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HPgTPC Concept

•5m wide, 5 m diameter cylinder 

•ALICE upgrading their inner and outer 
readout chambers (ROCs) during the 
long shutdown, old chambers available 
now 

•Build a copy of the ALICE detector using 
the available ROCs, but need to build 
new systems including: 

‣Field cage & HV feedthrough 

‣Pressure vessel 

‣Central ROC (x2)

along with sophisticated gas and cooling systems. One of the
major challenges in this context was to provide a temperature
stability of o0:1 K across the full volume of the TPC. This
requirement originates from the strong temperature dependence
of the drift velocity in the Ne–CO2–N2 mixture at realistically
accessible electric fields. Furthermore, it is essential to control the
O2 content of the counting gas below a level of 5 ppm to keep to a
minimum the absorption of electrons over the long drift length.
The approach to solve these and many other technological
challenges is described in the sections on cooling, gas system,
infrastructure and services, and Detector-Control System (DCS).

Calibration and commissioning of the ALICE TPC relied, before
the availability of any collisions from the LHC, on three different
methods: a set of external UV laser beams was used to
characterize field distortions and to determine the magnitude of
the correction from E!B effects on the drifting electrons
originating from the residual non-parallelism of the electric and
magnetic field inside the drift volume. Furthermore, radioactive
krypton was inserted through the gas system into the detector to
provide efficient and precise amplitude calibration of all 557 568
readout channels. Finally, extensive measurements with cosmic
rays were performed to determine tracking efficiencies, energy
loss, and momentum resolution of the detector. The methods used
and results obtained during these calibrations are described in
detail in Sections 10 and 11. They demonstrate that detector
performance is close to that specified in the original technical
design report [3].

2. Field cage

The purpose of the field cage is to define a uniform electrostatic
field in the gas volume in order to transport ionization electrons
from their point of creation to the readout chambers on the
endplates without significant distortions. The field cage provides a
stable mechanical structure for precise positioning of the cham-
bers and other detector elements while being as thin as possible in
terms of radiation lengths presented to the tracks entering the TPC
(see Fig. 2). In addition, the walls of the field cage provide a gas-
tight envelope and ensure appropriate electrical isolation of the
field cage from the rest of the experiment.

It is a classical TPC field cage with the high voltage electrode in
the middle of the detector. Electrons drift to both end plates in a
uniform electric field that runs parallel to the axis of the cylinder.

The TPC is filled with a mixture of neon, carbon dioxide, and
nitrogen because the multiple coulomb scattering in this gas
mixture is relatively low, it has good diffusion characteristics, and
it has a high positive ion mobility that helps to clear positive ions
out of the drift volume in a short amount of time (see Section 6).
However, to also have fast electron drift velocities requires
putting 100 kV on the central electrode. The isolation of the high
voltage field cage from the rest of the experiment is ensured by
using CO2 filled gas gaps between the containment vessels and
the field cage vessels; see Fig. 3.

The design of the ALICE field cage is similar to the design of the
field cage used in the NA49 experiment [7]. An important part of
the design is the requirement to prevent charge build-up, and
possible breakdown, on solid insulator surfaces between the field-
defining strips and so the use of these insulators is minimized or
completely avoided.

The ALICE field cage consists of two parts; a field cage vessel
with a set of coarsely segmented guard rings and a finely
segmented field cage which is located inside the field cage vessel.
The guard rings on the field cage vessel help to avoid large electric
fields due to charge build-up on the surface of the vessel. The
rings have a 92 mm gap between them and this corresponds to a
relatively low field gradient of 46.7 V/mm on the insulating
surface between the rings. The guard rings are made of 13 mm
wide strips of aluminum tape and they are placed on both sides of
the containment vessel with a pitch of 105 mm. Small holes were
drilled through the walls of the vessel to allow for electrical
contact between corresponding rings and filled with Al foil feed-
throughs and sealed with epoxy. The potentials for the guard rings
are defined by an independent chain of 24! 500 MO resistors
(per end). The first of these resistors is connected to the rim of the
high-voltage electrode. The last one is connected to ground
through a 100 kO resistor, across which the voltage drop is
measured for monitoring purposes. The field gradient between
the guard rings matches the field gradient on the finely
segmented field cage which lies inside the guard ring vessel.

The finely segmented field cage is made of 165 free standing
mylar strips. In principle, there is space for 166 strips but
mechanical considerations near the central electrode prevents the
installation of the first strip and so it is left out. (The resistor chain
for the field cage includes 166 resistors and so in this way the
missing strip is included, see below.) The mylar strips do not come
into contact with the field cage vessel or the gas containment
vessel but, instead, are wrapped around a set of 18 Makrolons

rods that are regularly spaced around the circumference of the
TPC. The Makrolons rods are located at a radius of 2542.5 mm on
the outer field cage and 815 mm on the inner field cage. The field
cage strips are made of 13 mm wide aluminized mylar. They are
stretched over the Makrolons rods with a pitch of 15 mm. This
leaves a 2 mm insulation gap between each pair of strips and

Fig. 2. 3D view of the TPC field cage. The high voltage electrode is located at the
center of the drift volume. The endplates with 18 sectors and 36 readout chambers
on each end are shown.

Fig. 3. Detail view of the outer field cage near the central electrode.
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More details on ALICE TPC: 
NIM Paper:  Nucl. Instr. A, 622 (2010) pg 316–367 

TDR: http://cds.cern.ch/record/451098?ln=en

2.78 m 
rad

~1.32m

`0.88 m



High Pressure Argon

•For a 90%Ar-10%CH4 mixture at 10 atmospheres 

‣97% of interactions are on Argon 

‣1 ton of Argon in fiducial volume 

‣σx ~ 250 μm,  σpT/pT = 0.7% 1–10 GeV/c, 1–2% from 0.1 to 1 GeV/

c, σdEdx ~ 5% 

‣~1.4x106 νμ CC interactions per year 

‣ ~500,000 NC interactions per year



Argon Gas

•Drift distance is up to 2.5 m 

•ALICE operated (mostly) with Ne/CO2/N2 mixture at 1 atm 

‣With an E-field of 400 V/cm ALICE drift velocity is 2.65 cm/μs 

•For a 90%Ar-10%CH4 gas mixture 

‣Drift velocity is ~3 cm/μs with a 400 V/cm E-field  at 10 atm 

‣(In ArgonCube more like 0.4 cm/μs)



ALICE Field Cage Containment

•Surrounded by gas-tight grounded 
Outer Containment vessel which 
acts as a ground 

•Within this is a ~15 cm CO2-filled 
insulating gap, gas continuously 
circulated.   

