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Abstract

We have developed and constructedthe eld cageof a prototype Time Projection
Chamber for researti and dewvelopmert studiesfor a detector at the International
Linear Collider. This prototype has an inner diameter of 72cm and a length of
61cm. The designofthe eld cagewall wasoptimized for a low material budget of
1:21% of a radiation length and a drift eld homogeneiy of E=E . 10 “. Since
November 2008the prototype has beenpart of a comprehensie test beam setup
at DESY and used as a test chamber for the developmert of Micro Pattern Gas
Detector basedreadout devices.

DESY, Hamburg, Germany
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Size inner eld cage?: 0:65m
outer eld cage?: 3:6m
total length: 4:3m

point resolutionin r' » < 100 m modulo"

point resolutionin z 2 < 0:5mm modulo

2-hit resolutionin r' 2mm (modulo track angles)
2-hit resolutionin z 6 mm (modulo track angles)
momerntum res. (1=p,) 9 10°GeV !
dE/d x resolution 5%

TPC material budget . 0:01X, of the inner barrel
0:04X, to the outer barrel

. 0:15X, to the end caps

e ciency (TPC alone) > 97% (for p>» > 1GeV=c)

Table 1: Designgals for the ILD TPC [2].

1 Intro duction

A Time Projection Chamber (TPC) is planned as the main tracking detector for the
International Large Detector, ILD, a proposeddetector for the International Linear Col-
lider, ILC [I]. This TPC will be confrorted with multi-jet events with high track multi-
plicities. It hasto provide a very high tracking e ciency and precisionwhile maintaining
robustnesstowards madine badkgrounds. The detailed performancerequiremens for
the ILD TPC are summarizedin the ILD Letter of Intent [2] and shovn in Table[l
The momertum resolutiongoalis (1=p,) 9 10 °GeV ! for the TPC aloneand de-
rived from requiremerts on the physicsperformanceof the ILD detector. This is directly
linked with the point resolution of the TPC which should be better than 100 m in the
r' plane, perpendicularto the beampipe. Of particular importancefor the operation of
the TPC will be the minimization of the material budget of the eld cagestructure. A
low material budgetis essetial to suppressconversionand multiple scatteringprocesses
before particles read the calorimeter.

The performancegoalssigni cantly exceedthe correspnding numbersreaded by prior
TPCs in collider experimerts (e.qg. [3, 4, 5)).

During the last few years, Micro Pattern Gas Detector (MPGD) ampli cation systems
were under study within the LCTPC collaboration [6] for the readout of the ILD TPC.
The investigatedMPGDs are Gas Electron Multiplier (GEM) [[7] and Micromegas[d] in
conbination with a pad or pixel readout system. Both, GEMs or Micromegasdevices
can be mounted on a lightweight support and allow for the construction of a TPC end
plate with a low material budget. In addition, they provide a at and homogeneous
surfacewithout large E B e ects in the vicinity of the readout plane.

First feasibility studies for a GEM or Micromegasbased TPC readout were carried
out by seeral researb groups. The studied readout structures had sizesof typically
10cm 10cm (e.g. [Z] and referencegherein).

The next step is to demonstratea TPC with seweral prototype readout modulesin a
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strong magnetic eld. A test beaminfrastructure for the studiesplannedwasrealizedat
DESY in the framework of the EUDET project [9]. The setup providesa superconduct-
ing solenoidmagnet with a bore diameter of 85cm, a usablelength of about 1m and
a magnetic eld strength of up to 1:25T. The TPC Prototype has an outer diameter
of 77cm and a length of 61cm (Fig. [0 and Fig. @) and is dimensionedto be operated
inside the magnet.

The diameter of this Large TPC Prototype (LP) is similar to the inner eld cageof the
ILD TPC. Moreover, the ratio L=B of the TPC drift distancelL to the magnetic eld

strength B is the samefor the LP (B = 1T, L = 60cm) and the ILD TPC (B = 3:5T,

L = 215cm). If this ratio remains constart, the magnitude of acceptableelectric eld

inhomogeneitiesnside the TPC drift volume will alsoremain the same. Therefore,the
relative medanical accuracyspeci cations are similar for the LP and the ILD TPC.

