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Time Projection Chamber

(1

Primary lonization ——> Charge Multiplication ——— > Readout

[1] STAR TPC http://www.star.bnl.gov/public/tpc/tpc.html e - —— 4
[2] Tech-Etch: http://www.tech-etch.com/flex/images/Gem-Foil.jpg UNIVERSITAT FREIBURG "‘P’w [ i \
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Concepts * TPC Part | ——
° GEM
° TimePix
Diploma thesis e Construction of the test chamber Part Il |—
e Calibration of TimePix chips Part Il ——

° Studies on pixel enlargement
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concepts




~incident

particle field cage 1. Charged particles ionize gas
cathode =7 o N i a"gde 2. Primary charge drifts along
the electric field E towards the
oo 9 v end plates

Ve (= (7

1. ionisation 2. drift 3. registration Magnetic field parallel to E

@\ « (% . .
reduces transverse diffusion and
©\@ v allows measurement of the particle
v ¢\ © momentum
~ Qe ¢ Positive lons distort drift field
© ©\© (5

3. At the end plate the primary

electrons are multiplied
(4]

Readout of the signal

- Projected track (2D plane)
- Time (spacial depth)

[4] LCTPC group: http://www Ictpc.org/e8/e57671/ UNIVERSITAT FREIBURG_ “NW I-J'-\
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Principle

charge multiplication in strong electric fields within holes

copper

Geometry * 50 um thick foil made of Kapton (insulator) coated with copper
* conical etched holes with 55 pum diameter

Features * fields in holes (60-80) kV/cm
* effective gas gain 0(100)
* multiple GEM layers necessary for high gain
* positive ion backdrift to drift volume minimal

[5] Sauli, F. ; Sharma, A.: Micropattern Gaseous Detectors. In: Annual Review of Nuclear and Particle ~ = —
. Science 49 (1999) UNIVERSITAT FREIBURG l_r-\_
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Alternative technologies:
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[6] Ropelewski, L.: RD51 2009 meeting summary ) l J\ l \ [ R\I I \ ] f R“ l’l JRG N \
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MediPix Applications

4
X-Ray imaging phase contrast imaging
' 14 1t 22
12
T 10 2 g
E =
S 18 &
G 6 g
e =
> 4 16 ©
2
AP (3] . , 14 18
(photography) X-Ray 25 kV, 300 um Si sensor 0 2 4 6 8 10 12 14
. x Position [mm]
Picture: frog legs X-Ray 60 kV, 300 um Si sensor
Picture: NaCl crystal in glas tube
Neutron
tomography
Ell
(photography) ,standard’ X-Ray cold neutron beam,
Picture: cartridge 300 pm Si + =80 um LiF sensor

[8] Bartl, P.; Phasenkontrast-Bildgebung mit photonenzéhlenden Detektoren, University of Erlangen-Niirnberg, 2010 — — -
[9] Jakubek, J. et al.; High Resolution Neutron Tomography with MEDIPIX-2, Czech Technical University, Prague, 2004 U \ ] V [ R\l [ \ l [ R I ”’)l_’R( 2 .‘-| |

o\
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MediPix family

Concept:

MediPix 1 * active area 1,2 cm?

* matrix of 64 x 64 pixels
* 1,6 M transistors/chip

* 170 x 170 um? per pixel

Hybrid-Detector —
readout electronics and
sensor are separated

* 1 discriminator per pixel
~. [10] * 15-bit counter
* threshold (whole chip): = 1500 e-

*1,4x1,4cm?
* matrix of 256 x 256 pixels
* 0.25 um CMOS technology (33M transistors/chip)

* 55 x 55 um? per pixel
um"perp MediPix 2

|

* serial or parallel I/O (min. readout time of full
matrix 266 ps)

* preamplifier/shaper (t,, = 150 ns)

* 2 discriminators (lower and upper threshold)

* 14-bit counter

* threshold (whole chip): = 1000 e

2001

2006

[10] http://medipix.web.cern.ch/medipix/pages/images.php : U \I\LR\”A] “’\[“”_l_’Rq(zM

