Electron
preamplification is possible with
GEM's or Micromegas.
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loannis Giomataris

M. Ronan, “TPC R&D”
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POSitive IOIl Feedback Calculated drift lines for electrons and
positive ions from GarField, CERN

=3 TRACK—DRIFT LINE PLOT

%10 icle ID= Bectro 3
SDG ArEID? C4H1U 107 T= SODK p= 1 tm | E
¢ 29 - ! z
Funnel effect .
® b ¢
s o
9
S1/52 ~E / E -1
amplif drift Bt O R

10_

5_.

o

i |
| | | o — ra o] - o
R L = [ 3 —

SR

S
)

x—axis [em] —«
Wﬂ positive 1on feedback

Note: Electron diffusion is limited in drift
region (100-200 V/cm) but increases
dramatically in the Micromegas high field
region (50-100 kV/cm) causing the
avalanche to spread across the anode
surface, and reducing the positive ion
feedback to fieldratio E,_/E_ ~0.1%.

amp
M. Ronan, “TPC R&D” 43
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Gain stability

Atmospheric pressure, theoretical curve
1000000

—— 300Volts
He + 6% Isobutane — 350 Volts

100000 —— 400 Volts

450 Vs Good energy resolution
/ \ \\\
// ‘ \k
/

I I I I ]
I : A
NEE
100 '

8keV Fargonfic H (10%!
4 10
\\\\
; \

22 keV
0.001 0.01 0.1 ! 100 200 300 400 500 600 700 800 900

Gap(mm) pd/T ADC channel

Optimum gap : 30 - 100 microns Ref: A. Delbart et al, NIM A461, p84 (2001)
Ref: Y. Giomataris, NIM A419, p239 (1998)

10000

109Cd

< 11%

- Stable gain and relative immunity to flatness defects or pressure
variation

- Good energy resolution

M. Ronan, “TPC R&D”
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LC-TPC R&D
« GEM

— Aachen, DESY, Karlsruhe, Munich, ...
— Carleton, Victoria and KEK, ... Also BNL, JLab, MIT & Yale

* Micromegas
- Berkeley, Orsay & Saclay collaboration
- KEK, Phillipines, ...
* Digital TPC
— NIKHEF & Saclay
- Freiburg, ...
* Resistive foil technique
- M.Dixit et al., Carleton
e [Latest
- InGrid, ...

M. Ronan, “TPC R&D” 45
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R&D on Gaseous Tracking

* The goal: position resolution ~100 pm,
good 2-track separation with drift~m

* Strong inter-regional LC-TPC Collaboration
on Micro Pattern Gas Detector (MPGD)
readout TPC (GEM, Micromegas) 60 umP {8

» Start from small prototypes test, aim at
large prototype (d~75 cm, drift~1 m) in next

3 years <
d (R Settles, MPI Munich) x CW B

2006 }lnue LC- TP &D via srpll-prototyp

or'gamze work for‘ Large j

BEedesesdsd
O o o s e gy

* Multi Technologies Testing (MT3)
Collaboration: beam-test with 4 GeV/c  at

2007-2009 Test Lar'ge Pr'o’ro‘rype “decide ’rechn ogy : KEK of MWPC GEM and Mlcromegas TPC
2010 Final design’6f LC TPC / ' :

2014 Four years constructith

2015 _ Commission/Install TPC in LC De‘fector/ fop [
- - : atl ; :

>

-

-~y

/\l A Devis Contarato, Mike Ronan Research Progress Meeting
rererrrerr

M. _&I'ﬂeport from LCWS 06 April 20, 2006 16







Ebctrn Calechon Efficancy

Electron collection/extraction to/from GEM

collection
=  Fited Po m.rtrr'...:rm'_:_' g ::
1.‘,.__\ % .
04t s 1}
\\
5
04t < B a
: \‘h\‘\\_‘—_' ;: i
i E 2
% oo rﬂsu IE-’E 02 025
Eexfl/Ehoie
Drift Field

This requirement
must be satisfied
in the first GEM

how about the second GEM ?

