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Operational Experience with the DEPFET Based PXD Pixel Detector at
Belle Il and Possible Improvements Utilizing Micro -channel Cooling

F. Abudinen™, K. Ackermann™, P. Ahlburg®, M. Albalawi™, O. Alonso®, L. Andricek”, R. Ayadd, V. Babu', Y. Bai', T. Bilka®,
R. Blanco®, M. Boronat", A. Bozek", C. Camien®, A. Caldwell™, V. Chekelian™, B. Deschamps®, A. Dieguez?®, J. Dingfelder®,
7. Dolezal®, D. Esperante’, M. Fras™, A. Frey®, J. Fuster", M. Gabriel™, K. Gadow®, U. Gebauer®. L. Germic®. T. Gesslerd,
DEPFET D. Getzkow!, L. Gioi™, P. Gomis', M. Heck®, T. Hemperek®, M. Hensel®, M. Hoek', J. Kandra®, P. Kapusta”, C. Kiesling™,
B. Kisielewski", D. Kittlinger™, D. Klose", P. Kodys°, C. Koffmane®, I. Konorov', S. Krivokuca®, H. Kriiger®, T. Kuhr*, W. Kiihn!,
P. Kvasni¢ka®, C. Lacasta’, J. S. Lange?, K. Lautenbachd, U. Leis™, P. Leitl™, D. Levit', G. Liemann®, Z. Liu®, F. Liitticke®,
L. Macharskif, C. Marifias®, S. Mccarney™, H. G. Moser™, D. MoyaP, F. I. Mueller', F. Miiller™, D. Miinchow!, C. Niebuhr!,
o o‘ J. Ninkovic®, U. Packheiser!. B. Paschen®. S. Paul', I. Peric?. F. Poblotzkif, A. Rabusov'. S. P. Reiterd. R. Richter”. M. Ritter*.
""#,mgd""\ M. Ritzert’, S. Rummel¥, J. G. SanchezP. B. Scavino', G. Schaller”, M. Schnecke®. F. Schopper”. H. Schreeck®, B. Schwenker®,
R. Sedlmeyer™, C. Sfienti!, F. Simon™, S. Skambraks™, Y. Soloviev’, B. Sprucki, R. Stever!, U. Stolzenberg®, M. Takahashi',
E. Tafelmayer", I. VilaP, A. L. VirtoP, S. Vogt™, M. Vos', C. Wangb, N. Wermes¢, C. Wessel®, P. Wieduwilt®, H. Windel™, H. Yef,
J. Zhao",

@ Universiry of Barcelona, C/Marti Franques, 1., 08028-Barcelona, Spain
" Institute of High Energy Physics, CAS, 19B Yuquan Road, Shijingshan District, Beijing, China
“University of Bonn, 53115 Bonn, Germany
dJusIustiebig— Universitit Gieflen, 35392 Giefsen, Germany
“II. Physikalisches Institut, Georg-August-Universitit Gottingen, 37073 Gdrtingen, Germany
TDeutsches Elektronen—-Synchrotron, 22607 Hamburg, Germany
EKarlsruhe Institute of Technology, Hermann-von-Helmholiz-Platz 1, 76344 Eggenstein-Leopoldshafen, Karlsruhe, Germany
K. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342, Poland
i Johannes Gutenberg University Mainz, 55099 Mainz, Germany
iInstitute for Computer Engineering, Heidelberg University, 69117 Heidelberg, Germany
*Ludwig Maximilians University, 80539 Munich, Germany
"Technical University of Munich, Arcisstrasse 21, D-80333 Munich, Germany
"Max Planck Institute for Physics, D-80805 Munich, Germany
"Halbleiterlabor der Max-Planck-Gesellschafi, Otto-Hahn-Ring 6, D-81739 Munich, Germany
?Faculty of Mathematics and Physics, Charles University, 121 16 Prague, Czech Republic
P Instituto de Fisica de Cantabria (CSIC-UC), Avd. de los Castros sfn, 39005 Santander, Spain
4Department of Physics, Faculty of Science, University of Tabuk, Tabuk 71451, Saudi Arabia
TIFIC (UVEG/CSIC), Edificio Institutos de Investigacion Apartado de Correos 22085 E-46071 Valencia, Spain