Vi l \
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Motivation: A modified MediPix 2 chip for TPC applications

knowing the time of arrival of avalanches at pixels
—> use 14bit counter not for counting the #hits, but for counting clock cycles

charge sensitive area

t  Filf GER =l | * (only lower threshold)
( uzde ) e clock up to 100 MHz in each pixel
g AEE * threshold (whole chip): = 700 e
2 . * 4 different modes possible
3 1
_ t
;5 e oE ¥ modes definable for every pixel
=y - | i .gg..! : using a “map
y f1 - L % .. 1y

55 pm >

-

TimePix single pixel with active area (green)

[11] Llopart, X.: TimePix Manual v1.0, CERN: MediPix2 Collaboration, August 2006

UNIVERSITAT FREIBURG | X
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Pixel operating modes

Discriminator signal

vnltagex

threshold

?ET time

signal shape of charge deposition of a pixel

Shutter window [12]

. o e
[12] Ummenhofer, M.: Inbetriebnahme einer Zeitprojektionskammer mit Pixel-Auslese, University
. of Bonn, Diploma thesis, 2008 . UNIVERSITAT FREIBURG ﬁ\_
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~~__GEM + TimePix

HV
3-GEM setup T Drit
' Cathode
fr 1y Drift Gap 4
_"‘}_—_“j--- - .. GEM
‘ Transfer Gap 5‘—3
oooooooooooooooooooooo J“ ‘I- - - - - - - - - é GEM
Transfer Gap 3
NS “‘ w
- - GEM
AR f"“&( Induction Gap
3
L Readout
¥ pca 3]
Readout

Electronics

resistive voltage devider:
same potential difference (AVggy) per GEM

* Triple-GEM-Setup: Gas gain up to 10° in ArCO,

* Necessary as charge is spread over several pixels
* few e” per channel (strong diffusion effects within the GEM-stack)

Consequences —> high gas gain necessary for detection of minimal ionizing particles

—> large number of positive ions created

[13] Modified from http://gdd.web.cern.ch/GDD/compass.html U \']\ LR\I I\ ] F R[ “’)_l_”‘{(; M — \
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Illustrating clusters ———— fgez

Event display

[ke"]
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5,9 keV Fe>> clusters
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Pixel

UNIVERSITAT FREIBURG . | |
Markus Kohli W



—~__Pixel geometries

Motivation: enlarged pixels

TimePix
(original)

* more charge per pixel
—> higher probability of detection

[11]

* less gas amplification needed —> fewer positive lons 1x1
* optimization of spatial resolution vs. pixel size .

2x2
sensitive area ™
5,9 keV Fe>> cluster
1x1 <€ > 2x2 inactive

Postprocessed chips (Bonn, izm)

s passivation
metallization v
* 1x1: metalliziation extended from I —
~20x20 um? to ~50x50 pm?
* 2x2: 3 of 4 pixels passivated, then metallized
pixel size 105x105 pm?
« 2x2: according to 2x2, no pixel connected
* 3x3: according to 2x2

6 um

bump bond pads

profile - postprocessed pixel

: UNIVERSITAT FREIBURG_ 0 | (-
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Tracks in small TPC

tracks recorded on 500—_I I 1 1 I 1 I 1 J I 1 I I I I 1 I 1 -I 1 1 j__ 3
Quad-chip board - ] -
'.‘ 4001 1 =600
universitatbonn 300: P 1 500
L 5x5 = ] 4
- 1 1400
- 1x1 ’_ .
Charge spreading (vyons 150 Gev) 2000 . oo
[— 800_'_ T 1 T T I T T T 1 I T T I T T T T 1 T T T I _] : . : 200
£ - _ 1 100 s .
= 700k transverse resolution * 57 [ 18100
@] - _— : : ™ & . - . 5 .
~ - - I - iy _
r - ] Lo v v b e by e oy
800t 1 % 100 200 300 400 500 °
500 = ’
: SR Chip | o [um] | D, [um/Nem]
400E E (1x1)  (56.4£0.1) (138.264 + 0.005)
300 _ (5:5) chip (2x2) (55+1) (139.0 £ 2)
200F- (44) chip - (4x4) (68 £ 13) (140.0 + 0.5)
C (2x2) chip N
100F TN : (5x5) (75 £ 9) (146.4 £ 0.6)
: — single electron E
0 1 1 1 1 | 1 1 1 1 | 1 1 1 I | 1 1 1 1 dl’ffu_sllonl 1 1 | [14] ‘ '
0 50 100 150 200 250 g
z [mm] only statistical errors
[14] Schultens, M.; Teststrahl it hoch, I Ausli iner Zeitprojektionski NMVERSIT * B : 3 A\
bei verschiedenen Pixelgrafien, Diploma thesis, University of Bonn, 2010 UNIVERSITAT FREIBURG |
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est chamber