L= R - B - R
T T

Eextl
T"Ehole
:fz
Eexfz
Aachen
exfrachon . " |
Fi t..dFm:n-: n;:m. . | F h-:l F‘.:r mutnsal.:n T 'E
/1 /
/// | & |
'///‘ d wf —-4__—-/{"‘ ]
”E"JE""’Eefo/ Erale i

Transfer gap need high E field




Example events at ~25 cm drift
Gas: P10

0 Tesla 0.45 Tesla 0.9 Tesla

B Event Display far Readeul Pads

EEE
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R. Diener v

Pad Response Function

—-

Charge Cloud

0.4 signal widtho =  0.15= pad width

1

#
#*
#*
*
*
*
*
Ed
]

; t—>
F Flat Region:
all points get
reconstructed to 0

0.2/

I
*

True Position

04 02 0 0z 04
X true position / pad width

recontructed position / pad width
L1

_HE——

0
e Signal on ,not enough” pads — too small charge sharing

* Instead of at the true position, hits get reconstructed towards the
middle of the pad with highest signal

M. Ronan, “TPC R&D” 50



Defocusing effect
high trans. diffusion @ high E field

=xample: PS

[ D
. ) Transfer Induction )

_ Victoria | | Cp =1/~

& i | D(B.E) = l,_ D(0,E)

Ka | I 1 + w2r2

~.

= l l 1 -
< ——— ! | m

= — 1 3 1 o
.g I ] f el

| 1 o

= -—-—II-' L(?;;(B.E}L_ — (0. E)
QA /-’“"”'Pr ; | 1| 1+ (E)?

3 | | | |@saturated velocity

5, : ! : v = const.

> I : @non-saturated velocity

g ! | | v=uk

St - _ o tF bi be ro i ul_ ot
- 5 X P 5B :

- E (kV/ cm)




NA___ D ANNr

Chamber

Berkeley Saclay Orsay

diameter 50 cm

length 50 cm

Readout anode pad plane

024 pads

0 mm?

mm2

Copper Mesh
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Online event display

{4 Event Display for readout pads |E|§||E ROWS 4 & 5 1 X 10 mm2

Options

Draw Event

] use log scale

] show seed track

7] show pulse data

] show ti a

Color scale

I 15166...

{4 Pulse Data Display for readout pads |E||§||E|
Pad # &1% RMS: 2 46

738341

1}

-30T
-40

=50

-0

-rFoT

—B0 f } f } }

M. Ronan, “TPC R&D” 53



LC-TPC gas ChOiceS Drift velocity v, e

Gases: 7 0 F
Ar-CH, e.g.P10-90:10 % Tk A CF4: 5%
Standard TPC gas, but some concern about neutron > 7E
background sensitivity with hydrogen. ° 6 E
L S F
Ar-CO, 5 4 F
o . 3B Ar—CF4 95—
Slow gas, requiring larger drift fields. ; j _
1T B = Ne—CF4 95-5
TeSIa TDR Gas (Ar_CH4_COZ) D :I 1| | | - | 1 1 1 | |- | 1 1 1
] 0 0.2 04 0.6 0.8 1
Chosen for the reference design to have less hydrogen at F /Paay (KV/cm /atrn)
a lower drift field.
Ar-CF4 Attachment / Amplification
Ar-Isobutane e.g. 95:5%
High gains. Reasonably fast but larger diffusion. 25 F
20 =
Ar-CF, e.g 3-5%CF, 0
I I ' SE_ |I\I\|\\\\‘I\II‘\\\I‘\_§
Very interesting! Very fast, no hydrogen. T

E/P,y, (KV/em/atm)
L B L BN e

wt ~20 @ B=4T
transverse diffusion less than 200 pum for
drifts up to 1m.