IAS Mini-Workshop, January 2019 Ladislav Andricek, MPG Halbleiterlabor



— SuperKEKBat Tsukuba, Japan M
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~50nm at IP

SuperKEKB ring (ﬂ\ER+LER} =

PIR—

+ Tsukuba SuperKEKB
e e s 1/20 x

- KEKB

w e+/e- collider, circumference ~3km, at Y(4s) resonance 10.58 GeV

w KEKBA SuperKEKB 4 0x | umi normamnotby ampg sadhe meod and )21%03 bm2glH e8rO [¥ladrig!le
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Machine commissioning schedule M
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w 3 Commissioning phases
9 Phase 1: ® half 2016, circulating beams w/o Belle2, just BEAST 2
9 Phase 2: spring 2018, first collisionsBelle 2 and part of VTX+ BEAST 2 system fotbackg. monitoring A L e #*@m—2s?
9 Phase 3: March 2019, final detector, final beam optics and collimators, gradual increase of the inst. luminosityA 8 0 [¥*cih?st
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— Belle A Belle Il

BELLE
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w Higher luminosity
9 Higher event rate, hi gher backgr ol
w Detector upgrade A Belle Il
9 New PI D component s, upgraded CDC ¢
9 New VXD: 4 layers DSSD + 2 DEPFET pixel layers




—) Belle Il PXD M

L/
L1 L2 — :
%_ 1401‘ Fit function: o = az+b—2
Module # ladders (modules) 8 (16) 12 (24) = 120;_\ P
g Distance from IP (cm) 1.4 2.2 § f\ _— Eineﬁﬁch;sﬂc (Dete) SIS
?Ev _ % 100 b= 343+07 umGeV/ic
- ThiCkneSS( n) 75 75 % 80 Belle Il single track events (MC)
o memmms g= 9.0zx0.1um
#pixels/module 768x250 768x250 © 60 b= 17.5 +02 yum GeVic
----#--=- Fitted ratio E"Bgne—n = 191002
E #of address and r/o lines 192x1000 192x1000 40
g Total no. of pixels 3.072x10 4.608x10 20° :
Pixel 3ize (1 55X50 70X50 _ L0
DCDDCDDCD DCD 6OX50 85X50 % 23 i + v 7
I —— 2 gt e s S '
Frame/row rate 50kHz/10MHz 50kHz/10MHz e A o e e E e e
T e 0 1 2 3 4 5 6 7 8
e Sensitive Area (mm?) 44.8x12.5 61.44x12.5

DAQ, data reduction
Data [[ Optical fiberl]] ROI selection
~05m Optical transmitter Dock Box Handling
. Hub 1 Optical fiber I| FTSW, clock, trigger
| I Camera link cable I (DHH)
Paten  pemeteable Vo  ber (Figh speed data) I [ Ethernet 1
atc 5 - 1 ) ata ern
I e Infiniband cablelﬂ i I — q Slow control
\ Power cable || ‘ ~ vy U Ethernet 1
[ Power cable 1 PS
Capacitors ~2m ~ 15m

Capacitors

IAS Mini-Workshop, January 2019 Ladislav Andricek, MPG Halbleiterlabor



DCDB (Drain Current Digitizer)
Amplification and digitization

A UMC 180 nm

A 256 input channels

A 8-bit ADC per channel

DHPT (Data Handling
Processor)

First data compression
A TSMC 65 nm
A CMand pedestal correction
A Data reduction (zero suppression)

A Drives data link

SwitcherB
A AMS/IBMHVCMOS 180 nm
A Gate and Clear signal
A 32x2 channels

w Pi xel mat r i

9 Only 4/768 rows active atime A low power in active area

IAS Mini-Workshop, January 2019

The DEPFET alilicon module M

F amplifi
ET gate clear gate Plifier

P*source —
ear

P+drain

b 1ol
b ol

active area

gate,,

clear,
n

by 1
b

b o
e

gate

clear

b ol
b

(@ pixel center)

SwitcherB
(32 channels
gate/clear)