•Field cage housed in a gas-tight 
field cage vessel 

‣2 cm thick Nomex structure 

‣Field strips are inside 

‣Outside has more coarsely 
segmented guard rings

along with sophisticated gas and cooling systems. One of the
major challenges in this context was to provide a temperature
stability of o0:1 K across the full volume of the TPC. This
requirement originates from the strong temperature dependence
of the drift velocity in the Ne–CO2–N2 mixture at realistically
accessible electric fields. Furthermore, it is essential to control the
O2 content of the counting gas below a level of 5 ppm to keep to a
minimum the absorption of electrons over the long drift length.
The approach to solve these and many other technological
challenges is described in the sections on cooling, gas system,
infrastructure and services, and Detector-Control System (DCS).

Calibration and commissioning of the ALICE TPC relied, before
the availability of any collisions from the LHC, on three different
methods: a set of external UV laser beams was used to
characterize field distortions and to determine the magnitude of
the correction from E!B effects on the drifting electrons
originating from the residual non-parallelism of the electric and
magnetic field inside the drift volume. Furthermore, radioactive
krypton was inserted through the gas system into the detector to
provide efficient and precise amplitude calibration of all 557 568
readout channels. Finally, extensive measurements with cosmic
rays were performed to determine tracking efficiencies, energy
loss, and momentum resolution of the detector. The methods used
and results obtained during these calibrations are described in
detail in Sections 10 and 11. They demonstrate that detector
performance is close to that specified in the original technical
design report [3].

2. Field cage

The purpose of the field cage is to define a uniform electrostatic
field in the gas volume in order to transport ionization electrons
from their point of creation to the readout chambers on the
endplates without significant distortions. The field cage provides a
stable mechanical structure for precise positioning of the cham-
bers and other detector elements while being as thin as possible in
terms of radiation lengths presented to the tracks entering the TPC
(see Fig. 2). In addition, the walls of the field cage provide a gas-
tight envelope and ensure appropriate electrical isolation of the
field cage from the rest of the experiment.

It is a classical TPC field cage with the high voltage electrode in
the middle of the detector. Electrons drift to both end plates in a
uniform electric field that runs parallel to the axis of the cylinder.

The TPC is filled with a mixture of neon, carbon dioxide, and
nitrogen because the multiple coulomb scattering in this gas
mixture is relatively low, it has good diffusion characteristics, and
it has a high positive ion mobility that helps to clear positive ions
out of the drift volume in a short amount of time (see Section 6).
However, to also have fast electron drift velocities requires
putting 100 kV on the central electrode. The isolation of the high
voltage field cage from the rest of the experiment is ensured by
using CO2 filled gas gaps between the containment vessels and
the field cage vessels; see Fig. 3.

The design of the ALICE field cage is similar to the design of the
field cage used in the NA49 experiment [7]. An important part of
the design is the requirement to prevent charge build-up, and
possible breakdown, on solid insulator surfaces between the field-
defining strips and so the use of these insulators is minimized or
completely avoided.

The ALICE field cage consists of two parts; a field cage vessel
with a set of coarsely segmented guard rings and a finely
segmented field cage which is located inside the field cage vessel.
The guard rings on the field cage vessel help to avoid large electric
fields due to charge build-up on the surface of the vessel. The
rings have a 92 mm gap between them and this corresponds to a
relatively low field gradient of 46.7 V/mm on the insulating
surface between the rings. The guard rings are made of 13 mm
wide strips of aluminum tape and they are placed on both sides of
the containment vessel with a pitch of 105 mm. Small holes were
drilled through the walls of the vessel to allow for electrical
contact between corresponding rings and filled with Al foil feed-
throughs and sealed with epoxy. The potentials for the guard rings
are defined by an independent chain of 24! 500 MO resistors
(per end). The first of these resistors is connected to the rim of the
high-voltage electrode. The last one is connected to ground
through a 100 kO resistor, across which the voltage drop is
measured for monitoring purposes. The field gradient between
the guard rings matches the field gradient on the finely
segmented field cage which lies inside the guard ring vessel.

The finely segmented field cage is made of 165 free standing
mylar strips. In principle, there is space for 166 strips but
mechanical considerations near the central electrode prevents the
installation of the first strip and so it is left out. (The resistor chain
for the field cage includes 166 resistors and so in this way the
missing strip is included, see below.) The mylar strips do not come
into contact with the field cage vessel or the gas containment
vessel but, instead, are wrapped around a set of 18 Makrolons

rods that are regularly spaced around the circumference of the
TPC. The Makrolons rods are located at a radius of 2542.5 mm on
the outer field cage and 815 mm on the inner field cage. The field
cage strips are made of 13 mm wide aluminized mylar. They are
stretched over the Makrolons rods with a pitch of 15 mm. This
leaves a 2 mm insulation gap between each pair of strips and

Fig. 2. 3D view of the TPC field cage. The high voltage electrode is located at the
center of the drift volume. The endplates with 18 sectors and 36 readout chambers
on each end are shown.

