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ILD TPC requirements

The R&D on a TPC for a Linear Collider is done in the LCTPC collaboration

Requirements for a TPC ILC TDR

Table, large TPC, for pad/pizel electronics

Parameter

B-field 3.5T

Geometrical parameters ?,i;g . ?8“68 m i 9350 mm

Solid angle coverage Up to cosf ~ 0.98 (10 pad rows)

TPC material budget ~ 0.05 Xy including outer fieldcage in r
< 0.25 X for readout endcaps in z

Number of pads/timebuckets ~ 105/1000 per endcap

Number of pizels/timebuckets ~ 10° /1000 per endcap

Pad pitch/ no.padrows ~ 1x 6 mm? / 213

Opoint 1 T ~ 60 pm for zero drift, < 100 um overall

Opoint N TO ~ 0.055mm/\/12 for zero drift,0.4mm for maz drift

Opoint 1D T2 ~ 0.4 — 1.4 mm (for zero — full drift)

2-hit separation in r¢ ~ 2 mm

2-hit separation in rz ~ 6 mm

dE/dx resolution ~5%

dE/dz resolution ~4 %

Momentum resolution at B=3.5 T | §(1/p;)
Momentum resolution at B=3.5 T | 6(1/p:)

107*/GeV/c (TPC only)
0.8x 107*/GeV/c (60% cov, TPC only)

~
~
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http://www.lctpc.org/e9/e56939/

ILD TPC read out technologies

There are 3 main options for the readout :

Micromegas with a resistive anode (ERAM), GEM, and Gridpix.
Feasibility and performance has been demonstrated in ILC conditions.

New ILD strategic goal is to adapt to conditions at high luminosity colliders. flaOTPa
: N/
Micromegas GEM

GridPix
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ILD TPC particle identification and material

M. Hauschild: dE/dx and Particle ID
Performance with Cluster Counting;
ILC Workshop Valencia 2006

B Excellent tracking device with low material budget

m 0.01 X, TPC gas Ol
m 0.01 X, inner cylinder : . e
m 0.03 X, outer cylinder g 5 s
m < 0.25 X, endplates (incl readout) E 6 ]
®m Material budget can be respected by different E s
technologies like GEM, MicroMegas and Pixels 8 4
m TPC between silicon detectors VTX, SIT and SET z
B Excellent particle identification :, .
10" 1 10 10° 10°

momentum (GeV/c)

Pixel readout is a serious option for the TPC readout plane @ ILC
or other colliders. Thesis Ligtenberg on a Pixel TPC.
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https://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_C_Ligtenberg.pdf

Pixel TPC
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GridPix technology

m Pixel chip with integrated Grid (Micromegas-like)
B InGrid post-processed @ IZM

B Grid set at negative voltage (300 - 600 V) to
provide gas amplification

m Very small pixel size (55 pm)
B detecting individual electrons

m Aluminium grid (1 um thick)

m 35 pym wide holes, 55 ym pitch

m Supported by SUS8 pillars 50 um high
m Grid surrounded by SU8 dyke (150 pym |

wide solid strip) for mechanical and HV

stability
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256 x 256 pixels
55 x 55 ym pitch

14.1 x 14.1 mm sensitive area

TDC with 640 MHz clock (1.56 ns)

Used in the data driven mode

m Each hit consists of the pixel address
and time stamp of arrival time (ToA)

m Time over threshold (ToT) is added to
register the signal amplitude

B compensation for time walk

m Trigger (for ty) added to the data
stream as an additional time stamp

B Power consumption
B ~1A@2V (2W) depending on hit rate
B power pulsing possible
B good cooling is important

Pixel chip: TimePix3
|

- 1200pm —— >
N,

Bus Controller
48 bit bus

nnnnnnn
BandGap
Global DACs
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Slngle hit resolution in transverse direction

0.5 g
0.45
0.4
0.35
0.3
0.25
0.2
£ 0.15
0.1
0.05

II[]II

T2K gas

fit to track-residual [mm]

D, 306 um/\(?
z0 4.18 mm

O, fro
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Results from Bonn-Elsa testbeam in 2017
https://doi.org/10.1016/i.nima.2018.08.012

O|||||||[|||||||

lIII|II][
4 6 8 10 12 14 16 18 20 22
z-position [mm]

T Dy = 306 um/+/cm

/—» x (beam)

p/c'“ip Rows (318 + 7 um/+/cm expected)