=}

=]
AR R L R

I

cec b b by Iy E
125 15 175 20
E/P,,, (kV/cm/atm)

0 25 5 175 10

Townsend (1/cm) Attachment (1/cm)

However, need to worry about electron attachment and
chemical reactions, e.g. aging. T

E ~0.2V/em
M. Ronan, “TPC R&D” 54
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Electron attachment measurements

We have not studied dE/dx information
very carefully but have made a truncated
mean calculation using the lowest signals
on 4 out of 6 pad rows.

ArCF4: TrMean

a0 Entries : 1413
Out I Range : 235
0+ Mean : 455.07
Rmis : 26289
eI

50T

A
T oW Y
12-—-4';4' — #M-q-‘——r—

200 400 00 g00 1000 1,200 1,400

Using the calculated 7rMean we can
check the attenuation length in ArCF4
with our relatively long drift length.

M. Ronan, “TPC R&D”

TriMean vs. Drift time

sB00T
a0
00—
6530
600

ArCF4 B=1T

5501 . . . . . . .

a00—+
4501
4001
350
300
230
200
150
100+

a0

0 I I I I I I I I I

0 10 20 30 40 a0 o0 Fil 80 g0
Drift time [20MHz clock ticks]

We find that the attenuation length due to electron
attachment in ArCF4 is larger than 4.4 m at 90%
confidence.
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Transverse diffusion measurements

We determine the transverse diffusion Diffusion vs. drift distance

from max. likelihood fits to individual
anode pad signals on 6 pad rows

Sigmat2 [mma2]

: . 0.24 B=1T
(4 w/ 2mm pitch and 2 rows w/ Imm pitch). | |
The fitted track spread is used to measure 020
the transverse diffusion. o1el
. 0.16 T )
We find no evidence of any track angle 014l
dependence in the measurement, shown 0124
below, as expected. 010
Diffusion vs phi 0.08
0.06 1
0.084
0.082 0.04
0.080
0.078 0.02
00767 0.00 : | : | : | | : | |
0.074 0 3 10 15 20 25 30 35 40 45 a0

0.0721
0.0701 ‘

Phi [rad.]

M. Ronan, “TPC R&D”

Drift distance [cm]

ol | . .

nosa | T For Ar-CF4:3% at B =1 Tesla, we measure in one analysis

Loso D, =68 +- 0.9 +- 3 microns / sqrt(cm)

0.036

nosa | This implies an expected transverse spread of about 360

ool , , , , , , microns after 2.5 m drift in a 3 Tesla magnetic field, and a
-0.15 -0.10 -0.05 0.00 0.03 0.10 0.13

diffusion limited point resolution of 60 microns for 6 mm pads.
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Mass Production of Micromegas

Conical pillars ( 1 mm pitch) to
create a S0 Lwm gap.

The flat arca that has a contact
with the anode board

Height (micron)

I QL) har Birgreryy B
L "SR »10h!
ol -\‘I’iﬂﬂ icron wid {w esh side)

-100 o 100 200 00 400 500 &an
X-direction {micron)

Title: Stub on Cua grid Dt (RE23-2004  Tione= 14002
Comment: coated;tilted Filenmme: PHYSICGERTIF

M. Ronan, “TPC R&D” 58



Pixel TPC

Micromegas electron gas

amplification
He-Isobutane 20%
gain ~ 20000

MediPix2 pixel readout chip
50 x 50 micron

M. Ronan, “TPC R&D”
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Americium source

i) Medisoft 4.0 - \\gandalf\week\ aforna'.TPC\RawData\April2\Americium_200events_D3sec_nonmetalized
File Edit Wiew 3Settings Image Tests Acquisitions R

_‘]lé‘ = = | ;:; § Black and White
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11.00
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4.00
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2.00
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m Medisoft 4.0 - ' gandalf\week" aforna’ TPC\RawData'March31\deltaray.mdf
File Edit W¥iew Settings Image Tests Acqguisitions Run