Fig. 3. Detail view of the outer field cage near the central electrode.
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100 kV



ALICE-style Field Cage

•100 kV operating voltage in 2 
drift regions 

•~5m diameter + ~5m long 

•No inner field cage for us 

•Consider options 

‣ALICE design: aluminized 
mylar strips  

•Also need a Central Electrode 
(which in ALICE was an 
aluminized mylar foil)

ALICE Field Cage



sPHENIX Field-Cage

•DUNE ND TPC would have a much larger diameter though 

From T. Hemmick’s talk at CERN TPC mini workshop 
https://indico.cern.ch/event/827540/



Field Cage Structure

•The octadecagonal outer field cage has 18 rod per side: 

‣1 resistor rod per side provided a chain of resistors. 

‣6 laser calibration rods 

‣1 rod to provide the HV to the central cathode  (spare on the 
other side) 

‣10 rods were gas outlets  (inlets on inner field cage) 

•Resistor rods were water cooled

ITS while leaving room for a muon absorber on one end and
services for the inner tracking system on the other. The
attachment between the central drum and the cones is sealed
with a 2 mm thick flat neoprene rubber ring. The CO2 gap between
the inner containment vessel and the inner field cage vessel is
156 mm thick at the centerline of the detector and decreases to
80 mm near the endplates.

The thickness of the critical components of the field cage
vessels are listed in Table 4 in units of radiation length.

2.2. Central electrode

The central electrode is made of a stretched 23mm thick mylar
foil which is aluminized on both sides and held flat by circular
inner and outer aluminum rims. Three foils were glued together
by laying them side by side and gluing 50 mm wide aluminized
mylar bands over the junctions. The resulting 6!6 m2 foil was
stretched with pneumatic jacks and glued onto a set of inner and
outer rims. After curing, a second set of rims was lowered into
position and glued to the foil.

2.3. Rods

A total of 72 rods are positioned axially on the internal walls of
the inner and outer field-cage vessels and in the corners between
the readout chambers. Their main role is to hold the field cage
strips for the inner and outer field cages. The rods are made of
several 178 and 209 mm long pieces of Makrolons tube (a special
sort of Plexiglas) which have been glued together. The final rod
assemblies have an outer (inner) diameter of 44 mm (36 mm).
Their outer surfaces were machined with 2 mm wide and 2.5 mm

deep grooves, at a pitch of 15 mm, to increase the distance along
the insulator surface between the strips. An aluminum ring at
each glue junction helps to minimize and redistribute the
accumulation of charge along the rods. The gluing operation
was performed on a precision jig in order to achieve a uniform
spacing of the strips to within 100mm. The rods for the outer field
cage, except for their grooves, are coated with copper to avoid
charge accumulation on their exposed surface. The rods are held
in position with holding clamps which are glued to the walls of
the field cages with a 500 mm spacing between the clamps.

2.3.1. Resistor rods
The voltage dividers are integrated with the so-called resistor

rods, and they are inserted into four of the rods of the field cage:
inner, outer, and on both sides. The resistor rods contain a chain of
resistors which define the potential on each strip of the field cage.
The innovative design of these rods allows for water cooling and
serviceability. The power dissipated by the resistors is removed
by a water-cooling circuit that runs back and forth through the
rods. A set of contacts ensures a good connection between the
resistors in the chain and to each strip. Provisions are made for
insertion, contacting, locking, and removal of the rods for service.
Details of both ends of a resistor rod can be seen in Figs. 5 and 6.

For each resistor rod, a set of 165 copper plates, 0.5 mm thick,
are held together by short sections of PEEKs (polyacrylether-
etherketone, a thermoplastic) tubing which are glued together,
thus defining the 15 mm pitch for the strips. The resulting tube is
2.5 m long and the central hole is used to flush the system with
drift gas since the Makrolons rod is not necessarily gas-tight. In
addition to the central hole, two more holes are drilled into the
copper plates through which two ceramic pipes, 3 mm inner and
9 mm outer diameter, are inserted. The copper plates are
connected to these ceramic pipes with thermally conductive glue
in an alternating pattern. The pipes are bridged together at the
high voltage end by a stainless steel tube so that de-ionized water
flows into one of the ceramic pipes and returns through the other
pipe. In this manner, the power dissipated by the voltage divider
is coupled to the copper plates and is removed by the cooling
water.

A 7:5 MO resistor is connected between each of the Cu plates.
The first resistor, from the central membrane to the first Cu plate,
has a value of 15 MO to compensate for the missing first strips in
the field cage. In all cases, the resistors are soldered to washers
which are then screwed to the plates. This results in a resistor
chain with a total resistance of 1245 MO inside the TPC drift
volume plus an additional 4:286 MO at the end of the chain to
allow for precisely tuning the voltage on the last strip of the field
cage; see Fig. 6. A small piece of PEEKs material is screwed to

Fig. 5. Detailed view of the high-voltage end of the resistor rod, showing the
cooling pipes, the central PEEK pipe, the heat-dissipating copper plates, the
contacts to the strips, and the high-voltage contact, which matches the contact at
the housing rod.

Fig. 6. Schematic of the mechanical and electrical arrangement of the ground side of the resistor rod. The currents through the resistor chain and through the cooling water
are measured independently.
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Ground side of a resistor rod



Readout Chamber Testing

•Spare Inner Readout Chamber 
(IROC) at Fermilab 
•Spare Outer Readout Chamber 
(OROC) recently shipped to Royal 
Holloway
•Plan tests of gas mixtures & gas gain

along with sophisticated gas and cooling systems. One of the
major challenges in this context was to provide a temperature
stability of o0:1 K across the full volume of the TPC. This
requirement originates from the strong temperature dependence
of the drift velocity in the Ne–CO2–N2 mixture at realistically
accessible electric fields. Furthermore, it is essential to control the
O2 content of the counting gas below a level of 5 ppm to keep to a
minimum the absorption of electrons over the long drift length.
The approach to solve these and many other technological
challenges is described in the sections on cooling, gas system,
infrastructure and services, and Detector-Control System (DCS).

