op © ° Q\
position resolution BEAM N

Daniel Pitzl, DESY

DESY SiDet group, 13.1.2021
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resolution issues

e friends of resolution  enemies of resolution
» small pixels » large pixels
» optimal incidence angle » vertical incidence
» low threshold » high threshold
» thick sensors » thin sensors
» diffusion (vertical) » diffusion (inclined)
» uniform ionization » ionization fluctuations
» analog readout » binary readout
» 8-bit ADC or ToT » 4-bit ADC or ToT
» smart clustering » cross-talk

» delta rays
» electronics noise

» radiation damage

D. Pitzl (DESY): position resolution 2 DESY SiDet group, 13.1.2021



. TEST =&
how to measure resolution BEAM. & }&

e classical:
» reference telescope and one device under test (DUT)
> telescope should have better resolution than DUT
 independent:
» multiple DUT planes
» simple error propagation to single plane
e telescope-on-a-chip:
> edge-on
» need only one DUT

» Jow rate (few Hz)

D. Pitzl (DESY): position resolution 3 DESY SiDet group, 13.1.2021



sensor designs CMS

e 150 pm thickness (Uni HH):
» 5050 and 25x100 pm

e 285m thickness (PSI):

» 50x50, 25x100, and
17x150 pm

e ROC4Sens readout chip
(PSID):

» 50%50 um, 24’800 pixels

> flip chip bump bonding
(IZM)

» analog readout, no zero
suppression

» USB 2 DAQ: 180 Hz

8x8 mm active area

D. Pitzl (DESY): position resolution 4 DESY SiDet group, 13.1.2021
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DUT in the telescope EE?—\TIVT 1\

L
‘kbr . "
6
‘, , , Y
i

. . I : : # M, -
D. Pitzl (DESY): position resolution DESY SiDet group, 13.1.2021




DUT-telescope residual _

run 31166, chip 117, tilt 18°

o -

|
L

6000 — !

Landau peak clusters

D. Pitzl (DESY): position resolution

cmsdy8cq
Entries 38192
Mean 0.0010071
Std Dev  0.0124786
Underflow 186
Overflow 200
x2 / ndf 12.62/ 11
mean 0.0007456
sigma 0.004907
nu 11.64
area 3.698e+04
BG 19.64

-0.25-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 0.25
cluster - sixplet Ay [mm)]

60// 35
mm

e thickness 150 pm:
» 50x50 pm pixels
> tilt 18°, 5.6 GeV
» X2 overdepletion

» Landau peak

e residual width:
> 4.9 pm

e subtract track (3.4 ym):
> DUT 3.5 pm

DESY SiDet group, 13.1.2021



telescope resolution
Datura, threshold 5, 5.6 GeV, 21 mm spacing

” x1 0’
E 180 - trl d XCt
= .
B aon Entries 1863909
1 |22/ndf 7519/19
140—_ mean  0.0003086
120 L sigma 0.004059
iy _: nu 193.3
] )T area 1.799e+06
30—: BG 752.4
60 :
40 ot 12
3 Ax = x; — T
i ' :
20 -

5
—0.1-0.08-0.06-0.04-0.02 0 0.020.04 0.06 0.08 0.1
triplet dx [mm]

residual 4.1 pm = hit 3.3 pm

2 iy

e Ty
e

b RO 0 |

D. Pitzl (DESY): position resolution 8 DESY SiDet group, 13.1.2021



resolution vs incident angle /L

50

40

resolution x [umj

30

20

10

e Data
— Simulation (Pixelav)

%

10 20 30 40 550 60 70 80

track dip angle o [°]

D. Pitzl (DESY): position resolution 9

e 150 pm pixels

> thickness 285 pm
» threshold 1.5 ke

e Mminimum:

> 8.0 pm at 27.8°
> (at the Landau peak)

best dip = atan(p/t)

1

I 4

27.8°

150 x
285 um

DESY SiDet group, 13.1.2021



resolution vs energy loss

6.2 x 107 tracks, o = 19.0° (4.8 GeV)

x10°
90 1I TT | TTTT | II:II T | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T IE
B [= «= Data 7
u o Simulation (Pixelav)
% 80 :— { ] _:
2 700 — Fit to data =
% - | MPV = 22.01 ke 5
— 60K : c= 1.64ke =
= C ; ]
O C g 2
3 - .
= C ]
= 40 Pz =
30 f_ A _f
20F =
LI -
0 :l L1 | ; zl JIJ -; JIJ I. | I A-F A | { .:'iif; ..