DCD-B
(analog readout)

depleteq
n-Si bulk

(digital
processing)

flexible interconnect F
(polyimide/copper) 75 um
active area

|_2mm/420|.|m_|

rigid frame

thickness
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Material budget 0.21 %X,
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—) How to make thin DEPFETS M
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a) oxidation and back side implant

of top wafer ¢) process = passivation
e
ﬁ ﬁ " Slop o

b) wafer bonding and open backside passivation d) anisotropic deep etching opens "windows"

in handle wafer

grinding/polishing of top wafer

-

=

v |

= ¢ —T—

A thickness of the sensitive area is an almost free parameter
A full DEPFET technology in thin area
A thin area supported by a monolithically integrated silicon frame
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—) Module assembly overview

Flip Chip of ASICs (~240C):

w Bumped ASICs have the same solder balls§nAg)
O pHP bumping at TSMC, DCD bumpingvia Europractice
9 SWBbumping on chip level o‘\\\"
w Flip Chip of PXD modules on custom made support plates //’)

SMD placement (~200°C):

w Passive components (termination resistors, decoupling caps)
w Dispense solder paste/jetting of solder balls, pick, place and reflow

Kapton attachment (~170°C), wire bonding:

w Solder paste printing on kapton,
w  Wire-bond, wedge-wedge, 32 um Al bond wires

‘ f"ﬁﬁ

2 & a e = .:
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— Module 0




— Quality control: Sensors and Modules

w Modul e substr at eandhigbhdersEymhircamea ®rahe ASICs
9 Probe card testing of the sensitive part with temporary metal layer and probe card
9 Testing of the periphery of the sensor

w Testing on module level in two steps
9  Atfter flip-chip/SMD assembly with probe cards
9 Full characterization after kapton attachment
9 Rework (replacement of ASICs orkapton) possible!

w Probe card test statistics
9 73 modules tested
9 8 modules reworked
9 7 with Switcher problems (flip-chip problem or broken Switcher)
9 1 module had a non-functional DHP
9 Overall 97% yield after module assembly
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. MPG(=
—) Module characterization

Energy calibration for ASIC 3, Switcher 4

Tb
w 71 modules attached to pre-tested kapton cables =
9 40 modules needed for full P XD & o~ Ba
w collaborative effort (Bonn, Géttingen, HLL, MPP, Valencia) & r=sresaionpe 109Cd
9 script based, automated procedure “
9 optimize/confirm ASIC and DEPFET parameters 101 SoFe
9 linear response of the ADC, high-speed il
9 Off-module link of DHP 0 To Ezzrgymev) 3 a0
9 charge collection (DEPFEWoltages: Drift, HV, ClearOff) WA6_OF2 hitmap (%Cd)

HV-69912.6 mV | Drift-4001.8 mV | Clear Off 5003.6 mV | Gate On -2502.8 / -2500.8 / -2506.2 mV

w Damage and repair after testing
9 2 x kaptons revealed shorts (modules ok after kapton exchange)
9 1 x module: mechanically damaged (can notbe depleted)
9 2 x modules: SwitcherBdamaged at test

optimized
DEPFET voltages

W46_OF2 hitmap (***Cd)
HV-57971.6 mV | Drift-5001.8 mV | Clear Off 2011.4 mV | Gate On -2501.2/-2502.4/-2504.6 mV

>ate (#)

%7
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—) Belle Il Phase 2 M

7L L
PLUME

w One sector of VXD (SVD and PX[} 10% solid angle coverage
9 Plus BEAST2RBelle 1l Exorcism for A STable beam)
9 FANGS: Hybrid silicon pixel detector with FEI4 front end (Bonn)
9 CLAWS: Plastic scintillators withSiPM readout (MPP Munich)
9 Plume: Double sided CMOS pixel detector(Strasbourg)
9 In addition Diamond rad. monitor, 3He detector, TPC

A ring center

- SVD PXD FANGS

w Goal: understand the machine background!

w Time line
9 Beam start: mid March 2018
9  First collisions: April 26, 2018
9 Beam stop: July 18, 2018

w Achievements
9 Integrated 0.5 fb?!
9 Peaklumiat t he ¢&3tm?s&e5] 10
9 Vertical beam size <400nm
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Installation

