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



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

w KEKB Ą SuperKEKB: 40x luminosity upgrade (ònano beamó scheme and 2x higher currents) 2ŀ1034 cm-2s-1 
Ą80ŀ1034 cm-2s-1

~50nm at IP

KEKB

SuperKEKB

1/20 x



Machine commissioning schedule
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w 3 Commissioning phases

9 Phase 1:  1st half 2016, circulating beams w/o Belle2, just BEAST 2 

9 Phase 2:  spring 2018, first collisions, Belle 2 and part of VTX + BEAST 2 system for backg. monitoring ĄLæ1034 cm-2s-1

9 Phase 3:  March 2019, final detector, final beam optics and collimators, gradual increase of the inst. luminosity Ą80ŀ1034 cm-2s-1



Belle Ą Belle II
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w Higher luminosity 

9 Higher event rate, higher background, higher radiation damage ê

w Detector upgrade Ą Belle II

9 New PID components, upgraded CDC ê

9 New VXD: 4 layers DSSD + 2 DEPFET pixel layers 



Belle II PXD
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L1 L2

# ladders (modules) 8 (16) 12 (24)

Distance from IP (cm) 1.4 2.2

Thickness (Ȋm) 75 75

#pixels/module 768x250 768x250

#of address and r/o lines 192x1000 192x1000

Total no. of pixels 3.072x106 4.608x106

Pixel size (Ȋm2) 55x50

60x50

70x50

85x50

Frame/row rate 50kHz/10MHz 50kHz/10MHz

SensitiveArea (mm2) 44.8x12.5 61.44x12.5



DCDB (Drain Current Digitizer)

Amplification and digitization 

ÁUMC 180 nm

Á256 input channels

Á8-bit ADC per channel

The DEPFET all-silicon module
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DHPT (Data Handling 

Processor)

First data compression

ÁTSMC 65 nm

ÁCM and pedestal correction 

ÁData reduction (zero suppression)

ÁDrives data link

SwitcherB

ÁAMS/IBM HVCMOS 180 nm

ÁGate and Clear signal

Á32x2 channels

x-ray picture of fully 

assembled module

Material budget 0.21 %X0

w Pixel matrix operated in ărolling shutteró mode

9 Only 4/768 rows active a time Ą low power in active area



How to make thin DEPFETS
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Áthickness of the sensitive area is an almost free parameter

Áfull DEPFET technology in thin area

Áthin area supported by a monolithically integrated silicon frame



Module assembly overview
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Flip Chip of ASICs (~240°C):

w Bumped ASICs have the same solder balls (SnAg)

9DHP bumping at TSMC, DCD bumping via Europractice

9SWB bumping on chip level 

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 µm Al bond wires 



Module 0
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Quality control: Sensors and Modules
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w Module substrate Ⱡ DEPFET sensor and high density interconnect for the ASICs

9 Probe card testing of the sensitive part with temporary metal layer and probe card

9 Testing of the periphery of the sensor with òflying needlesó

w Testing on module level in two steps

9 After flip -chip/SMD assembly with probe cards

9 Full characterization after kapton attachment

9 Rework (replacement of ASICs or kapton) 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



Module characterization
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w 71 modules attached to pre-tested kapton cables

9 40 modules needed for full PXD ê

w collaborative effort (Bonn, Göttingen, HLL, MPP, Valencia)

9 script based, automated procedure

9 optimize/confirm ASIC and DEPFET parameters

9 linear response of the ADC, high-speed

9 Off-module link of DHP

9 charge collection (DEPFET voltages: Drift, HV, Clear-Off)

w Damage and repair after testing

9 2 x kaptons revealed shorts (modules ok after kapton exchange)

9 1 x module: mechanically damaged (can not be depleted)

9 2 x modules: SwitcherBdamaged at test



Belle II Phase 2
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w One sector of VXD (SVD and PXD), 10% solid angle coverage

9 Plus BEAST2 (Belle II Exorcism for A STable beam)

9 FANGS: Hybrid silicon pixel detector with FE-I4 front end (Bonn)

9 CLAWS: Plastic scintillators with SiPMreadout (MPP Munich)

9 Plume: Double sided CMOS pixel detector (Strasbourg)

9 In addition Diamond rad. monitor, 3He detector, TPC

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-1

9 Peak lumi at the end æ5ŀ1033 cm-2s-1

9 Vertical beam size <400nm 

Ą ring center



Installation
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PXD + SVD + BEAST2 = real beast



Installation
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Module performance in the beam ðpeds. and noise 
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w modules characterized before installation, optimization in the experiment

w DCD plays important role

9 analogue cm correction and offset correction on pixel level helps to narrow the pedestal spread

w Pedestals are stable, noise around 100 e- ENC at full speed (20 µs/frame, ~100 ns/row)



Hit maps 
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w Hit maps taken at a physics run, threshold set to ~700 e-

w Flat distribution of hits over the sensors

w òb-gradeó (<99% live pixels) with few missing rows or columns masked out

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

5.6 cm²

7.7 cm²7.7 cm²

5.6 cm²



signal/noise spectrum, vertexing performance
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w Landau fit of cluster S/N distribution: SNR > 50,  at threshold of ~7 Ű

9 Read-out at full speed and through full DAQ chain at 20µs/frame and ~100ns/row

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

ὛὔὙ
ɇ

d0 resolution phase2



Radiation effects due to background in phase 2
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w TID ĄçVth

9 Adjustment of the gate -on voltage òon the flyó

9 Pretty homogeneous radiation field, Vgate_on segmentation not used

w S/N for mips (MPV) varies over the sensor: 48 ê 55

9 Gradient mostly along the gate/clear lines 

9 Reason not completely clear, also seen before irradiation Ą not irradiation related Ą needs more investigation



Radiation effects due to background in phase 2
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w TID ĄçVth~-1.4 V (L1) and -1V (L2) 

9 This would correspond to about 1 to 4 kGy based on results from previous DEPFET irradiations

9 After Vgate 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 x-rays, confirmed by TID seen from radio-chromic foils. 

9 Also, the diamonds are at different placeê.

9 Source of this background not yet fully understood, investigations will be continued during phase3 ê
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PXD for phase3: ladder assembly
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w Join two modules to a ladder Ąògluingó

9 V-grooves for small ceramic inserts on the back side Ą 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 in L2

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



New assembly proposal
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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 summer 2020 startedê

21



Summary: Belle II PXD performance and status
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w assembly and testing of DEPFET PXD modules accomplished

9 Final yield >95% 

w A sector of the PXD was successfully operated in Belle II

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: de-scoped for the start of phase3 PXD with 10/20 ladders installed

9 Commissioning together with SVD finished Ą installation of VXD done Ą phase3 start 03/2019

w Preparations for full replacement PXD in summer 2020 ongoing



Thermal management at Belle II PXD
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8W DCD&DHP Ą CO2 1W sensor & SWB Ą gas cooling

w Belle II PXD cooling qualified on full thermal mockup

9 9W/half ladder Ą 360W in total

9 Active (CO2) cooling at EOS, SCB cooling block at -30°C

9 N2 flow through SCB 20 l/min for sensitive region 

9 Ą r/o electronics ~20°C, sensor ~30°C

w Large deltaT between CO2 and r/o 

w SCB: lot of material (outside acceptance)

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

Ą micro-channel cooling



Integrated micro-channels
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A spin-off of SOI approach : thinned all-silicon module with integ. cooling

w idea: integrate channels into handle wafer beneath the ASICs

w channels etched before wafer bonding Ą cavity SOI (C-SOI)

w full processing on C-SOI, thinning of sensitive area

w micro-channels accessible only after cutting

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