—~— Systemrequirements 2

12

Goals

* modular construction
* non magnetic materials
* gas-tight (several gases)
* DAQ for
temperature and pressure

Devices:
* GEM (12x12 cm?) incl.
* high voltage, 8 potentials
* variable position (height)
* TimePix
* simple exchange of chips

Experiments with:
* N,-laser (UV)
* testbeam
* radioactive source

UNIVERSITAT FREIBURG i M
Markus Kohli | -



Determine ¢ placement of gas in- & outlets
* quality of gas flow
* pressure variations

Procedure * use reduced model geometry
* start with detailed computational mesh
(high computing time)
* reduce number of mesh points
as long as results not differ

0.00237
0.00213
0.00189
0.00165
0.00142
0.00118
0.00094
0.00071
0.00047
0.00023

0
velocity [mis]

0.00237
0.00213
0.00189
0.00165
0.00142
0.00118
0.00094
0.00071
0.00047
0.00023

0
Velocity [mfs]

!

¥’/

UNIVERSITAT FREIBURG vﬂw M
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—~~__Of materials and sensors —— :

Materials

Markus Kohli

Structure

all non magnetic, non corrosive

Stainless steel
316L (weldable)
304L (cheaper)
Aluminim- & brass-alloys (lath work)

Seals
EPDM & FKM (not outgassing and inert)

Windows
Plexiglas (top cover)
Fused Silica (UV Laser)

L

/
]
N

Sensors

Temperature

PT1000 resistors, class Y, 4-wire measurement
(Prec. 0,1K + 0,0017 - AT)

Pressure
piezoresistive thinfilm strain gauge sensor +

transducer
(Prec. 0,18% in 0...1,6 Bar)

Charge
pA charge amplifiers
( 215'515 V/pc )

Data Acquisition

Agilent 20 channel multiplexer
(34970A with 34901A)

UNIVERSITAT FREIBURG 4
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flange
CF flange
gas inlets
Laser / e-beam
window
UNIVERSITAT FRElBURG':I,;. ' L_AL
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GEM-stack carrier SHV-connectors (9x)

pressure sensor

- “ .";f . . .
L S—— — TimePix & electronics duct
I . ". 1 H .
Tl >

"‘

UNIVERSITAT FREIBURG !
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move-out

Markus Kohli

to charge amplifiers

bearing

TimePix

(upside down view)

readout board

adapter boards

~ connector for electronics

TimePix

UNIVERSITAT FREIBURCd:ﬂw L_}»\_



Drift [

Markus Kohli

TimePix

ISEG GEMD oben
FHasesop :r; ,?E'L"A GEMD unten
GEM1 cben = I
gﬂh GEM1 unten 1
Z‘nh GEM2 oben |__|
HV gnﬁt GEM2 unten
.} Druck dTRANS p30 404366 [~ -
- Agilent Temperatur 4-Draht 1 PT1000 (K. Y)
“’T'.IA Temperatur 4-Draht 2 PT1000 (K. ¥) o
349014 Ladungsverstarker 1 =
Ladungsverstirker 2 [ oa
A2V
Spannungs- | GHND
quelle + 13
J—J
VHDCI 40 Kanal
PC MUROS L
Dals : J Testpuls | TimePix
Nos2s2 USB-Interface shutter | PCB
usB|
Phillips
Pixelman
NI DIO-6534 PM 5786
use | — Gate | SRS
DG 645
MPix Triggarsd 5 g
igired | trigger timing
[D-Sub Dusy umnit Gate =
Photo-
Laser diode

UNIVERSITAT FREIBURG “ﬂw L
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lifting table —

\ ‘
| — readout board

red = seals

UNIVERSITAT FRElBURG-:Rw L_AL
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performance of enlarged pixels

1 charge calibration




—~__Pixel calibration

Procedure:
* test pulse at test capacity Ctest (ca. 8 fF) TOT counts depend linearly on the
injected charge on pixel deposited charge
TOT=b-Q+a
4 bits thr Adj A

Mask

B Timzpix \ threshold

«~— Testbit POIC!I"‘iTY ‘

voltage

A time
Test Input [11] ToT

Until now: calibration chipwise (mean over all pixel)

but...