010" 20 30 40 50 60 70 8080 100

normalized DUT cluster charge [ke]

D. Pitzl (DESY): position resolution 10

resolution [um]

5.3 x 107 tracks, o = 19.0° (4.8 GeV)

- Data -
—-=— Simulation (Pixelav) ]

ke
o
ra
L B

10 1 ;
Ilijgﬂd:

0 5
oVl

D':'t

10°
cluster charge [ke]

delta rays in the Landau tail
spoil the resolution

DESY SiDet group, 13.1.2021



multiple DUT's
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PCB with cutout: less material in the beam

(poor cooling: not possible for irradiated samples)
DESY SiDet group, 13.1.2021
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Dreimaster

———

* Resolution measurement \ -
by the triplet method L\

e three single chip modules:
» 20 mm spacing

» common turn angle
from O to 30°

» with cooling and A\ | —
housing e

 change of modules takes
~20 min

D. Pitzl (DESY): position resolution 12 DESY SiDet group, 13.1.2021



Dreimaster
test beam

e Dreimaster mounted on PI
stage:

» x and y movement

» O rotation

e (telescope not used)

» trigger scintillator

D. Pitzl (DESY): position resolution 13 DESY SiDet group, 13.1.2021



TEST =& . .
BEAM 2N Dreimaster residuals \ |\
-
run 1020, chip 146, turn 8° \ \
7 . : C B A
T . . Entries 483047 ol vitch 25
§. i i 2 / ndf ‘ * Ppixel pitc pm
£ 30000 . x2/n 47.21 /35
! 1 pCBs with Tomean 008032 | "« turn 8° (150 um thick)
o i cut-out | ] sigma 2.738
3 25000 L | nu 15.25 | « Landau peak clusters
c | area 4.493e+05
=~ 20000 't |G w2 | © 6Gev
- ! e Triplet residuals:
15000 - [ X ,+ X
: 1 > AX = XB — ATC
10000 _ » fit: 2.74 pm
5000 [ » unfolding tracking
i | and scattering: 1.8
i:l*v—------v——-——'r—"‘Jr k—v———-—v—-——— pm hit resolution
—60 -40 -20
du [um]
D. Pitzl (DESY): position resolution 14
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5 TEST
7y
% BEAM. momentum scan <_\ \

runs 1010-1020, chip 146, turn 8° = « & (&« = @&
10 -

e unfold resolution and
multiple scattering:

» momentum scan

e fit:

» residual? =
_ (scattering / p)? +
4- resolution?

Dreimaster residual width [um]
-\I
|

_ > triplet resolution:
2- e 2.2 pm
] one plane
L » single plane
1 e o TR resolution: 1.8 pm
0 1 2 3 4 5 6

momentum [GeV]

D. Pitzl (DESY): position resolution 15 DESY SiDet group, 13.1.2021



Dreimaster: turn scan

Dreimaster, 25x150 pm, 5.6 GeV, runs 1757-77

I
E
= ]
p ]
2 6 M
_= 1m - " H
o ]
g 357 -
4 -
] - " " T = -
|
3 = .
] C I
2-
1—: m  25x150 um Dreimaster
0_"|""|""|""|""|""
0 5 10 15 20 25
turn angle [deg]

D. Pitzl (DESY): position resolution 16

& TEST
o BEAM.

23%x150 pm sensors:

» Dreimaster triplet
fresh

optimal resolution at:
» atan(25/150) = 9.5°
2% minimum:

» atan(b0/150) = 18.4°

DESY SiDet group, 13.1.2021



rotated edge-on tracking AN

Planar pixel sensor with ROC4Sens readout

mounted on a rotation stage

beam: edge-on

D. Pitzl (DESY): position resolution 17 DESY SiDet group, 13.1.2021



& TEST

edge-on track = BEAM.
Entries 179
300 —
< 3
140 <
250
120
200
100
80 150
60 100
50x50 pm 40
pixels 50
20
0

0 20 40 60 80 100 120 140
col

D. Pitzl (DESY): position resolution 18 DESY SiDet group, 13.1.2021



rotated edge-on combined tracking

e small turn angle

e combine neighbouring
columns into one
measurement:

» effective thicker sensor
e triplet tracking:

YotV
2

o(ay) =o(y)-3/2

A‘)’ = 3/1 -

D. Pitzl (DESY): position resolution

row

110

105

100

95

90

0 5 10 15 20 25
col
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edge-on residuals

run 4693, PSI 25-06, edge-on, turn 1.6

E 45000 : Entries 505702
£ : x2/ndf  1046/75
< 40000 — mean 2 4e-15
a . sigma
O 35000
c - nu
5 30000 — area 4.859e+05
& ] BG
< 25000

20000 —

15000

10000 —

5000 — l
0 :——'——u—-'-!-!-!-ﬁ-!-ﬂ".;. — .lh-'-.—;-pﬁ-__'-——
-8 -6 -4 -2 2 4

D. Pitzl (DESY): position resolution

triplet residual [um]

20

TEST =&
BEAM. & :&

150x17 nm pixels

» edge-on with 1.6°
turn angle

» combine 4 columns

» Landau peak

triplet residual:

» width 0.4 pm

= single hit:
> 0.33 pm

> the best ever?

DESY SiDet group, 13.1.2021



RMS resolution [um]

D. Pitzl (DESY): position resolution

resolution vs threshold

7
]l o e 25 um edge-on
6] o
: ]
5] e
| ™
4—: ®
i ®
3—: o
. ]
] ®
2- ®
7 ]
] ® o T T e e P
1
0+ T L AL L NL AL IR AL U
0 5 10 15 20 25 30
signal / threshold

21

TEST =&
BEAM. & :&

25 nm pixels
> edge-on
» optimal turn angle

 threshold applied offline

* need:
> threshold < 0.1 signal

» for best resolution

DESY SiDet group, 13.1.2021



resolution vs pixel geometry EEAM N

E * a composition of
S measurements
% 4\} » with lines to
ﬁ 1o \N\d‘“\ 2 guide the eye
N i  most at optimal
v ‘d«\\q’ incidence angle
\N\
L ]
1 3 ¥ ¢ m PS|285um thickness
_ ‘ g e R4S 300 um
Y Mimosa 15 um
DEPFET 450 um
e SOl 500 um
10— . —
10 10°

pixel width [um]

D. Pitzl (DESY): position resolution 22 DESY SiDet group, 13.1.2021



data vs simulation

—
o

resolution [um]

-

PSI1 285 um

R4S 300 um
Mimosa 15 um
DEPFET 450 um
SOl 500 um
simulation 300 um

simulation 100 um

10—
10

D. Pitzl (DESY): position resolution

10°
pixel width [um]

23

&» TEST
o BEAM.

Bichsel simulation:
» incident angle

» ijonization
fluctuations

» diffusion

need thinner
sensors to avoid
diffusion limit
edge-on data:

> better than
simulation?

DESY SiDet group, 13.1.2021



summary BEAm N

e position resolution scales with pixel size:

» from 150 to 17 ym
e with signal / threshold = 10:

» resolution = pitch / 20 (at optimal incidence angle)
 edge-on telescope-on-a-chip:
» resolution 0.4 ym for 17 pm pixels at 600 pm thickness

» (better than simulation? correlation?)

e to do:

» Dreimaster with 17 ym pixels

e another talk:

» sensor simulation details

D. Pitzl (DESY): position resolution 24 DESY SiDet group, 13.1.2021



resolution vs tilt angle /L

3.0 x 10° tracks (5.6 GeV)

= N
=1 i e Data ]
= 30F — Simulation (Pixelav) -| « 100 pm pixels
> - ]
g 25:_ _I > thickness 285 pm
% - - » threshold 1.5 ke
S - ]
0 20 :_ _: °* minimum:
152_ - > 4.8 pm at 19.5°
; . > (at the Landau peak)
L AN
109 7 best tilt = atan(w/d)
51 = w_f
- ] / 100 X
0_||||||||||||||||||||||||||||||||||||||||||||_ d 2851_]_m
0 5 10 15 20 25 30 35 40 45
tilt angle a [°] /
19.3°
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Dreimaster: turn scan

Dreimaster, 50x150 pm, 5.6 GeV, runs 1873-93

E ]
= 14-
c ]
0 |
S 12-° °
5 |
g 1 ®
= 10-
] ®
8-
®
6 * ® e ®
° ° o*
® L

4_ ] o [ ]

2—_ e 50x150 um Dreimaster

e L ey s B A e o

0 5 10 15 20 25 30
turn angle [deg]

D. Pitzl (DESY): position resolution 26

& TEST
o BEAM.