Calibration and commissioning of the ALICE TPC relied, before
the availability of any collisions from the LHC, on three different
methods: a set of external UV laser beams was used to
characterize field distortions and to determine the magnitude of
the correction from E!B effects on the drifting electrons
originating from the residual non-parallelism of the electric and
magnetic field inside the drift volume. Furthermore, radioactive
krypton was inserted through the gas system into the detector to
provide efficient and precise amplitude calibration of all 557 568
readout channels. Finally, extensive measurements with cosmic
rays were performed to determine tracking efficiencies, energy
loss, and momentum resolution of the detector. The methods used
and results obtained during these calibrations are described in
detail in Sections 10 and 11. They demonstrate that detector
performance is close to that specified in the original technical
design report [3].

2. Field cage

The purpose of the field cage is to define a uniform electrostatic
field in the gas volume in order to transport ionization electrons
from their point of creation to the readout chambers on the
endplates without significant distortions. The field cage provides a
stable mechanical structure for precise positioning of the cham-
bers and other detector elements while being as thin as possible in
terms of radiation lengths presented to the tracks entering the TPC
(see Fig. 2). In addition, the walls of the field cage provide a gas-
tight envelope and ensure appropriate electrical isolation of the
field cage from the rest of the experiment.

It is a classical TPC field cage with the high voltage electrode in
the middle of the detector. Electrons drift to both end plates in a
uniform electric field that runs parallel to the axis of the cylinder.

The TPC is filled with a mixture of neon, carbon dioxide, and
nitrogen because the multiple coulomb scattering in this gas
mixture is relatively low, it has good diffusion characteristics, and
it has a high positive ion mobility that helps to clear positive ions
out of the drift volume in a short amount of time (see Section 6).
However, to also have fast electron drift velocities requires
putting 100 kV on the central electrode. The isolation of the high
voltage field cage from the rest of the experiment is ensured by
using CO2 filled gas gaps between the containment vessels and
the field cage vessels; see Fig. 3.

The design of the ALICE field cage is similar to the design of the
field cage used in the NA49 experiment [7]. An important part of
the design is the requirement to prevent charge build-up, and
possible breakdown, on solid insulator surfaces between the field-
defining strips and so the use of these insulators is minimized or
completely avoided.

The ALICE field cage consists of two parts; a field cage vessel
with a set of coarsely segmented guard rings and a finely
segmented field cage which is located inside the field cage vessel.
The guard rings on the field cage vessel help to avoid large electric
fields due to charge build-up on the surface of the vessel. The
rings have a 92 mm gap between them and this corresponds to a
relatively low field gradient of 46.7 V/mm on the insulating
surface between the rings. The guard rings are made of 13 mm
wide strips of aluminum tape and they are placed on both sides of
the containment vessel with a pitch of 105 mm. Small holes were
drilled through the walls of the vessel to allow for electrical
contact between corresponding rings and filled with Al foil feed-
throughs and sealed with epoxy. The potentials for the guard rings
are defined by an independent chain of 24! 500 MO resistors
(per end). The first of these resistors is connected to the rim of the
high-voltage electrode. The last one is connected to ground
through a 100 kO resistor, across which the voltage drop is
measured for monitoring purposes. The field gradient between
the guard rings matches the field gradient on the finely
segmented field cage which lies inside the guard ring vessel.

The finely segmented field cage is made of 165 free standing
mylar strips. In principle, there is space for 166 strips but
mechanical considerations near the central electrode prevents the
installation of the first strip and so it is left out. (The resistor chain
for the field cage includes 166 resistors and so in this way the
missing strip is included, see below.) The mylar strips do not come
into contact with the field cage vessel or the gas containment
vessel but, instead, are wrapped around a set of 18 Makrolons

rods that are regularly spaced around the circumference of the
TPC. The Makrolons rods are located at a radius of 2542.5 mm on
the outer field cage and 815 mm on the inner field cage. The field
cage strips are made of 13 mm wide aluminized mylar. They are
stretched over the Makrolons rods with a pitch of 15 mm. This
leaves a 2 mm insulation gap between each pair of strips and

Fig. 2. 3D view of the TPC field cage. The high voltage electrode is located at the
center of the drift volume. The endplates with 18 sectors and 36 readout chambers
on each end are shown.

Fig. 3. Detail view of the outer field cage near the central electrode.
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Central Readout Chambers

•Need a set of chambers for each side 

•~84 cm radius 

•These must be designed from scratch 

•Do we need a gating grid? Ion clearing time ~1/3 
sec, so perhaps not. 

•In ALICE IROC and OROC wire plane spacings 
were a bit different 

•Anode voltages were 1570 V (1350 V) on OROCs 
(IROCs).  Likely to be lower in DUNE ND

along with sophisticated gas and cooling systems. One of the
major challenges in this context was to provide a temperature
stability of o0:1 K across the full volume of the TPC. This
requirement originates from the strong temperature dependence
of the drift velocity in the Ne–CO2–N2 mixture at realistically
accessible electric fields. Furthermore, it is essential to control the
O2 content of the counting gas below a level of 5 ppm to keep to a
minimum the absorption of electrons over the long drift length.
The approach to solve these and many other technological
challenges is described in the sections on cooling, gas system,
infrastructure and services, and Detector-Control System (DCS).

Calibration and commissioning of the ALICE TPC relied, before
the availability of any collisions from the LHC, on three different
methods: a set of external UV laser beams was used to
characterize field distortions and to determine the magnitude of
the correction from E!B effects on the drifting electrons
originating from the residual non-parallelism of the electric and
magnetic field inside the drift volume. Furthermore, radioactive
krypton was inserted through the gas system into the detector to
provide efficient and precise amplitude calibration of all 557 568
readout channels. Finally, extensive measurements with cosmic
rays were performed to determine tracking efficiencies, energy
loss, and momentum resolution of the detector. The methods used
and results obtained during these calibrations are described in
detail in Sections 10 and 11. They demonstrate that detector
performance is close to that specified in the original technical
design report [3].