Dol &6l Sl 4 [slack andwhie [ OlCl=Q Q)

1411 =1

13.00
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K. Desch ay

GEM Digital TPC

250 250

200 using lower thresh.

only

200 [

150 150 |

100 IR 100

50 50

50 100 150 200 250
50 100 150 200 250

250 250

using upper and lower
threshold

200 200

150 150
100 8 100

50 50

50 100 150 200 250 50 100 150 200 250

Tracks from 1°°Ru
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y (cm)

xEl
g
=

8000

collected electrons per pi
s 2
= =

Electron Charge Distributions

Event=1

B Noise (electrons) = 0

no threshold, ALL
electrons counted

B Number of pixels = 256x256 ]

Threshold (clcctrons) = 0

0 02 04 06

0.8 1 1.2 14

X (cm)

generated electron x-positions along track

x| électron x-positions at 1* GEM (after diffusion)

2000 |

projection

/I

electron charge distribution] _ ,

on MediPix surface

IS

l

with typical MediPix
threshold of ~1000 e

y (cm)

p—

0.8

0.6

most pixels stay below 0.4

02 |

o L

threshold

M. Ronan, “TPC R&D”

M. Hauschild

L L o B S A A o
Event=1

Number of pixels = 256x256 ]
Threshold (clcctrons) = 1000

Noise (electrons) = 0 ]

© @ °o

_ threshold: )
1000 e per pixel

0 IOIZ. | I0i4l | I016I | .OISI | ; B I112I | .1.4

x (cm)

<«— generated e positions
<+— e positions after diffusion

(on top of first GEM)

multi-electron cluster,

only clusters with > 1 electron
reach the MediPix threshold

(or many dense single-electron clusters)

May 3, 2006
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Digital TPC
e ..atthelILC...

- 100 GeV muon, B=4 T, TESLA-TDR gas, 100 cm drift

identical events: same generated primary clusters/electrons

~ 14 P~ T TTTTT T ~ 14 p—TTTTT 7T T T
g [ Event=1 : ;E) Event=1
: 12 k Number of pixels = 256x256 ] : 12 F Number of pixels = 256x256 i
I Threshold (electrons) = 700 £ 70 (1) : Threshold (electrons) = 3000 = 300 (16) ]
1 _ Noise (electrons) = 100 (1o) _- 1 F Noise (electrons) = 100 (15) _-
I ] s, . I
0.8 08 [oees  “Teanm ot e oS, e s
E@' - .,,.-.'.'% e S et
FRRGS oo 0 b, o Ve M Y e ]
0.6 0.6 .':'t.,:: ° "," . 3“-3,.'3';.“
04 | - 04 | .
02 | i 02} -
Freiburg triple-GEM set-up | : NIKHEF MicroMegas set-up
0-..[I...I[..l...lll.l...[[..- 0-...]...I..1[...l..1l...l.1.
0 0.2 04 06 08 1 1.2 14 0 0.2 04 06 08 1 1.2 14
X (cm) X (cm)

M. Ronan, “TPC R&D” 62



May 3, 2006

Analog vs Digital TPC readout

* Analog readout

Berkeley

> MPGD TPC allows
resolution <100 pm

> Understand better MC
simulation

- Choose gases

Saclay

Resolution [microns]

Orsay e
i | 280+ |*ArcHa
+ Arlso

_r_’u-i B=10T ,-—__-_:.:-_' =

(M. Ronan, LBNL)

- - - MC Simulation

Large Area
Micromegas

I
T T T 1
Lo 15 20 5 30 35 40 45 50

Drift distarnce [em]

* Digital TPC: readout a TPC with CMOS VLSI chips

> Test with e from 'Ru

- Reconstruct tracks e by e
or cluster by cluster with
Micromegas or GEM

> Resolution~50-60 um achievable

on-going work also @ LBNL

(P. Colas, Saclay)

[
5

|
o7

. f.*'lfh-_:f}_-
Micromegas :