UNIVERSITAT FREIBURG i |
Markus Kohli W =




Problem:

...Every pixel has its own response function

THL [DAC value]

55 Pixel[128-128]
Kmim Pixel[0-128]
e Pixel[255-128]

current in discharging flank varies from pixel to pixel

--------------------
----------

(Detail TimePix)

—> Would a pixelwise calibration improve the TOT=b-Q

+a

charge calibration?

\||||)<1(:'3

Llopart, X.; Design and characterization of 64K pixels chips working in single photon processing mode, 2007

18 rotie]

Markus Kohli
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Precision of the fit parameters
for slopes
I — (2,13+£0,12) %
P1

Width of overall chip slope
distribution

1"_
?S = (3,244 +0,007) %

Assuming this chip distribution
results from a convolution of ,true’
distribution and slope error, the on-
chip variation is

(2,45 +0,10) %

Markus Kohli
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Remarks:

* local variation in slope
* slope not anticorrelated to offset

Markus Kohli

[8/sjunod] Bunbiayg
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x10°
1= = fal
700 o unmaskiert 1.4 ; unmaskiert
— Mittel 0.0029079 + 2e-006 _ Mittel -3.822 + 0.014
: RMS 0.0002572 £ 1.4e-006 [ RMS 1.902 + 0.01
600 L maskiert 12— maskiert
: Mittel 0.0028594 + 6e-007 : Mittel 0.987 + 0.003
— RMS 0.0001406 + 4e-007 — RMS 0.705 = 0.002
500 — 1
400— 0.8
300— 0.6—
200(— 0.4—
100 0.2
C s st ittt i 1 o1 (107 07 PN I R T I
2 24 26 28 3 32 34 36 38 4 42 5 . 10
Steigung [counts/e] Achsenabschnitt [counts]
. connected pixels
Conclusions:

* counting e (slope) not affected
* virtual threshold (offset) of connected pixels higher

unconnected pixels

——> Passivation affects physical behavior of pixels

UNIVERSITAT FREIBURG v | o
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performance of enlarged pixels

2 preparing data




Examples of some

original

.3 00T :xew

2 00TT :xew
) 00LT :Xew

All examples:
clusters of 5,9 keV
5Fe decay at
AV = 385 V

UNIVERSITAT FREIBURG | |
Markus Kohli W



—~__ Cleaning thedata :

* charge or
* area

Problem: there are clusters with wrong information for -[

Types of ,undesired’ clusters:

cut by defect row delta-electron

multi-clusters cut by edge of chip

|

X-y axis small distance
correlation>0 from edge

—> cut on these parameters

UNIVERSITAT FREIBURG J-V M
Markus Kohli J T



~~—__Qualitative illustrai

edge cut

. ad E)
o, %~ “Fe AV, =380V .
o Kantenschnitt 5 . . =
3
T
P} 0

40

before cuts :

. after cuts

o o | .
0 x
o 50 55, = = - - . w 503
- Fe AV,,=380V - N L N *Fe AV =380V . .
i 20— o
g ungefiltert - B o [ gefiltert Lt L, .
o - 3 L " . " oa - M |
3 L " - " . 1 .,
w P s L "L - et "
o 0 40— " 1 .
35 r B -
r s [ Untergrund - h *
[ B verbleibend
30 k& [ r nach Filterung . w
200 250 30— .. = =
- Fliche [Pixel] r
r "a 25
. L ™ -
. . x-y correlation cut L HS
20 2
20— . .
x10° L - =
[ [ 3
" 2 T ®Fe AV,,=380V = N sokev "
@ | Korrelation>0.1 ® r R '
3 - =
10 "' T | 10— . 10
= wl- d L .\
R | . Argon-Escape-Peak
i . sr :
[ EATI  RA RN o : * B ka?. .| |
) 50 100 150 200 250 ol 0 1 T T L1 T o
Fiche [Pixel] i (] 50 100 150 200 250
i » Fliche [Pixel]
20— 15
F ep.
10— - -
F Ao e a .
| =s .:
L e .
- s
Ry T
0 -h"'\ | L 1 L 1 I L 1 1 L | 1 L 1 L I L 1 1 L | o
[ 50 100 150 200 250