PXD + SVD + BEAST2 = real beast




Installation

R St

T
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10°

104
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Module performance in the beam & peds. and noise

Pedestal Distribution - DCDO
ACMC: On/On/On/On

Offset: On/On/On/On

spread=185
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Masked pixel: 87 i’u
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Noise Distribution - DCDO
ACMC: On/On/On/On
Offset: On/On/On/On

fit_mean=0.79
|  fit_std=-0.09

--=- threshold=3.00

j = Noise (100 frames)

w modules characterized before installation, optimization in the experiment

w DCD plays important role

NPG,

Noise of 100 frames - pxd9 Mapping - W37_OF1
Gate-On 1/2/3 [mV]: -2740 / -2840 / -2940
VnSubin: 22 /22 /23 /22

700

600

500

readings / gates
B
o
o

w
o
o

200

100

100 150
channels

analogue cm correction and offset correction on pixel level helps to narrow the pedestal spread
w Pedestals are stable, noise aroundl00 e- ENCat full speed (20 ps/frame, ~100 ns/row)
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— Hit maps

PXD Sensor 1_1_1 Pixel Hitmap

v positiog, [pitch ynits]

50 100 150 200 250
u position [piteh units]

v positiog, [pitch ynits]

400

PXD Sensor 1_1_2 Pixel Hitmap

150

u posttion [pitch units]

v positiog, [pitch_ynits]

250 0

w Hit maps taken at a physics run, threshold set to ~700 e-
w Flat distribution of hits over the sensors

w okhgradebo

(<99 %

vV e

pi xel s)

.
=1
=1

Ca
=
=

50

Wi

w5

t h

PXD Sensor 2_1 1 Pixel Hitmap

a0 A0
U postion pitch unit]

f ew mi

MPGY7

HZ V4

PXD Sensor 2.1 2 Pixel Hitmap

hits

v positiog, [pitch_ynits]

.
=1
=1

Ca
=
=

0 50 00 150 20 20
U postion pitch unit]

ssing rows or ¢

9 One off-module optical link broke after installation, was recovered after de-installation (bad fiber connection)
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250000

signal/noise spectrum, vertexing performance

Cluster charge of all clusters (run 5607)

200000 4

150000 -

Count

100000 -

w Landaufit of cluster S/N distribution: SNR > 50, at threshold of ~7 U
Readout at full speed and through full DAQ chain at 20us/frame and ~100ns/row

9

w Hit efficiency depends on track parameters and cuts, in general 97%- 99%

w Unexpected low-energy photon peak around 10keV, most likely synchrotron radiation

—— H1011 Data
H1011 Landau fit:
MPV = 50.81+0.05

—-—= g=12.52+0.04
X? =146.47

Photon Peak

—— H1012 Data
H1012 Landau fit:
MPV = 49.72£0.04
A ~== 0=1231%0.04

X7 = 94.35

~—+— H2011 Data
H2011 Landau fit:
MPV = 52.63+0.05

=== 0=11.85+0.03

X% = 101.06
—}— H2012 Data

H2012 Landau fit:

MPV = 50.12+0.05
-== 0=1162+0.04
x? =115.30

Landau Peak

YO Y

(L/N)(AN/10 pm)

0.040

0.035
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0.025

0.020

0.015

0.010

0.005 |

0.000

NPG,
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I A N
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— Radiation effects due to background in phase 2

H1011
54 MPV for DHE H2011 i
Gateon: GateOn:
53 4 -110mv -60mV
52
.}J.wl \ AR Pied, ”
51 - G C ¢ . ‘l‘ ™ 'll.'
t o v . 4% -
. 'Y ?
50 -
s
50
49
45 |
@
=
. ‘; 45
w
4& T T T T T T T T
29 26 2 09 A6 23 30 o1
5 5 & 3 3 o & 1
1015-0 1015'0 1‘315'0 1015.-0 -1015’0 1015'0 1015'5 101'5-(] 40

w TIDA ¢V
9 Adjustmentofthegate-on voltage o0on the flybo
9 Pretty homogeneous radiation field, V. o, SEgMentation not used

w S/Nfor mips( MPV) varies over the sensor
9 Gradient mostly along the gate/clear lines
9 Reason not completely clear, also seen before irradiationA not irradiation related A needs more investigation