2. Field cage

The purpose of the field cage is to define a uniform electrostatic
field in the gas volume in order to transport ionization electrons
from their point of creation to the readout chambers on the
endplates without significant distortions. The field cage provides a
stable mechanical structure for precise positioning of the cham-
bers and other detector elements while being as thin as possible in
terms of radiation lengths presented to the tracks entering the TPC
(see Fig. 2). In addition, the walls of the field cage provide a gas-
tight envelope and ensure appropriate electrical isolation of the
field cage from the rest of the experiment.

It is a classical TPC field cage with the high voltage electrode in
the middle of the detector. Electrons drift to both end plates in a
uniform electric field that runs parallel to the axis of the cylinder.

The TPC is filled with a mixture of neon, carbon dioxide, and
nitrogen because the multiple coulomb scattering in this gas
mixture is relatively low, it has good diffusion characteristics, and
it has a high positive ion mobility that helps to clear positive ions
out of the drift volume in a short amount of time (see Section 6).
However, to also have fast electron drift velocities requires
putting 100 kV on the central electrode. The isolation of the high
voltage field cage from the rest of the experiment is ensured by
using CO2 filled gas gaps between the containment vessels and
the field cage vessels; see Fig. 3.

The design of the ALICE field cage is similar to the design of the
field cage used in the NA49 experiment [7]. An important part of
the design is the requirement to prevent charge build-up, and
possible breakdown, on solid insulator surfaces between the field-
defining strips and so the use of these insulators is minimized or
completely avoided.

The ALICE field cage consists of two parts; a field cage vessel
with a set of coarsely segmented guard rings and a finely
segmented field cage which is located inside the field cage vessel.
The guard rings on the field cage vessel help to avoid large electric
fields due to charge build-up on the surface of the vessel. The
rings have a 92 mm gap between them and this corresponds to a
relatively low field gradient of 46.7 V/mm on the insulating
surface between the rings. The guard rings are made of 13 mm
wide strips of aluminum tape and they are placed on both sides of
the containment vessel with a pitch of 105 mm. Small holes were
drilled through the walls of the vessel to allow for electrical
contact between corresponding rings and filled with Al foil feed-
throughs and sealed with epoxy. The potentials for the guard rings
are defined by an independent chain of 24! 500 MO resistors
(per end). The first of these resistors is connected to the rim of the
high-voltage electrode. The last one is connected to ground
through a 100 kO resistor, across which the voltage drop is
measured for monitoring purposes. The field gradient between
the guard rings matches the field gradient on the finely
segmented field cage which lies inside the guard ring vessel.

The finely segmented field cage is made of 165 free standing
mylar strips. In principle, there is space for 166 strips but
mechanical considerations near the central electrode prevents the
installation of the first strip and so it is left out. (The resistor chain
for the field cage includes 166 resistors and so in this way the
missing strip is included, see below.) The mylar strips do not come
into contact with the field cage vessel or the gas containment
vessel but, instead, are wrapped around a set of 18 Makrolons

rods that are regularly spaced around the circumference of the
TPC. The Makrolons rods are located at a radius of 2542.5 mm on
the outer field cage and 815 mm on the inner field cage. The field
cage strips are made of 13 mm wide aluminized mylar. They are
stretched over the Makrolons rods with a pitch of 15 mm. This
leaves a 2 mm insulation gap between each pair of strips and

Fig. 2. 3D view of the TPC field cage. The high voltage electrode is located at the
center of the drift volume. The endplates with 18 sectors and 36 readout chambers
on each end are shown.

Fig. 3. Detail view of the outer field cage near the central electrode.
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readout chambers are equipped with provisions for the alignment
of the chambers relative to the central electrode and are
independent of the endplate itself (see Section 3). Gas tightness
is achieved by a sealing foil and a double O-ring; one on the
chamber and one on the endplate. The endplates also provide
feed-throughs and flanges for gas, laser and electrical connections.

2.7. I-bars

The TPC is installed at an angle of 0.791 with respect to the
horizontal due to the inclination of the LHC accelerator at the
ALICE collision hall. This puts a gravity load on the endplates and
leads to a displacement of the inner field cage with respect to the
outer field cage. The elastic deformation of the endplates is
removed by pulling on the inner field cage with a pair of I-bars. In
Fig. 4, the I-bars are shown attached on the right hand side of the
TPC and were designed so that they do not obstruct the area
around the beam-pipe. The I bars are attached to the outer ring of
the endplate and can push or pull on the inner field cage ring in
order to re-align the field cages. During assembly in the ALICE
detector, it was necessary to pull on the inner field cage with a
force of 3 kN and an alignment of about 150mm was actually
achieved.

3. Readout chambers

3.1. Design considerations

Large-scale TPCs have been employed and proven to work in
collider experiments before [9], but none of them had to cope
with the particle densities and rates anticipated for the ALICE
experiment [5,6].

For the design of the Read-Out Chambers (ROCs), this leads to
requirements that go beyond an optimization in terms of
momentum and dE/dx resolution. In particular, the optimization
of rate capability in a high-track density environment has been
the key input for the design considerations.

The ALICE TPC has adopted MWPCs with cathode pad readout.
In preparation of the TPC TDR [3] alternative readout concepts
had also been considered, such as Ring Cathode Chambers (RCCs)
[10] or Gas Electron Multipliers (GEMs) [11] as amplification
structures. However, those concepts seemed, though conceptually
convincing, not yet in an R&D state to be readily adopted for a
large detector project, which had to be realized within a relatively
short time span.

3.2. Mechanical structure

The azimuthal segmentation of the readout plane is common
with the subsequent ALICE detectors TRD and TOF, i.e. 18
trapezoidal sectors, each covering 201 in azimuth. The radial
dependence of the track density leads to different requirements
for the readout-chamber design as a function of radius. Conse-
quently, there are two different types of readout chambers,
leading to a radial segmentation of the readout plane into Inner
and Outer ReadOut Chamber (IROC and OROC, respectively). In
addition, this segmentation eases the assembly and handling of
the chambers as compared to a single large one, covering the full
radial extension of the TPC.