Columns

LCWS 2023 at SLAC

Single electron resolution 1n pixel plane:

o; = 059 + DF(z — 2)
Depends on:
- gy,0 = pixel size / V12
) Diffusion Dy from fit

Note that:

1 A hit resolution of ~250 um is ~25 um for a 100-hit
track (~ 1 cm track length)

. AtB=4T, Dy =25um/+/cm
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https://doi.org/10.1016/j.nima.2018.08.012

Pixel dE/dx performance

B dE/dx resolution measured with truncated mean technique
B From the single chip tracks; 1 m long tracks are made;
m nr of electrons counted in slices of 20 pixel and reject 10% highest slices
B Track-lentgh scaled by 1/0.7 to get an estimation for the dE/dx of a MIP
m Resolution is 4.1% for a 2.5 GeV electron and 4.9% for a MIP

m Separation S = (N, — Nmp)/0e

B 80 MIP-e separation for a 1 meter track

Entries

m A pixel readout can in principle within the
resolution (diffusion) separate primary
from secondary clusters. dE/dx can be
measured by cluster counting and
performance separation enhanced.
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https://doi.org/10.1016/j.nima.2018.08.012

QUAD design and realization

B Four-TimePix3 chips

m All services (signal 10, LV
power) are located under <
the detection surface
B The area for connections
was squeezed to the
minimum

B High precision 10 uym
mounting of the chips and
guard

B QUAD has a sensitive area
of 68.9%

m DAQ by SPIDR

39.6 x 28.38 mm
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QUAD test beam in Bonn (October 2018)

m ELSA: 2.5 GeV electrons
Tracks referenced by Mimosa telescope

B QUAD sandwiched between Mimosa planes
®m Largely improved track definition
B 6 planes with 18.4 um x 18.4 ym sized pixels

B Gas: Ar/CF4/iC4H19 95/3/2 (T2K)
Eqs = 400 V/Cm, Vgrid =-330V
m Typical beam height above the chip: ~1 cm

Published NIMA
https://doi.org/10.1016/j.nima.2019.163331

Mimosa Quad detector
—~— 7
2.65 mm <4 12.35 mm

Scintillator |

Tl

(@Bonn

JQQ.Qo'q
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Low: Field cage 7 7 )



z (drift)

T

, A/‘—; x (beam)

Columns
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— 0.15 us < ToT < 0.50 us (46%)

— ToT > 0.50 us (54%)

T

t

D, 212 um/Vem
O 158 um
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z0 (fixed) —-0.67 mm

e} 1111

III
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osition [mm]

Z_
D, =212 pm/\fcm

The D¢ value is rather high due to an error in the gas mixing (too low CF4)
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QUAD edge deformations (XY)

B Small deformations due to

-€25 === g 0- 1 E
m Dead zone between chips ? - ' o .
m Grounded region between chips :‘gzo ' : g
m Are corrected by: . I "X
m fitted correction function Al o0 g
m adding proper guard wire electrode 10 " .02
Grounded region 5“ —

i

| T Y T o T T T Y

o)
-
—
s |

x-position [mm]
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QUAD deformations in transverse plane (XY)

N
[¢)]
o
ki

= After applying fitted edge corrections £ ] g
= RMS of the mean residuals are 13 um § ol | o8
- e B . B e}
over the whole QUAD 2 | | ®oos €
15_'. i i =
= L L L L L L L B L B BN b K i 0'0405)
2000F x-residual bins inside selected area (RMS=9 um) i 3 =
R Al x-residual bins (RMS=13 um) = 10— 1 o.02
1800 z-residual bins inside selected area (RMS=14 um)  — B -
C ammemeee All z-residual bins (RMS=19 um) - i i
1600} = 5L i
14001 § = - -
1200 - oF i
1000;— _; - .
800 = ok
600— — N -
4001 = - i :
C . -10 f o s B
200 , = N .
Ol ad R co LT - i
0.1 -0.08-0.06-0.04-0.02 0 0.02 0.04 006 0.08 01

mean residual [mm] 0 5 10 15 22 posmii -

LCWS 2023 at SLAC Peter Kluit (Nikhef) 14



Next: QUAD as a building block

8-QUAD module (2x4) with field cage
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Nikl|hef DESY testbeam June 2021 "