IAS Mini-Workshop, January 2019 Ladislav Andricek, MPG Halbleiterlabor



MPG,
— Radiation effects due to background in phase 2

|
o
o

Gate voltage adjustment [V]
.
o

|
=
[N]

|
=
IS

1 Phase 2 modules

0 1 2 3 4 5
Integrated average diamond dose [kRad]

w TIDA ¢V,~-1.4V (L1)and -1V (L2)

Threshold voltage shift ( -V)
(-

7L L

/
—— PXD6 matrix 6 pm
—m— Single PXDG6 structures 6 pm
@ Single PXDG6 structures 5 pm
—+— Single PXD6 structures 4 pm

Irradiation results
with testjstructures

0 2 4 6

TID [KGY]

9  This would correspond to about 1 to 4 kGy based on results from previous DEPFET irradiations
9  After Vg, cOmpensation, no effect on sensor performance

w Discrepancy to TID from diamond radiation sensors by a factor 10..100
9 Diamonds less sensitive to low-E xrays, confirmed by TID seen from radio-chromic foils.

9 Al so, the diamonds are
9 Source of this background

at
nNot

di fferent pl aceé.
yet fully wunderstood, Il nvestig
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PXD for phase3: ladder assembly

w Join two modulestoaladder A 0 gl @i n g
9 V-grooves for small ceramic inserts on the back sideA Reinforcement of the joint

w Yield issue: out of 17 assembled ladders, 5 were lost due to particles and other mistakes

w Install de -scoped PXD to meet the schedule for the start of phase 3 (March 2019)
9 Full L1 (8 ladders) and 2/12 ladders inL2

w First physics runs and luminosity ramp up of Belle Il with this pre-version of PXD

IAS Mini-Workshop, January 2019 20
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— New assembly proposal M

7L L

w Main feature: Modules are not upside down anymore. Insert the ceramic stiffeners from below after the glue dispense
as before. All other steps remain mostly unchanged but the sensor surface is not touched anymore

w Tests evaluation and optimization is ongoing

w Preparation of a full fresh PXD for installation summe:H
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— Summary: Belle Il PXD performance and status

w assemblyand testing of DEPFETPXD modules accomplished
9 Final yield >95%
w A sector of the PXD was successfully operated in Belle |
9 10% of final installation
w Excellent performance of the modules
9 S/N > 50, almost spectroscopic quality, tracking efficiency >97%
w Background in phase 2 higher than anticipated from simulations
9 15x for LER, 600x for HER
w SuperKEKBPhase 3: descoped for the start of phase3 PXD with 10/20 ladders installed
9 Commissioning together with SVD finished A installation of VXD done A phase3 start 03/2019
w Preparations for full replacement PXD in summer 2020 ongoing

IAS Mini-Workshop, January 2019
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— Thermal management at Belle 1| PXD

170,000

61.4L0 .
23135 £3520 17920 0850 13920 43520 ‘ 23,135

Sensor
8W DCD&DHPA CG, 1W sensor & SWBA gas cooling
(a) (b) Niuh(::,e;e
’ CO, inlet

N, holes

,  CO, outlet

w Belle Il PXD cooling qualified on full thermal mockup
9 9Wr/half ladder A 360W in total
9 Active (CO,) cooling at EOS, SCB cooling block at30°C
9 N2 flow through SCB 20 |/min for sensitive region
9 A r/o electronics ~20°C, sensor ~30°C

mini-rods

SCB

w Large deltaT between CO, and r/o
w SCB: lot of material (outside acceptance)

How to remove the heat more efficiently and with less material?

A micro-channel cooling
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— Integrated micro-channels
(/¥4

A spin-off of SOl approach : thinned all-silicon module with integ. cooling

idea: integrate channels into handle wafer beneath the ASICs
channelsetched before wafer bonding A cavity SOI (CSOI)
full processing on G-SOl, thinning of sensitive area
micro-channelsaccessible only aftercutting

< £ = 2

=

Small team Uni Bonn, MPG HLL Munich, IFIC Valencia), within the framework of
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