The dead space between neighboring readout chambers is
minimized by a special mounting technique (described in Section
3.4) by which the readout chambers are attached to the endplate
from the inside of the drift volume. The dead space between
two adjacent chambers in the azimuthal direction is 27 mm.

This includes the width of the wire frames of 12 mm on each
chamber (see Fig. 9) and a gap of 3 mm between two chambers.
The total active area of the ALICE TPC readout chambers is
32.5 m2. The inner and outer chambers are radially aligned, again
matching the acceptance of the external detectors. The effective
active radial length (taking edge effects into account) varies from
84.1 to 132.1 cm (134.6–246.6 cm) for the inner (outer) readout
chambers. The mechanical structure of the readout chamber itself
consists of four main components: the wire planes, the pad plane,
made of a multilayer Printed Circuit Board (PCB), an additional
3 mm Stesalit insulation plate, and a trapezoidal aluminum frame.

3.2.1. Wires
The wire length is given by the overall detector layout and

varies from 27 to 44 cm in the inner chambers, and from 45 to
84 cm in the outer chambers.

At constant potential, the gas gain increases with decreasing
anode-wire diameter. Thus, a small anode-wire diameter is
preferred. Owing to their superior strength, gold-plated tungsten
is preferable to copper–beryllium (an alloy of 98% Cu and 2% Be)
for the thin anode wires. However, for the thicker cathode and
gating grid wires this dense material would require unaffordable
tensions on the thin wire ledges. Therefore, copper–beryllium is
used.

However, electrostatic and gravitational forces cause the
anode wires to sag, leading to gas-gain variations along the wire.
The electrostatic sag is approximately proportional to the square
of the length of the wire, and inversely proportional to the
stretching force, while the gravitational sag depends on the
density of the wire material. Therefore, the wires need to be
mechanically strong enough to withstand the required stretching
forces. We have chosen for the anode wires a diameter of 20mm
and a stretching force of 0.45 N. The cathode and gating grid wires
have a diameter of 75mm and a stretching force of 0.6 and 1.2 N
for inner and outer chamber, respectively. The wire tension has
been measured during production for all wires (see Section 3.3.1).
The measured values ensure a wire sag around 50mm and thus
are below the specified limit of 70mm [3].

3.2.2. Wire planes
The ALICE-TPC readout chambers employ a commonly used

scheme of wire planes, i.e. a grid of anode wires above the pad
plane, a cathode-wire grid, and a gating grid. All wires run in the
azimuthal direction. Since the design constraints are different for
the inner and outer chambers (see below), their wire geometry is
different, as shown in Fig. 10. The gap between the anode-wire
grid and the pad plane is 3 mm for the outer chambers, and only

Fig. 9. Cross-section through a readout chamber showing the pad plane, the wire
planes and the cover electrode.

J. Alme et al. / Nuclear Instruments and Methods in Physics Research A 622 (2010) 316–367 323

2 mm for the inner chambers. The same is true for the distance
between the anode-wire grid and the cathode-wire grid. The
gating grid is located 3 mm above the cathode-wire grid in both
types of chamber. The anode-wire grid and the gating grid are
staggered with respect to the cathode-wire grid. Henceforth we
abbreviate the wire geometry of the inner chamber by (2–2–3),
and that of the outer chamber by (3–3–3).

3.2.3. Anode-wire grid
Because of the expected high particle multiplicity and the

relatively large gas gains required for the readout chambers (see
below) a small anode-wire pitch was chosen for the ALICE TPC to
minimize the accumulated charge per unit length of the anode
wire and hence the risk of rate-induced gas-gain variations. This
led to the choice of a 2.5 mm pitch for the anode wires. There are
no field wires since they would reduce the signal coupling to the
pads, as they pick up a significant fraction of the signal. The
absence of field wires also considerably reduces the mechanical
forces on the wire frames. However, a chamber without field
wires requires a somewhat higher voltage to achieve the required
gas gain and a higher geometrical precision in the positioning of
the wires.

3.2.4. Cathode-wire grid
The cathode-wire grid separates the drift volume from the

amplification region. A large number of the ions produced in the
amplification avalanche are collected at the cathode wires
without causing a noticeable reduction in electron transmission.
The cathode wire pitch is 2.5 mm. Electrostatic calculations
substantiating the above layout numerically are described in
detail in Ref. [3].

3.2.5. Gating-wire grid
The gating grid is located above the cathode-wire grid, with

alternating wires connected together electrically. In the open gate
mode, all the gating grid wires are held at the same potential UG,
admitting electrons from the drift volume to enter the amplifica-
tion region. In the absence of a valid trigger, the gating grid is
biased with a bipolar field UG7DU (see Section 8.5), which
prevents electrons from the drift volume to get to the amplifica-
tion region. This considerably reduces the integral charge deposit
on the anode wires. In addition, the closed gate stops ions created
in the avalanche processes of previous events from drifting back
into the drift volume. This is important because escaping ions
accumulate in the drift volume and can cause severe distortions of
the drift field [12]. The goal is therefore to avoid increasing the ion
charge density above that created by primary ionization. The
resulting requirement is that the ion leakage from the amplifica-
tion region has to be o10!4. To achieve an electron transparency
close to 100% in the open mode while trapping ions and electrons
in the closed mode, the offset and bias potentials of the gating grid
are carefully adjusted. On the other hand, any ionization produced
by particles traversing the gap between the gating grid and pad

plane will unavoidably be amplified at the anode wires and thus
contribute to the integral charge accumulation. To minimize this
effect, the gap between the gating and cathode-wire grid is only
3 mm, sufficient to trap the ions within a typical gate opening
time of 100ms. To keep the alternating bias voltages low, the pitch
between the gating grid wires is 1.25 mm.