In the following, optimization studies for the LP eld cageand its construction are
discussed.Basedon the experiencegainedwith the LP a preliminary designfor the ILD

TPC eld cagewall is proposed.

2 Requirements for the Field Cage

The designof the Large TPC Prototype was optimized towards a low material budget
of the walls, a high homogeneiy of the electric drift eld and an adequatemaximum
operational voltage.
The material budget per wall of the barrel was required to be closeto the designgoal
of 1%X, for the ILD TPC.
Radial componerts E, of the electricdrift eld insidethe LP volumeshouldnot exceed
E,=E . 10 4. This limits systematic e ects on the resolution due to eld inhomo-
geneitiesto lessthan 30 m. Cortrolling the eld distortions on a level of 10 # requires
a medanical accuracyof the eld cagein the 100- m regime.
The LP hasto allow for operations with various gaseswith an overpressureof up to
10mbar. Deformations of the structure due to the overpressureshould stay belov
100 m. The anticipated maximum drift elds are in the range of 350V=cm, which
require long term operations without voltage breakdavns with 20kV permanertly ap-
plied to the cathode of the LP.

3 Design of the Wall Structure

The eld cagebarrel of the LP was built asa lightweigh sandwid structure. The wall
consistsof a 23.5-mmthick over-expandedaramid honeyconb material (Fig. which
is enbeddedbetweentwo layers of glass- ber reinforcedplastic (GRP) and a polyimide
layer for electrical insulation.

A low material budget of the wall was achieved by minimizing the thicknessof the GRP
layers. The wall was tested for medanical robustnessand high voltage stability.
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Figure 1. Overview of the designof the eld cage: Complementaryto the eld cage
barrel, a cathade end plate was constructed. The cathade is supported inside the eld

cageby an intermediate ange.
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Figure 2: View into the eld cagefrom the cathade side: The anade is assemblé with
an end plate, which was constructed within the LCTPC collaloration [6]. Two resistor
chains are installed on the inside wall of the barrel and interconnect the eld strips.
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(&) honeyconb material (b) wall sample

Figure 3: Composite wall structure: (a) Over-ex@ndel honeyomb was usal for the
construction of the LP wall. The cells of this material are ex@ndel in one direction and
havean almostrectangular shage. The modi e d cell structure increasesthe exibility of
the material perpendicular to the direction of the exm@nsion and allowsfor the construc-
tion of cylindrical structures. (b) Samplepiece of the wall, as usel for mechanical and
electrical testswith 400 m thick GRP layers.

3.1 Mechanical Robustness

To test the medanical properties of the eld cagewall, seweral sample pieceswere
produced (Fig. 3). Two sample pieceswere subjected to a four point bending test
(Fig. 4)1. For small forcesF, the obsened bendings riseslinear with the applied force
F accordingto

ds m

aF - 111 01 N (F < 100N):
To limit the de ection s to belov 100 m, the forceF on the structure must not exceed
10N. This correspndsto a maximum pressureof 5mbar on the sample. At larger forces
the samplessu er from partial delamination and are irreversibly damaged.
Translated from the at geometry of the test setup to the cylindrical structure of the
LP, the bending of the barrel is reducedby a factor of appraximately 80. The factor
was determined in FEM calculations. To keepthe wall de ection belov 100 m, the
overpressureinside the LP should not exceed400mbar. Thus, the eld cagebarrel is
medanically robust for operations at the envisagedoverpressureof 10mbar.

1The tests were performed in cooperation with the Tednical University of Hamburg-Harburg.
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(a) four-point bending test setup (b) test results for two sample pieces

Figure 4: Four-point bendingtest: (a) In the test setup, the piecesrest on two rollings
with a distana of 40cm while two similar rollings in a distanae of 20cm presscentrally
againstthe sample. (b) The applied force F and the elongations are measured in parallel.
The dependene s(F) is linear with an equal sloge for both samples.In caseof the rst

samplethe linear rangestarts only at forcesof alout 40N dueto an improper preparation
of the measurementapparatus. The second samplesu ers from rst damageat forces of
alout 120N (partial delamination).