50x150 pm pixel
Sensors:

» Dreimaster triplet
residuals

fresh

optimal resolution at:

» atan(50/150) = 18.4°

DESY SiDet group, 13.1.2021



PAUL SCHERRER INSTITUT

narrow pixel design T —

et n bt
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i R i e
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i i i i i,
G + i i i
f i e
i s s
it s i
e e it
s i i

e 150%x16.7 pm pixels
» design by T. Rohe, PSI
» with bias dots

» mapped to 50x50 ROC4Sens

» bump bond pad overlap induces cross talk

D. Pitzl (DESY): position resolution 27 DESY SiDet group, 13.1.2021



edge-on setup BEAM N

parasitic downstream setup in TB22, without telescope

D. Pitzl (DESY): position resolution DESY SiDet group, 13.1.2021



edge-on charge distribution A\

run 4693, PSI 25-06, edge-on, turn 1.6

3
» 1800 <10
E ] n Entries 1.676987e+07  charge distribution
= _|
9 1600 . + Mean 10.263 » normalized to
N 100 pm
1400 | ¥2 / ndf 15.48 /7 i
1200 | e tail = delta rays
] peak 7.79
1000 - FWHM 48.2%
800 #
600 -
I
400 -
200 -
0__H.'!.I""I""I"''I""I""III

0O 5 10 15 20 25 30 35 40 45
column charge [ke/100.um]
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row

edge-on track

TEST *AN\

BEAM. &

62
61
60
59
58
57
56
55
54
53
52
51
50
49
48
47
46
45

| Entries

120 |

-

0 10 20

e 150%x17 pm pixels

e turn angle 1.6°

» track changes row every 4" pixel

» ‘telescope-on-a-chip’

D. Pitzl (DESY): position resolution 30

30

40

50
col

300

PH [ADC]

250

200

150

— 100

— 50

DESY SiDet group, 13.1.2021



edge-on track BEAM N

2 166 | Entries 201 |
=165
164 -
163
162 - B
161
160
159

158 r
157 -
156 rl

500

PH [ADC]

400

300

155 -
154 -
153
152 -
151 | - 100
150 |
149 -
148 -

— 200

T ' ' ' ' T ' ' ' ' T ' ‘ ‘ ‘ \ ' ' ' ' T ' ' ' ' T -0
0 10 20 30 40 50
col

 most delta rays are emitted near 90°
» omit columns with large charge

» remaining pixel group has good resolution

D. Pitzl (DESY): position resolution 31 DESY SiDet group, 13.1.2021



MAD Ax [um]

position resolution

run 4693, PSI 25-06, edge-on, turn 1.6

Entries 3191857

O 2 4 6 8 10 12 14 16
column charge [ke/100um]

D. Pitzl (DESY): position resolution 32

18 20

TEST =&
BEAM. & :&

MAD = mean
absolute deviation

» measures width of a
distribution

suppresion of delta
rays stabilizes
resolution

DESY SiDet group, 13.1.2021



PAUL SCHERRER INSTITUT

ROC4sens trigger [J—_:

Vepr Vesh hold
Sty s e ’.
I Pixel |
| 1 1 ,
0.25 pm  24'800 I ! -
IBM | 2V oo
CMOS : /_\ _r Vana . Vana :
: Bump N\ ’ ’H_\'_‘I I__Km 1 |[ |
: <\ Pad / preamp-_ shaper—- I !
N\ g A T |
| T @ O S&H |
Calena 1 | _{ 5 JA per J_ Capacitor |
| .Y pixel |
Cal Pulse ! r & 1| j_D Sample & Hold i
' I
- r I ]
SR row i } | [ :
ShiftRegister [T ! |
0 N 1
\ Endof | T '
nao Vdd Vdd 2.5V i Output Amplitier :
I Column DV I |
I Fa fiy | I 1 I
| x155 | X !
I — I
: Pre Gyr _| I: rij‘ : : \ E
| L 41_{[ | ! b | aout
! PostGyr | N - ,{‘:} |
k= - -
T = N Y :
: | ! o 230mV |
| I | I
I | : | |
: | [ | : |
SR col | ! | :
Vref
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