3.2.6. Cover and edge geometry
The standard wire configuration (see Fig. 10) has a disconti-

nuity at the transition to the next chamber in the radial direction.
Electrostatic simulations, as shown in Fig. 11a for the standard
wire configuration, revealed a substantial inefficiency of the ion
gate.

The drift lines of positive ions originating from the amplifica-
tion zone around the anode wire are shown. A sizable number of
positive ions could leak back into the drift zone for this particular
configuration. In order to improve the electrostatic configuration
additional electrodes, i.e. ground and cover strips, were intro-
duced (see Fig. 9). The voltage of the cover strip, which frames the
whole chamber, can be tuned to maximize the homogeneity of the
drift field in the amplification zone. The ground strip, together
with the HV of the cover strip forces all drift lines to end on either
the cover or ground strip. In addition, two thicker edge anode
wires (75mm) were introduced. Their HV can be set indepen-
dently thus providing a lower gain in the edge region. The
corresponding field lines from electrostatic simulations are shown
in Fig. 11b. Measurements of the ion-back flow for this
configuration are given in Section 3.3.

3.2.7. Pad plane, connectors and flexible cables
The readout pad structure has been optimized for signal-to-

noise ratio and position resolution at the desired gas gain. A
detailed account for the considerations leading to the chosen pad
layout is given in Ref. [3]. The adopted pad sizes are given in
Table 1.

The pad size increases with radius in two steps following the
radially decreasing track density. The pad plane itself is a 3 mm
thick halogen-free FR4 printed circuit board. The signal from the
pad is routed in three layers of traces and vias to the connector
side. The routing of the traces from the pads to their connector
pad was realized employing an auto-router and was optimized for
minimum trace length and maximum trace-to-trace distance. The
boundary conditions for electrical design of the inner (outer)
readout chamber pad plane were the line width of four (8) mil3

and the minimum distance between lines of 13 (31) mil.
The pad plane connectors are standard for vertical connection

of flat flexible cables. They have 23 pins each with a pitch of
1 mm. Six connectors in the radial direction are grouped to
connect to the 128 readout channels of one FEC; four of them use
two ground lines and two use one ground line to connect the
ground on the pad plane with the ground of the FEC. The cables
themselves are flexible KaptontTM cables, 8.2 cm long.

3.2.8. Pad plane capacitance measurements
An important optimization parameter of the pad plane is the

minimization of the pad and traces-to-board capacitances. One
way to reduce the pad-to-board (ground) capacitances is to make
the traces as short as possible. Typically, traces from the border
pads to their connectors are the longest ones. After optimization,
i.e. basically overwriting auto-routers choice ‘by hand’, the
capacitances were generally below 9 pF and as low as 6 pF for
the shortest connections.

3mm

3mm

3mm

1.25mm

2.5mm
2mm

2mm

3mm

1.25mm
Gating Grid

2.5mm 2.5mm
Cathode Wire Grid

2.5mm

Anode Wire Grid

Pad Plane

Inner ChamberOuter Chamber

Fig. 10. Wire geometries of the outer (left) and inner (right) readout chambers.

3 1 mil¼ 25:4mm.
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CROC Infill Ideas

No parallel  
sides

Exploit gaps 
for light injection 

and/or light 
collection?

Entire ROC plane must be gas 
tight.



Gas + Water System

•Gas system 

‣Need Argon+CH4 system for inside field cage 

‣Perhaps also a CO2 recirculation system to voltage buffer region 
between containment vessel and pressure vessel 

•Water System 

‣Cooling water for resistor chains? 

‣Cooling water for electronics 

‣In ALICE this ran below atmospheric pressure



Detector Support Structures

•Will need to fabricate new support 
structures. 

•Can start with the ALICE design to 
hold the readout chambers 

•But maybe need some modifications 
to accommodate central readout 
chambers 

•Need an articulated arm to insert 
chambers into structure. (Could 
borrow an arm at BNL.)



Electronics + DAQ

•Signal inverted and faster in GAr compared to LAr 

•FNAL designing adapter board to host v1 LArPix, to be tested in GOAT 
test stand  

• If successful, then make branched version: modified LArPix -> FastArPix 
(faster clock, inverted signals) 

•Some interest expressed in DAQ, but no active work yet

ALICE has 570k channels.  New central chambers 

could add ~100k more channels to this 



Light Collection and Gas Mixtures

•Ar gas mixtures fluoresce in the near-infrared.  Could provide a useful 
timestamp 

•Light is related to choice of gas mixture 

•ALICE did not have a light collection system, so if we want to use this 
light, a light collection system must be designed from scratch (and likely 
needs to be incorporated into field cage structure as well)



Calibration and Monitoring

•Need detailed maps of internal and 
external B-field 

•Monitor temperature, gas 
composition, drift velocity, … 

•For calibration, can start from ALICE 
design, or start fresh 

•ALICE design:  

‣laser calibration system 

‣radioactive krypton calibration 

‣constant monitoring of 
temperature and gas composition

TPC drift volume at predefined positions. The laser events can be
generated in special calibration runs or interspersed between
physics events. To obtain the best precision of the measured
tracks, the preferred geometry is one where the tracks have
constant drift times and are perpendicular to the wires. For this
configuration, clusters are smallest and the electronics and
reconstruction programs give the best possible single point
resolution. Simultaneously, a extensive coverage of the full
drift volume is desired. This led us to provide tracks in planes
at constant z, of which some radiate with approximately constant
j. Tracks generated at different z throughout the drift volume
allow easy determination of drift velocities from single laser
events.

Most metallic surfaces have work functions below 4.66 eV and
emit electrons by photoelectric effect when hit by UV light above
this energy. Being a first order effect in the light intensity, a
considerable amount of low energy electrons are seen from the
diffusely scattered, time correlated UV light produced by reflec-
tions. The signal from the aluminum surface of the central
electrode is used to give a precise picture at the maximum drift
time across the electrode.