3.2 High Voltage Stability

To guarartee the operational safety, high-voltage breakdovn tests were performed. For
this purpose,the wall sampleswere installed in air betweena parallel plate capacitor
and 30kV applied for 24h.

The samplesevaluated cortained polyimide insulation layers with thicknessedetween
50 mand 150 m. No breakdavns were obsened.

The nal designofthe LP wall cortains a polyimide insulation layer of 125 m thickness
and the LP is expectedto be high-voltage stable for long term operationswith voltages
of 20kV.

4 Design of the Field Forming Elements

The inside of the LP barrel is covered with conductive copper rings (seeFig. 1 and
Fig. 2). These eld shapingstrips lie on stepwise decreasingpotentials from the anode
to the cathode and de ne the boundary condition for the electric eld alongthe inside
of the TPC barrel. A secondayer, the mirror strips, is installed directly under the eld
strips. Each mirror strip coversthe gap betweentwo eld strips in front. Together,the
two layers provide a shielding against external electrical in uences on the internal eld.
With the help of nite-element eld calculations seweral strip arrangemeis were in-
vestigated. The layout chosenfor the LP (Fig. 5(a)) is a typical arrangememn usedin
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Figure 5: Calculated electric equipotential lines on the inner wall of the eld cage: (a)
A standad layout with displaed mirror strips covering the gapsbetween the eld strips.
(b) A layout with extende mirror strips.
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Figure 6: Layout of the resistor chainson the eld strip boards for the LP: Two neigh-
boring strips are connected by two surface mount (SMD) resistorsvia an intermediate
connection which tabs through the board to the mirror strip. This correspnds to the
strip designshownin Figure 5(a).

TPCs (e.g.[10). The eld shapingstrips have a pitch of 2.8 mm and are intersectedby
0:5mm gaps,while the mirror strips are a copy of the eld strips but displacedby half
the pitch. Eadh mirror strip lies on the intermediate potential of the two adjacen eld

strips. Thesepotertials are applied by a resistor chain. If the insulation layer between
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Figure 7: Crosssection of the Large Prototype eld cagewall.

the eld strips and the mirror strips is kept thin comparedto the strip's width, eld
distortions occur only in a narrow band with a thicknessof two times the pitch along
the inner eld cagewall.

A seconddesignwas evaluated as an alternative (Fig. 5(b)). Here, only every second
eld strip is connectedto a mirror strip while ead mirror strip coverstwo gaps. As a
result, the drift eld becomeshomogeneousit a distance of three times the pitch from
the wall. This arrangemem would allow for a simpler designof the resistor chain.

In the LP, the strip designis realizedon a 61cm 226cm large exible printed circuit
board { the width and length of the board correspnd to the length and inner circum-
ferenceof the eld cage,respectively. The board consistsof a 75- m thick polyimide
carrier foil with 35- m thick copper eld and mirror strips on either side, respectively.
The side with the eld strips accommalates placesto solder surface-moun resistors
(Fig. 6). Two of theseresistor chains are installed on the inside wall of the eld cage,
in diametrical opposite positions (seeFig. 2).

For technical reasons,the nal 61-cmwide board was split up into two pieces. These
two half-boardswere producedby industry? and afterwards combined into one piece.
The eld strip board was asserbled with resistorsand electrically tested prior to the
constructionof the eld cage.lIt is equippedwith 1M resistorswith a measuredspread
of R. 100, or R=R. 10 % The installation of the eld strip board into the eld
cageis descriked in Section7.

5 Cross Section of the Field Cage Wall

The wall of the eld cageconsistsof four main componerts. Figure 7 displays the cross
sectionin detail and Table 2 summarizesthe materials usedin the wall laminate.