UNIVERSITAT

Mounting the 8 quad module between the silicon planes
sliding it into the 1 T PCMAG solenoid

1Geire: LD

LCWS 2023 at SLAC Peter Kluit (Nikhef)



Nik|he
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DESY testbeam June 2021

UNIVERSITAT

DESY LCTPC-Pixel Testbeam

Run 6969 Event 2

Bfield 1.0 T beam momentum 6 GeV/c

1000
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Nikl|lhef DESY testbeam Module Analysis "

UNIVERSITAT

DESY LCTPC-Pixel Testbeam Run 6916 Event 12 Bfield 0 T beam momentum 6 GeV/c

© _ ¢ 1:22: o Event display with
S S = Preliminary module and telescope
o O 600 —
8 % 4007 - TPX3 track 1130 hits
z global 200F- Vxy =677.5/1128
030607600 01000 2000 3000 4000 5000 x*2 = 775.9/1069
y in pixels
y local Asymmetric tail outlier
z global . e 45 removal applied 1071
E  E GE hits in z kept.
r__DU o N 302—
o © 20F TPX3 track hits
2 ke, 15t Telescope track hits
N = RSO —
7~ N\ SRR

In Tnn ""2000  -1000 0 1000 2000 3000 4000 _50(|)0 N

¢ : y in pixels =

1G1PG I
18
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Niklhetf DESY testbeam Module Analysis "
Run 6916 B=0 T p =6 GeV UNIVERSITAT

800f E i 3
: fsooE ss0f 3505
- 700F 700F 300 300F
1001 600 600F ssof. 250
500F 500F : 200;
sl 400f 400F 200¢ ]
B 300F 3000 150F 150F
- 200F 200F 100p 100F
60 E E E b
- 100F 100F 50F 50F
: G:H\ saaalaaaa 1T P R FERE R C\\ G: Il Il L Il Il Il Il C: Il Il Il Il 1 1 Il
40 0 5 10 15 20 25 30 35 40 EEETET 20 25 30 3540 0 0.10.20.30.40.50.60.70.80.9 1 0 0.10.20.30.40.50.60.70.80.9 1
| track error xy (um) track error z (um) track error angle xy (mrad) track error angle zy (mrad)
20
: 8-quad module tracking precision:
[ ]

00 200 400 600 800 1000 1200 1400 1600 1800 2000

TPX3 hits on track pOSition 9 Mm (Xy) 13 Mm (Z)
964 selected tracks angle 0.19 mrad (dx/dy) 0.25 (dz/dy) mrad

' ' | kl h =157.
Impressive 1009 hits / track module tracklengt 57.96 mm

Note that in a B field because of the reduced

/N diffusion the tracking precision will improve
JN-THN, substantially o
i LD
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Nik[hef  DESY testbeam Module Analysis  [JZ#8
Run 6916-6918 B=0 T p=6 GeV UNIVERSITAT

Three runs at different drift distances

x10°

50000f 100 20000
é : 80000F
o) 40000} 801 70000F
\Q [ i 60000
@ 30000 60| :
QS [ [ 50000F
< [ I 40000f
Q‘\ 20000fF 401 :
i i 30000
10000F 20 20000¢
_ 10000F

C-IIII IIIIIIIIIIIIIIIIIIIIIII LL L O-III IIIIIIIIIIIIIIIIIIIIIIII L1 O:I IIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIII

~2-15-1-050 05 1 1.5 2 2-15-1-050 05 1 15 2 0 5 10 15 20 25 30 35 40 45

residual xy (mm) drift residual z (mm) drift distance (mm)

1§38 1L
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Nik|hef DESY testbeam Module Analysis "
Run 6916-6918 B=0T p=6 GeV UNIVERSITAT

Fitted hit resolution Ouy 2 = O’y 29 T D¥xy 2 (z —zp)
— F 2 — ~2 2
= o r 9) O“hi + O
g/ 0.7E DT 87 um/ = E 0.7E DL 273 Hm/ﬁ , xy0— Sszlx;a-lz 2xy tele
< 060 > N 06 ToT > 50 s O pixel= /12 pm
% 0.5F C  Sosf Oxy tele=35 1M
© 0.4F ‘— B o4
: g E | In red the curve
% B=0T | & % published single
02¢ - al 0.2 chip results
0.1 T2K* 0.1 E,=280 V/cm
O 541 56 5 35 35 s O 461 5 5 35 35 s T2K* = T2K gas
drift distance (mm) drift distance (mm) with admixture of
Jn TDN,
W T
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https://doi.org/10.1016/j.nima.2018.08.012