7.2. System overview

The idea of generating hundreds of narrow laser beams
simultaneously was developed for the STAR experiment and
was modified appropriately for ALICE. The basic principle is that
the narrow beams are generated very close to the drift volume by
optics in a mechanically very stable configuration. Fig. 45 shows a
sketch of the principle.

A commercial laser outside the TPC generates an energetic
pulsed beam of UV light with 25 mm diameter and very low
divergence. Through an optical system of semitransparent beam
splitters, mirrors and bending prisms, this wide beam is split in
several lower intensity beams and guided into the TPC at different
entry points through quartz windows. The wide beams travel
along the inside of the hollow outer rods of the field cage, used for
holding the mylar strips that define the electric field. Inside the
rods, the wide beams are intersected by a number of very small
mirrors (1 mm diameter) that each deflect a small part of the wide
laser beam into the TPC drift volume. The dimensions, points of
origin and directions of the narrow beams are given by the size,
positions and angles of the micromirrors and only to a very minor
degree by the parameters of the wide beam. The micromirrors are
grouped in small bundles and placed along the length of the rod
so that they do not shadow each other. The undeflected part of the
wide beam is used for position and intensity monitoring by
cameras placed at the far end of the rod. All elements of the
optical guidance and splitting system are static, except for a few
remotely controllable mirrors used to fine tune the beam path.

Six rods in each half of the TPC were equipped with four
micromirror bundles each. Each mirror bundle contains seven
small mirrors. The wide beam originates from one laser for each
TPC half and is split and guided into the six rods. The two lasers
are synchronized to provide simultaneous laser pulses in the full
TPC, thus resulting in a total of 336 simultaneous narrow laser
rays in the TPC volume. It is also possible to operate the system
with just one laser for the full TPC using an additional beam-
splitter near the laser.

7.3. Optical system

7.3.1. UV lasers
Energetic pulsed laser light in the UV region is obtained from a

Nd:YAG laser ðl¼ 1064 nmÞ equipped with two frequency

doublers, generating pulses of UV light of 266 nm wavelength.
The same kind of laser was used for the STAR experiment at RHIC
[48], and also in NA49 [7] and CERES/NA45 [50] at the CERN SPS
and ALEPH [51] at LEP. The typical beam diameter from this kind
of laser is 9–10 mm, but our lasers were fitted with telescopes to
expand the beam diameter to about 25 mm. The power density of
the narrow beams is given by that of the wide beam inside each
rod. A 40mJ=mm2 density in each of the beams translates into a
requirement of the total energy out of the laser of 100 mJ per
pulse.

The laser from one side of the TPC was provided by Spectron
Laser Systems Ltd, model SL805-UPG. Operated in Q-switched
mode, it provides 130 mJ/pulse of $ 5 ns duration at 266 nm
wavelength and a repetition rate of 10 Hz. A computer controlled
tracking system continuously optimizes the orientation of the
second frequency doubling crystal to compensate for temperature
drifts. Built into the laser is a beam expanding telescope to enlarge
the beam diameter to 25 mm and reduce the beam divergence to
$ 0:3 mrad. Close to the laser, the beam has a flat intensity profile
across the beam spot which develops smoothly into a Gaussian
profile after 20–30 m.

A second laser for the other end of the TPC is a similar
Q-switched Nd:YAG laser from EKSPLA uab, model NL313,
similarly fitted with a computer controlled frequency quadrupling
system and beam expanding telescope. It provides up to 150 mJ
pulses at l¼ 266 nm and 3–5 ns duration at 10 Hz repetition rate.
After the expander telescope, the 25 mm diameter beam also has a
flat top profile and a divergence of o0:5 mrad.

The lasers are triggered by a fixed rate 10 Hz external clock,
such that their pulses are synchronized to each other and to the
readout clock of the TPC. Both lasers are placed in optically stable
conditions in a hut outside the L3 magnet at z$ % 10 m, 2.5 m
under the LHC beam line. Together with the actual laser heads and
their power supplies, the hut contains remote adjustable mirrors
to point the wide beams in the correct direction toward the TPC
and remote control electronics for the lasers, monitor cameras
and adjustable mirrors. Each laser beam is deflected through a
‘knee’ of one fixed and one adjustable mirror before it exits the

Fig. 45. Schematic 3D view of the TPC and the laser system. Two wide pulsed laser
beams enter horizontally at the bottom of the TPC and are guided around the two
end-caps by mirrors, prisms and beam splitters before entering the TPC. Bundles of
micromirrors in the hollow laser rods intersect the beams and generate a large
number of thin rays in the TPC drift volume. The undeflected part of the beams
continue through the monitor rods to cameras at the far end. All elements are fixed
mechanically, except for the remote controllable entrance mirrors at the bottom.
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sPHENIX Laser Calibration

•Unlike ALICE, accesses TPC from the sides, not via the support 
structure

From T. Hemmick’s talk



Other Calibration Ideas

•Can also bounce light off of 
central electrode  
(MicroBooNE had a movable 
mirror) 

•X-ray gun  (ALICE studying 
this for run 3) 

•External micromegas tracker 

‣Could be useful between 
LAr and ECAL From  M. 

Vandenbroucke’s   
sPHENIX TPC 
monitoring talk  

at Mini workshop



R&D and Prototyping Needs

•Specific high priority R&D items: 

‣Test breakdown voltage of planned gas mixture 

‣Light production tests 

‣Readout electronics 

•Other prototyping 

‣Field cage 

‣Central readout chambers 

‣Calibration system  

‣Light collection 

‣Integration testing



Summary

•Many large components and systems will need to be engineered and 
fabricated. 

•We will hear more about many of these systems and test stands in the 
next few talks. 

•We welcome new groups that might be interested in collaborating on 
these systems.  

‣~Weekly Tuesday 10 AM Central / 5 PM Central Europe MPD 
meetings 

‣Mailing list: dune-nd-gastpc@listserv.fnal.gov  (Can request to join 
via “DUNE At Work” page.)