20ptiprin t, Innovative PCB Solutions, http:/ /www.optiprin t.ch
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insulation layer DuPont™ , Kapton" 500HN
aramid honeycont Hexel, HexWeb'

HRH 10/0X-3/16-1.8
hard foam end anges SP, Corecell’ S-Foam
aramid paper DuPont™ , Nomex' 410

Table 2: Materials usel for the construction of the eld cage.

layer of the wall dlcm] Xgo[cm] d=Xq[%)]
copper shielding 0.001 1.45 0.07
polyimide substrate 0.005 32.65 0.02
outer GRP 0.03 15.79 0.19
aramid paper 0.007 29.6 0.02
honeycont 2.35 1383 0.17
inner GRP 0.03 15.79 0.19
polyimide insulation 0.0125 32.65 0.04
mirror strips 0.8 0.0035 1.45 0.19
polyimide substrate 0.0050 32.65 0.02
eld strips 0.8 0.0035 1.45 0.19
epoxy glue 6 0.007 352 0.12

1.21

Table 3: Composition and radiation lengthsof the materials in the eld cagewall: the
thicknessof the di er ent layerswere derived from the speci ¢ ations of the usal materials.
Material densitiesand radiation lengthswere takenfrom[11]. The thicknessof the copper
layers are reduced by factors of 0.8 becausethe eld strips cover only 80% of the inner
eld cageharrel.

An electrical shielding layer on the outside of the barrel is realized by a layer of 10 m

thick copper on a polyimide carrier of 50 m thickness. The copper layer is electrically

groundedand con nes the electric eld of the TPC to the inside of the eld cage.

The bulk of the wall consistsof the honeyconb spacermaterial sandwidhed betweentwo

GRP layers. The honeyconb is 23:5mm thick and hasa density of 29kg=m3. A layer of

aramid paper wasintroducedon the outside of the honeyconb for constructional reasons
(seeSec.7).

A 125- m thick polyimide layer ensureshe high-voltage stability of the wall. This poly-

imide layer alone has a breakdavn voltage of about 20kV. The honeycontb sandwid is

non conductive and cortributes further to the high voltage stability of the wall laminate.

The eld and mirror strips, on the inside of the barrel (seeFig. 5(a)) suppressthe

in uence of the ground potertial of the outer shielding on the drift eld and guarartee

an electric eld homogeneiy of E=E. 10 “

The eld cagewall is terminated on the anode and cathode side by end anges made
of hard foam (seeTab. 2). These anges have a height of 23:5mm, which matchesthe
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Figure 8: Mechanial accuracy speci ¢ ations for the eld cage: The end anges were
required to be parallel with deviations lessthan 150 m. The nominal axis of the eld
cageis de ned as perpendicular to the anade endface in the center of the eld cage. The
measured axis of the eld cageis speci e d to be within a tube with a diameter of 100 m
with respect to the referene axis over the wholelength of the eld cage. The distance of
the rst eld strip to the anade end face wasspecied to be 1005 0:10mm.

heigh of the honeyconb material, and are populatedwith threadedstainlesssteelinserts
for the attachmern of the anode and cathode end plates.
The radiation length of the wall is

xwal = 1:21  0:10%X o:

In the calculation of X "' (Tab. 3), GRP wasassumedo consistof 2=3 glass b er and
1=3 epoxy glue. In addition, the thicknessof the epoxy layers usedto glue together the
di erent layers of the wall was estimatedto be 70 30 m thick ead.

6 Specication of Mechanical Accuracy

Detailed tolerancespeci cations for the eld cage(Fig. 8) were derived from a study of
eld quality degradationdue to an imperfect chamber geometryand the impact on the
achievable point resolution [12].

Most critical is the correct alignmert of the eld cageaxis relative to the anode end
anges. A misalignmern of the axis producesa sheared eld cage. This causesradial
componerts of the electric eld which deteriorate the point resolutionin the r' plane.
Thereforethe toleranceon the alignmert of the axis relative to the normal of the anode
end faceis de ned most stringently to be within 100 m.

Lesscritical is the parallel alignmert of the anode relative to the cathode. A misalign-
mernt producesmainly eld deviations along the z-axis and to a lesserdegreein the
radial direction. Hencethe parallel alignmert of the cathode relative to the anode was
de ned lessstringenly and requiredto be precisewithin 150 m.

10
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(&) mandrel assenbled with eld strip (b) lamination of the inner GRP layer
board

Figure 9: Construction of the eld cageon a mandrel.

The length of the eld cageis not a critical parameterbecausdt canbe adjusted by po-
sitioning the cathode insidethe eld cage. Thereforethe speci cation hasa comparably
large toleranceof 1 mm. Similarly, the eld cagediameter hasa larger toleranceand is
dimensionedto be 7200 0:3mm.