Nik|hef

DESY testbeam Module Analysis

L

Runs 6909, 6916-17, 6934-35 B=0 T p =6,5 GeV UNIVERSITAT =

Mean residuals in the module plane with acceptance cuts

0.1
0.08
0.06
0.04
0.02
0
-0.02
-0.04
-0.06
Q8

A
OQ(
\

<

N
Q
Q(

Vertical white
bands guards

0.1

0.08
0.06
0.04
0.02

-0.02
-0.04
-0.06
-0.08
-0.1
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mean residual xy (mm)

z (mm)

mean residual

There are clear
deformations in xy
for the chips in the
4 corners.

The field around
chip 11 (no grid HV)
is affected.

The Efield defined by
the field cage is in
these areas not
homogenous enough

22



Nikl|lhef DESY testbeam Module Analysis "

Runs 6909, 6916-17, 6934-35 B=0T p =6,5 GeV UNIVERSITAT ELIYI

Mean residuals xy in the quad plane no acceptance cut

Columns horizontal

e ey - Granularity 8x8 pixels
jeoooo? 0065 .
- 32;‘: f | Only small deformations
o : | at the chip column edges.
. _ o s | This means that the
00E 50100 150 200 250 008 ' guard and guard eres
column (pixels) 50 100 150 200 250 50 100 150 200 250 -
chip 2 mod 4 i chip 3 mod 4 are We” tuned_
At the column edges Prellmlnary

0.1

the efficiency drops

« 250F
and introduces a S 0.08
H . £ 200f
bias (in local x). :

—_
6]
o
T T T

P R R R B |
00 50 100 150 200 250 -

7/\|\ n mn N N
50 100 150 200 250
LCWS 2023 at SLAC chip 1 mod 4 column in pixels chip 0 mod 4 23



Niklhetf DESY testbeam Module Analysis "

Runs 6909, 6916-17, 6934-35 B=0 T p =6,5 GeV UNIVERSITAT
Distribution of mean residuals in the plane

Method row
oot Two methods (row/column) that group
> o3 the module plane were used
= i20F
c 1§§ rms bins rms
- _ a0f (stat) xy | xy (stat) z
C 20
o EEISsE i Al G| O (6 g 2ael ] A () i | 26
o Method column column 12 (7) um 2901 13 (8) um 2843
r 250F
200f : We did not include the 4 corner
160} 1o chips and (11), 14, 8, 13 and 19.
100 1001 These are affected by the field cage
sof s0f- and the short in chip 11. Ité@%)
-24154 1-0.05 0 0.05 0.1 0.15 0.2 -'2"4')'1'5'4'5'1”4')oé"(')"b""bé'b'i'b"1562
systematics module xy (mm) systematics module z (mm)
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Nik|hef Preliminary Conclusions "

UNIVERSITAT

B Preliminary results of the 8 Quad Module in the DESY test beam in June
2021 have been presented

One chip (nr 11) out of 32 was disconnected due to a short*
In run 6916 e.g. 964 tracks were selected with 1009 hits on track

B The tracking precision: position 9 (xy) 13 um (z) in angle 0.19 (dx/dy) 0.25
(dzdy) mrad for a module with tracklength of 157.96 mm

B The diffusion coefficients at B=0 T D,y = 287 um/ycm D, = 273 um/+/cm
Results for the module showed that:
m the HV of the guard wires was well tuned
B rms residuals xy 12 um and z 14 um. Deformations xy are below 12 um
B The results are compatible with (very) high stats quad measurement

|ﬁnn _ *Chip 11 was successfully repaired in 2023 in Bonn .
h ILD
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Simulation of ILD TPC with pixel readout

= To study the performance of a large details: PhD thesis Kees

pixelized TPC, the pixel readout was Ligtenberg
implemented in the full ILD DD4HEP
(Geant4) simulation

= Changed the existing TPC pad readout to a
pixel readout

= Adapted Kalman filter track reconstruction
to pixels

1 electron / hit
~ 200 hits / track ~ 10 000 hits / track 50 GeV muon track with
pixel readout

26

22 electrons / hit
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https://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_C_Ligtenberg.pdf