250

200

150

100

50

150 200 250

50 100

~

/\| A Devis Contarato, Mike Ronan
rreerer Im
M. ormaen | &FfPOr from LCWS 06
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Improving TPC resolution: resistive readout

* MPGD-TPC resolution limited by pad size 2 drifting

* TPC resolution should only be limited by transverse GEM 1 E'ECtr“”S
diffusion! 3

* Charge dispersion readout: modified anode with high-

resistivity film insulated from readout plane -

* Tested @ KEK both with Micromegas & GEM
2x6 mm? pads Ar:C H  95:5

g 018 — ~_Carleton TPC
= o0.16 4 GeV/c 11y beam ------------ -------------- N4 ,,f’if’f T
onz _________ | |

Charge dlspersmn
readout endplate

* Significant suppression of transverse diffusion

* Extrapolate from present data to B=4T:
resolution(2 mm pads) ~100 pm (2 m drift)

00 4 6 8 10 12 14 16
z/cm
rfhl s Devis Contarato, Mike Ronan Research Progress Meeting
) \‘ Report from LCWS 06 April 20, 2006




InGrid process

1) Oxide the Si wafer, insulating
SiO, layer on top

2) Deposition of 0.2 um of Al for
anode, and patterning

3) Deposition of 50 um photo-
resist and UV exposure

4) Deposition and patterning of
the grid: 0.8 um of pure Al

5) Removal of the exposed
photoresist

RESULT : a thin mesh (0.8 pm compared to
3-5 um with best standard techniques),
sustained at an accurate 50 pm from the
anode.

M. Ronan, “TPC R&D”

1. 0.2 um Si wafer oxidation

N

2. 0.2 um anode patterning
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3. 50 um SU-8 coating and exposure
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4.0.8 um grid patterning
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5. SU-8 development
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INGRID: some first trials

Various pitches, shapes
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Results in Argon + 20% isobutane

Advantages
- grid thinness & robustness

° gap accuracy (unprecedented
resolution (6.5%) and uniformity)

* no frame (no loss of active
surface)

* possibility to fragment the

mesh (noise reduction and extra-

localization usable for zero-
suppression)

M. Ronan, “TPC R&D”
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Future : Si TPC (with the Timepix
VLSI CMOS readout) 55 pum pads

EUDET-funded

67



M.

May 3, 2006

R&D infrastructure for ILC: EUDET

* EU funded 4-year program (“Integrated Infrastructure Initiative”)
to improve infrastructure for ILC detector R&D

* Total budget 21.5M€, EU-funded: 7M€, remainder from

participating institutes

* Coordinating Lab: DESY - Participants from all over Europe,

contribution from Japan (magnets)

EUDET testbeam Roadmap

Fall'07: CERN (FNAL)
First combined tests
(small calo, and TPC)
within B field
with Si prototypes
and 128 ch chips

T

Sept. 2006:
DESY 5 GeV e-
beam, S/N with:
130nm chip (1st
vers), medium &
long strips ladder

Eoy

Spring’09: CERN
Combined test with
final protos of Si
tracker, calo and TPC,
within B field
second foundry FE
chips, cooling and
alignment protos

i
f

|
|
|
|

* Workpackages on

Testbeam infrastructure
Tracking infrastructure
Calorimetry infrastructure

Common tasks (Software,
Computing, Chip-Design)

A\

A\

\4

\4

2008

2009

[ 2006 | 2007 |

Preparation test beam D:x
128ch chips & detector protos

Preparation test beam 08:

new chips & new detector protos,
cooling & alignment

Aurore Savoy-Navarro, SiLC, LCWS06, Bangalore

'> * This infrastructure is open to the

world!
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ICARUS

The technology of the Liquid Argon Time Projection Chamber (LqTPC), first
proposed by C. Rubbia in 1997, provides completely uniform imaging with high
accuracy for massive volumes.