7 Production of the Field Cage Barrel

The eld cagewas manufacturec® over a forming tool which sened as a mold. This
was a 75-cm long mandrel with a diameter of 72cm { accordingto the eld cage's
inner diameter. The mandrel could be reducedin diameter by a few millimeter via an
expansionslot.

In the rst step of the production, the eld strip board was positioned on the mandrel
(Fig. 9(a)). Two 1-mm deep slots had been madined into the mandrel surfaceto
accommalate the resistorsonthe eld strip board. Then, the di erent layersof the eld
cagewall were laminated onto the foil. For the production of the GRP, rst a glass-
b er carvas was put onto the mandrel (Fig. 9(b)) and moisturized with epoxy glue.
Afterwards, air inclusionswereremoved from the layer with an underpressurdreatment
and the epoxy cured at 60 C. The curing temperature was kept as low as possibleto
reducethermal stresseson the eld cage.

In the following stepsof the production, the pre-producedend anges and the honeycont
werelaminated onto the inner GRP layer. On top, alayer of aramid paper sealedhe cells
of the honeyconb (seeFig. 7). A direct lamination of the outer GRP layer onto the open
honeyconb could have lled the cellswith epoxy and causeda higherand inhomogeneous

SDESY in cooperation with Haindl, individuelle Kunststo v erbundbauwveise,
http:/ /www.haindl-kunststo .de

11
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Figure 10: Determination of the eld cage axis: The axis of the chamler is tilted
and reachesan o set of 500 m at the cathade. The coordinates z;r and' dene a
cylindrical coordinate systemfor the eld cage, with z pointing in the direction of the
nominal chamler axis, normal to the plane de ned by the anade end face. d is the
distanee of the rst eld strip to the anade end face (Fig. 8).

material buildup of the wall. The shieldinglayer of copper loaded polyimide completed
the eld cage.

With the lamination nished, the surfacesof the end anges were macined for atness
and parallelism. Finally the mandrel was reducedin diameter and removed from the
eld cage.

7.1 Production Quality Assurance

The important accuracyparametersfor the eld cageweresurveyedin the commissioning
phaseof the LP at DESY. For this, about 100 measuremenpoints were taken over the
barrel with a spatial accuracyof 25 m.

The end anges of the eld cagewerefound to be parallel with deviationsbelov 40 m,
while the length of the eld cagewas measuredto be 6104 0:1mm. The diameter of
the chamber was determinedto 72020 0:07mm over the whole length of the barrel.
Thesenumbers are in agreemeh with the speci cations.

To determine the axis of the eld cage,measuremen points were taken on the barrel
inside at six xed distancesrelative to the anode referenceplane. Ead set of points
de nes a circle on the inside of the barrel and the certer points of the six circlesde ne
the eld cageaxis. A tilt of the axis was found, which results in a maximum o set of
500 m relative to the nominal position at the cathode (Fig. 10(a)). The anglebetween
the measuredaxis and the nominal onewas determinedto be = 0:87 0:07mrad.

A secondmeasuremen of the axis was performed to conrm this result. For this,
the distanced of the rst eld strip to the anode end face was determined at se\eral

12
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Figure 11: Measured shag of the LP: The requirementsin length, alignment of the end
anges and roundnessof the barrel are ful | led, but alignment of the eld cageaxis does
not satisfy the accuracy gaal.

placesaround the circumference. The eld strips on the inside de ne parallel planes
perpendicular to the eld cageaxis. Hence,d hasa xed value if the axis is aligned
correctly.

Howe\er, the measureddistanced variessinus-like aroundthe circumferencegFig. 10(b)).
The amplitude of the sinusis 0:3mm and equalto  r;. Here,r; = 360mm is the inner
radius of the LP and the angle betweenthe measuredand the nominal eld cageaxis
determinedwith the initial method (Fig. 10(a)). Thus the amplitude hasthe expected
magnitude, sothat both methods agreeon the misalignmen of the axis.