Performance of a GridPix TPC at ILC

= From full simulation the momentum resolution can be determined

= Momentum resolution is about 15% better for the pixels with realistic coverage
(with the quads arranged in modules coverage 59%) and deltas.

| LA B T T T ] T T T 1 | — g1800_| L L Y O || sensitive area (58%)
% —=— Pads ----a---- Pixels é — \ |:| Spacer zone (6.4%)
¢ 1 0—3 | n - 1600: b —3 B Guard (24%)
= C ] 2 s\\‘ I Module edge (9.5%)
E ] 3 1400 :® \ 7 Quad edge (0.7%)
— 1 i = - l:l Inactive columns (1.4%)
— :._;§\‘g

\ | 1200:—- \

1000==
104 = §
- 800F—
1 1 1 1 I 1 1 I 1 1 I 1 1 1 1 I 1 1 =,
. . . O . .S PO S = §

i 600
1.2

400 \
X \\\\\\\\\\ |,m|

10 20 30 40 50 200 400 600 800 1000 1200 1400 1600 1800 %&k
Momentum [GeV] x-position [mm] N
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Power consumption and cooling

The power consumption of the TPX3 chip is ~1 W/cm?.

At the ILC - due to the beam structure - the chip can be ran in

power pulsing mode. Reducing the power consumption by more
than a factor of 10.

The power consumption of the TPX3 chip can be reduced by
a factor of 5-10 by using different DAC settings.

Cooling remains important.
A test of the CO2 cooling of Micro Megas
integrated modules showed it works fine.

1In. Ton,
e TF LD
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https://agenda.linearcollider.org/event/9534/contributions/49851/attachments/37786/59257/MicromegasStatusAndPlans2022.pdf
https://agenda.linearcollider.org/event/10041/

Reducing the Ion back flow in a TPC

Part of the ions created in the avalanche drift back in
the TPC drift volume will cause (limited) distortions.

The Ion back flow can be reduced at ILC by using a
gating GEM gating device placed above the read out
module. The gate is opened and closed based on the
beam structure.

For a Pixel TPC a double grid structure will be developed Gate OPEN  Gate CLOSE
(see backup slide ) that reduces the ion back flow . B
without the need of gating. “SiE =

This will also allow operation with a more continuous

beam (FCC-ee/CEPC).
LCWS19 by Yumi

N Aoki (KEK))
& I n Tnn & >§'X'h=:”
N ILD
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Summary of the Pixel TPC performance

A single chip GridPix detector was reliably operated in a test beam in 2017
B Single electron detection => the resolution is primarily limited by diffusion
B Systematic uncertainties are low: < 10 pm in the pixel xy plane
B dE/dx resolution fora 1 m track is 4.1%

A Quad detector was designed and the results from the 2018 test beam shown

B Small edge deformations at the boundary between two chips are observed
B added guard wires to the module to obtain a homogeneous field

m After correcting the edges, deformations in the transverse plane shown to be < 15 uym
An 8-Quad module has been designed with guard wires

Preliminary 2021 test beam results are excelllent deformations (in xy or z) < 15 ym
A test beam @ FermiLab with the module in a TPC is planned (US Grant EIC)

A pixel TPC has become a realistic viable option for experiments

m High precision tracking like ILD@ILC in the transverse and longitudinal planes, dE/dx by electron and
cluster counting, excellent two track resolution, digital readout that can deal with high rates

P

1n. Ton, 1D
LCWS 2023 at SLAC lUr“ Peter Kluit (Nikhef) = 3



Back up slides follow
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Reducing the Ion back flow in a Pixel TPC

The Ion back flow can be reduced by adding a second grid to the device.

It is important that the holes of the grids are aligned. The Ion back flow is
a function of the geometry and electric fields. Detailed simulations -
validated by data - have been presented in LCTPC WP #326.

With a hole size of 25 ym an IBF of 3 104 can be achieved and the value
for IBF*Gain (2000) would be 0.6.

Ion backflow | Hole 30 um | Hole 25 pm | Hole 20 pm

Drift region

Top grid 2.2% 1.2% 0.7%
Second Grid GridPix 5.5% 2.8%, 1.7%
e.g.
GridPix 50 pm
transparancy 100% 99.4% 91.7%

LCWS 2023 at SLAC Peter Kluit (Nikhef)
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https://agenda.linearcollider.org/event/8508/