Being developed at the INFN Gran i
Sasso Laboratory for study of '

* solar and atmospheric neutrinos
* nucleon decay

* neutrinos from Supernovae

* accelerator neutrino oscillations

Large T600 detector system test was carried out on surface in 2001.

M. Ronan, “TPC R&D” 69



T2K TPC

Large GEM or Micromegas TPC
for studying systematics of neutrino
detection 1 Tokai to Kamioka
(T2K) experiment.

Event 1

4 mm x 4 mm pads
color: relative signal
amplitude:  cuorsean p, =85 MeVic
4024017
2462458

v

- :I: H
E =742 MeV H i
. p, = 547 MeVic
B -
= p, = 150 MeVic

Movember 4, 2004 The T2K TPC / Dean Karlen, L. Victoria & TRIUMF 35

P
p, =248 MeVic
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Experience with GEM TPCs

e Example cosmic ray events with P5 gas, 25 cm
drift distance, in a magnetic field:
e transverse diffusion reduced with increasing B field

M. Ronan, “TPC R&D”
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The XENON Dark Matter Experiment

+ Dual Phase Lig/Gas Xe

»  The XENON design is modular,.
Multiple 3D position sensitive
L XeTPC modules, each with a 100

kg active Xe mass --> T-tonne
scale experiment.

» The 100 kg fiducial LXe volume of
each module is shielded by
additional 50 kg LXe. Active shield
very effective for charged and
neutral background rejection

« Proposed Sept. 2001.
+ Funded Sept. 2002.

« Currently - R&D towards 10 kg
prototype.

* Deployment goal: 100 kg

Elena Aprile 42
Presented by Elena Aprile, Columbia at the 2003 TPC Symposium,
see http://www-tpc.lbl.gov/symposiumO3.

M. Ronan, “TPC R&D”

ay 3, 2006

71



May 3, 2006

WIMP Direction

Directional: why bother?
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Presented by Neil Spooner at the 2004 Paris TPC Meeting,
see http://www.unine.ch/phys/tpc.html
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The Gotthard Xenon TPC (1993)

180 liters of xenon at 5 atmospheres (5 kg)
Double beta candidate

Single electron event

M. Ronan, “TPC R&D”
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Gas TPC EXO: conceptual design

V4
Wavelength H: Po;ver d Laser dump
PMTs shifter bacs PRy Laser exit pott
1 : DUt I'PC signals
-] o (different azimith) fea dthr%u a2l
]
Laser cathode pressure
detection meshes equalizing
3.6 region membrane
m \
¥
il )‘ AN
micropattern Lightguide
Pressurized readout plane % S pressure vesse] feedthough
butfer gas Laser entrance port
slow wide 650+493 nm o 136
angle deflector laser systern fast+5 Xe
1~y deflector
- 50m .
{1 section)

M. Ronan, “TPC R&D”
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Liquid Xenon EXO conceptual design

e Use 1onization and
scintillation light in the
TPC to determine the
event location, and to do
precise calorimetry.

e Extract the Barium ion
from the event location
(electrostatic probe)

e Deliver the Barium to

a laser system for Ba'**
identification.

M. Ronan, “TPC R&D”
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Summary
* Long 30 year TPC history in science, especially at LBNL.

* Large gaseous detector designs for the International Linear Collider (ILC)
focus on TPC-based tracking.

* New micro-pattern gas detectors (MPGD's) and ASIC's offer significant
improvements 1n expected LC-TPC performance:

- X3 improvement in intrinsic point resolution (from roughly 180 to ~60 microns)
— X2 reduction in long diffusion limited drifts
— X10 increased segmentation in space and time, i.e. transverse and longitudinal

— X3 — X10 reduction in endplane material, hopefully
* Many new TPC applications:

— Neutrino oscillation and double-beta decay physics
— Dark matter detection

- Beam instrumentation, ...

* Interesting new TPC detector R&D 1n progress.

M. Ronan, “TPC R&D” 76