Figure 11 illustrates the measuredshape of the eld cage. Due to the shearof the
barrel, the electric drift eld inside the chamber is not homogeneoudo the required
level (Fig. 12). The eld inhomogeneitieshave a magnitude of 10 4 E=E. 10 3.

8 Extrapolation to the ILD TPC

For the ILD, a TPC is planned with a diameter of the inner eld cageof 65cm, of
the outer eld cageof 360cm and a drift distance of 215cm. This is about 3.5 times
longer than the LP. At the sametime, the magnetic eld of ILD is 3:5T comparedto
1T for the LP. As mertioned in section 1, the ratio L=B of the magnetic eld to the
drift distancelL is the samefor both TPCs and so are the required relative medanical
accuracyspeci cations.

Scalingthe medanical tolerancesof the LP by a factor of three yields a tolerancefor the
alignmert of the eld cageaxisin the rangeof 300 m and a required parallel alignmert
of anode and cathode of 450 m for the ILD TPC.

The main challengefor the designof the ILD TPC will be the reduction of the material
budget of the wall to 1%X, while increasingthe high voltage stability to O(100kV).

13
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Figure 12: Calculatad eld quality: Due to the shar of the eld cage(see Fig. 11), the
calculated electric eld inside the LP is homagen@usonly to a levelof E=E 10 3.

Starting from the current LP wall crosssection(seeFig. 7), a reduction of the material
budget is possibleby thinning down the eld strips to 20 m and by replacing copper
by aluminum. In addition, with further optimization studiesof the chamber statics and
medanical tests, the thicknessof the GRP could be diminished. This would reduce
the cortribution of epoxy and glass- ber to the material budget. Assuminga moder-
ate optimization, GRP layers of 200 m could be su ciently stable to construct a self
supporting tube of 4:3m length for the inner eld cage.

The LP wall sampleswere tested to be high voltage stable up to at least 30kV. In
the wall sampletested, a single polyimide layer of 50 m was introduced which can
withstand 10kV alone. The insulating honeycontb-GRP structure increasedthe high
voltage stability to above 30kV.

Extrapolating to the ILD TPC, the wall of the inner eld cagecould have a crosssection
asshawvn in Figure 13 Here, an insulation which is equivalert to a single300 m thick
polyimide layer together with the honeycontb sandwit provide a high voltage stability
in the range of 70kV. This wall has a material budget of 1%X, which is the design
value. Howeer, the detailed fabrication of the thicker polyimide layer still hasto be
ewvaluated and tested.

The outer eld cageof the ILD TPC will be a single barrel structure serving as gas
vesseland high voltage insulation. Its material budget goal is planned to be 2%X, at
most. At the sametime the wall must be thicker than the onefor the inner eld cageto
gain su cien t medanical robustness.A wall thicknessof 60mm, which could provide a
su cient stability, canberealizedby scalingup the thicknessof the honeyconb material
and doubling the thicknessof the GRP layers. In this case,the material budget would
read the designvalue of 2%X.

It must be stated, that the medanical and the high voltage stability, both for the

14
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Figure 13: First draft of the crosssection for the wall of the inner eld cageof the ILD
TPC.

proposedinner and outer eld cagewall, needto be quarti ed by dedicatedcalculations
and samplepiecetests. Also the precisemedanical accuracyspeci cations have to be
revisited on the basisof further studies,alsotaking into accourt the nal detector gas.

Summary

The LP is the rst TPC prototype with a sizerelevant for a TPC of a future ILC
detector. The length of the LP is 61cm and the inner diameter of the eld cagebarrel
of 72cm is similar to the inner eld cagefor the ILD TPC.

The designof the chamber wasoptimized for a high electric eld homogeneiy of E=E .
10 4 and a low material budget of the walls of 1:21%X,. This is closeto the nal design
value of 1%X,. Further optimizations of the wall structure are under study and the
nal designgoal of 1%X, per wall seemso be in read.

The LP is part of a test beam infrastructure which is installed at the 6-GeV DESY
electrontest beam. This infrastructure was realizedin the framework of the EUDET
project [9] and becameavailable in Novenber 2008. Sincethen it is in useby di erent
researb groupsdoing R&D work for a TPC of detector at a future linear collider [6].
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