Flache [Pixel]
UNIVERSITAT FREIBURG_» | Lo
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before cuts

after cuts

x10°
s -
| | signalregion Korrelation; p> 0.1 L
Eintrage 1464 500—
! Kantenschnitt: 5 r
Eintrdge 3267 B
Selektierte Daten N
Eintrdge 6058 400—
0.8 N
Argon B
Escape 5.9 keV C

300

200
04

Procedure

* define ,signal region’
* optimize cuts on

minimal signal rejection
maximum background rejection

02 1001t
ﬂo e x10° so- 5 m 5 bt 1o bt ain Lzl5 L Ix10®
Ladung [e] Ladung [e]
x-y correlation cut x-y correlation cut edge cut
edge cut w o w
.. . 5 Sehnit Schni

remaining entries £ oo T g 0o I
0.8;_ 4 A 0.8 N s i N i " i A 4 4
0.7; 4 i 07 4

= o
06— IR LI Vo 0.6
u.si— L] 0.5 A
0.4; " 04
o.aé— 03 . "
. . . o_zi " - 0.2 . [ "
signal rejection F - 5 .
. . 01— L - 3 . [ ]
baCkground reJECtlon : " " - L L . | L L 1 ‘ L L 1 ‘ 1 1 1 ‘ 1 1 1 | 1 1 L | L 1
“’| PRI T S NV S TN T B T T A "0 2 4 6 8 10 12
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 Kantenschnitt [Pixel]
XY-Achsen-Korrelatio..
UNIVERSITAT FREIBURG o !
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Compare spectra

Spectra of TimePix a

(same amplification)

TimePix <

29

> 1x1 postprocessed

< L Eintrage 3332 =180_— Eintrage 2940
120 A Vg 365V - AVgey: 365V
~ Funktion: Gau 160 [ Funktion: GauR
L Mittelwert [10%" ] - Mittelwert [10% ]
100 — 394+ 0024 140 — 6.775+ 0.031
Std.abw. [10% ] C Std.abw. [10%" ]
0.645+ 0.02 120 — 0.823+ 0.024
Auflosung [%FWHM] - Auflésung [%FWHM]
385+ 1.1 100; 28.6 + 0.8
80—
60:—
40—
20
O_I\\I|\III|I\II||I\\|I\\I|\\I rj\—l-h.—lllﬁ\x"os 6
0 1 2 3 6 7 0 e et Lo a0 gl Ix10
Ladung [e'] 0 2 4 6 8 10 12 14 16
Ladung [e ]
1x1: -« collects more charge
*leadsto better separation of energy
better resolution
NMIVFRSITAT FRFIR 3 X
UNIVERSITAT FREIBURG M| \
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performance of enlarged pixels

3 discussing clusters




—~_Comparison of clu

About cluster sizes

* Postprocessed 1x1:
clusters are larger than original
TimePix

* For enlarged pixels
—> more charge per pixel

—> clusters with less gas gain detectable

...but why is cluster size constantly
increasing?

Markus Kohli

[Pi&(‘el]
S

Flache
i =N
[ =]
o

300

200

100

*Fe ArCO,, 70:30

TimePix
PP 1x1
PP 2x2

PP 3x3

first visible clusters

y A \ .

B -

i $ o

. to pol

— ¥

i : ; f P b !

Tl‘llflllll;lkllfllll||||||||||||||||||||||||

320 330 340 350 360 370 380 390
AVgey V]

UNIVERSITAT FREIBURG .
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A look at kurtosis

Cluster shape

Model for electron diffusion
predicts gaussian shape of
charge cloud

—> KurtosisK=0

Result:

Kurtosis approaches a K < 0 for
* larger gas gain
* larger pixel size

—> clusters are more ,centered’

Markus Kohli

Kurtosis

o

-1

**Fe ArCO, 70:30

TimePix
PP 1x1
PP 2x2
PP 3x3

350 360 370 380 390
[V

A VGEM

UNIVERSITAT FREIBURG . | "y
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Bn
Cluster charge . xe
o 0.5— **Fe ArCO, 70:30
X =
* Postprocessed 1x1 : a L Tirepix
clusters contain more charge _é. ~ PP 1t A
than original TimePix ~ B2
S 0.4— PP 3x3 J
E =
* Not only area, but also 8, i l
charge / area increases s -
£
o 03— l Y
Conclusion: - [
0.2—
Cluster shape is influenced by - | {,
GEM amplification process itself _ + | X5
L " * x3 +
0.1— % t . Y #
- ¢
- -4 M
i by R
= I * L é Y Y = : "
0IIill?lllllI%II’ll.ll'llilI*IIII|IIII|IIII|IIII|III
360 370 380 390 400 410 420 430 440
AVigen! [V]

“ UNIVERSITAT FREIBURG N"J‘ \
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W pixel W :

Problem of ,cross-talk’:

clusters of 5,9 keV

. e s . . . %Fe d
At high amplifications passivated pixels show signals e cecay 2t

AVgey = 380 V
—> charge on connected pixels is reduced
—> avoid high amplifications
o c =
B — 160— 55
160 — x3 cluster *Fe - = 3x3 cluster ™F .
- AVGEM = 360 V e : B AVGEM 365 V ohne llc.'lbue:rrec:en CI-lJSters'
100 botmatiyoio) 1a0[— e Pees || without crosstalk
- mit Ubersprechen N _mi(pbersprechen With CrOSStalk
120 — Eintrage 2045 120 — Eintrage 5028
100:— “’“}
ao:— 80—
ﬁui 60—
40:— 403
20:_ 20}
a x10¢ oL x10°
0 20 25
’ 1Ifadung1s[e'] Ladung [e’]
,cross-talking’ is a function field strenght as well as of deposited charge
| / e . R 2 N | Ny
UNIVERSITAT FREIBURG Y \
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performance of enlarged pixels

4 general features




80

70

60

50

Energieauflosung [%FWHM]

40

30

20

1

Markus Kohli

Energy resolution

\i
ﬂ___é——é-;

*Fe ArCO, 70:30

- TimePix
- PP 1x1 1 Result:
o PP 2x2 * Pixel enlargement improves
~ PP 3x3 energy resolution
- ¥
- X t t
B ¥ ¥
n 1 ]
- ! iow W ;
— i ¢
B 1 . ¢ $ . ¢
[ ¢ ¢ v

1 Y
- A ! Best (3x3):
B ‘ P (17,5 + 0,5) %FWHM
TI | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
20 330 340 350 360 370 380 390

AVgem [V]
UNIVERSITAT FREIBURG J“"Ji M



—~—__Gas gain in ArCO,

Studies on gas gain

: - *Fe ArCO,, 70:30 } 2
et - =
Expected number of primary o TimePix 1 %
electrons from 5,9 keV in g B PP 1x1 i 7] w
ArCO,(70:30): 212 T B PP 2x2 t %
-4 | PP 3x3 * + —10° 3
107 — ¥ + i
Results: - i + .
* gas gains up to 3-10° could be achieved B i
* with pixel enlargement less potential B ‘{ _
difference / gas gain needed for same %
charge per pixel B % + { 10
10°— l J { ‘ :
| *I L 1 1 | ‘I L1 1 | L 11 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 |

330 340 350 360 370 380 390 400
AVeem [V

. UNIVERSITAT FREIBURG 'J‘J‘ \
Markus Kohli J T



—~—~—__ Summary ——— éy

* Construction of a test chamber:

— A modular chamber has been developed

— It features
= a quick and easy exchange of TimePix chips
= single potential definition for GEM-layers
* monitoring of pressure and temperature

= possibilities for Laser and testbeam measurements,
as well as characterization with radioactive sources

 Successful operation of postprocessed chips:
— 1x1 pixels collect more charge than TimePix original
— For high amplifications: passivated pixel cross-talk

* GEMs benefit from large pixels:
— Less gas gain needed

— Energy resolution improved
— Spatial resolution only slightly deteriorated

UNIVERSITAT FREIBURG J‘J\
Markus Kohli W







—~__ Charge per area

Charge per area normalized to TimePix 1x1
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Single electron de
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—~—~—_Passivated pixel

Ratio of clusters with cross-talk vs. average deposited charge
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slope slope error
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Pixel
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Spacial distribution of selectable threshold ranges
for each pixel (blue = small, red = large)
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Spacial distribution of signal time delays for each
pixel (blue = small, red = large)
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