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The SuperB Silicon Vertex Tracker

•5 Layers of double-sided Si strip sensor

•Low material budget. (typical Pt< 2.7GeV )

•Stand-alone tracking for soft particles.

•Resolution ~15 μm at normal incidence 

Based on the BaBar design

The CM boost is reduced by a factor 2:
SuperB:  6.7 GeV e+ on 4.18 GeV e- 

BaBar   :  9 GeV e-  on 3.1 GeV e+

•Layer0 closer to the I.P. to reduce the leverage of the 
multiple Coulomb sca!ering on the impact parameter

•Layer 0 radius  ~ 1.2 - 1.5 cm

•Very tight material budget < 1% X0

•Fine granularity 50 μm x 50 μm

•Very high backgrounds from the process e+ e- to e+ e- e+ e-

•The rate of this process is a steep function of the 
L0 radius: good resolution <=> High background!  : (  

Deep-N-Well MAPS & Vertical Integration

2D
3D

improved performance
& higher functionalities

• Two tiers:
• one for the digital RO + one for the sensor & analog FE

• Reduced surface occupied by competitive N-well

• More space available for in-pixel logic

• tested with 55Fe (5.9 keV 𝛾)

➡ ENC ≃ 40 e− with 35% dispersion 

➡ threshold dispersion ≃ 2.3xENC

•Sensor + readout in 50 µm thick chip

•DNW devices 50x50 µm2 with in-pixel 
sparsification & fast readout 
architecture successfully tested

Characterization of the 3D 8x32 DNW MAPS Matrix

• evolution of the 2D MAPS to a quadruple well

• prevents the electrons to be collected by 
parasitic N-well by enclosing it in a deep P-well

• high-resistivity epitaxial layer (~1 kΩ cm) also 
available:
• higher charge collection efficiency and 

radiation hardness

• implement a new fast (100 MHit/cm2 target rate 
& 100 ns timestamp) and flexible readout 
architecture (triggered & data push)

A quadruple well CMOS MAPS prototype for the 
Layer0 of the SuperB SVT  

S. Zucca on behalf of the SVT-SuperB collaboration 

Abstract 

stefano.zucca@unipv.it 

In the last decade, the use of standard deep submicron CMOS technologies for the implementation of monolithic active pixel sensors (MAPS) for HEP experiments has 

been thoroughly investigated. One of the main issues with this approach is the fact that the charge collection efficiency may be negatively affected by the presence of 

competitive N-wells used to integrate PMOS transistors in the readout chain. These N-wells act as parasitic collecting electrodes subtracting part of the charge 

generated by a minimum ionizing particle (MIP) from the sensor. On the other hand, PMOS transistors are needed to design high performance, low power analog and digital 

blocks. A novel approach for isolating the PMOS competitive N-wells is based on the use of a planar 180 nm CMOS process with quadruple well called INMAPS. This work 

introduces the channel readout design features of the chip Apsel4well developed with the mentioned approach and shows results of device simulations of a 3x3 pixel 

matrix charge collection performance. 

180 nm CMOS INMAPS process 
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Analog Front-end design 

The features of CMOS INMAPS process have been exploited in the design of the Apsel4well chip. The Apsel4well pixel features a 50 μm pitch, complying with the requirements of the SVT 

Layer0 of the SuperB experiment. The pixel sensor is read out by a classical channel for capacitive detectors including a charge preamplifier, a shaper and a threshold discriminator, 

followed by the in-pixel readout logic. Besides analog smaller (3x3) pixel matrices and single channels, the Apsel4well chip also includes a 32x32 matrix which implements a sparsified 

readout architecture with time stamping. 

Epitaxial layer 
Planar CMOS technology featuring an additional 

processing step : a high energy deep P-well 

implant is deposited beneath the N-wells (except 

for the N-well diodes acting as collecting 

electrodes). 

Digital Front-end Apsel4Well pixel layout 

Front-end design and device simulations 

This implant creates a barrier for the charge 

diffusing in the epitaxial layer, preventing it from 

being collected by the positively biased N-wells of 

the in-pixel circuits and allowing a theoretical 
charge collection efficiency of 100%. The 

NMOS transistors are designed in heavily doped P-

wells located over a lightly doped epitaxial layer. Illustration of the depletion region (pink) versus resistivity. On the left: 

standard resistivity silicon. On the right: high resistivity silicon. 

Standard resistivity (50 Ω·∙cm) 

High resistivity (1 kΩ·∙cm) 

The epitaxial layer, featuring a resistivity higher than both the deep P-well and 

the substrate, plays an important role in the improvement of the charge 

collection properties: in fact, the presence of two small potential barriers 

(deep P-well/epitaxial layer or P-well/epitaxial layer and epitaxial 

layer/substrate) keeps the carriers within the epitaxial layer, preventing them 

from diffusing through the substrate. 

The foundry provides two different typologies of epitaxial layer: 

Advantages of a high resistivity epitaxial layer: 

Better charge collection properties (higher collected charge, collection 

speed) 

Higher bulk damage hardness expected 

CMOS MAPS 3T 

Deep N-well CMOS MAPS 

DESIGN CRITERIA: 

Fill factor maximization 

N-well area minimization 

(Noise proportional to 

(CD)0.5) 

DRAWBACKS: 

Charge sensitivity  

depending on CD 

Only NMOS transistors 

A large DNW is used to collect the charge released 

in the substrate 

A capacitive readout chain performs the Q-V 

conversion 

PMOS transistors can be included in the front-end 

design 

DRAWBACK: large detector parasitic capacitance 

CD=30 fF  CFB=5 fF 

C1=160 fF  C2=25 fF 

Imir=20 nA       Vbl=750 mV        

CD 

4 interconnected squared N-well diodes (1.5 μm side) as collecting electrode instead of a large 

DNW: lower noise and power consumption. 

Stage I: charge PA with a CFB continuously discharged by a PMOS biased in deep subthreshold 

region. 

Stage II: shaper with a mirror feedback configuration for C2 discharge instead of a transconductor 

(lower noise and Vbl dispersion). 

Stage III: active load comparator. 

Triggered readout architecture with timestamp 

Timestamp (TS) is broadcast to pixels and each pixel 

latches the current TS when fires. The matrix 

readout is timestamp ordered. A readout TS enters 

the pixel and a HIT-OR-OUT signal is generated for 

columns with hits associated to that TS. A column is 

read only if HIT-OR-OUT=1. DATA_OUT is 

generated for pixels in the active columns with hits 

associated to that TS.  

DPW (yellow) and NW (pink) layers 

Pixel layout without DPW layer 

27 μm  

8 μm  1.5 μm 

50 μm 
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Analog front-end section 

Digital front-end section 

Device simulations 
Synopsys TCAD simulations of the charge collection performance of a 3x3 matrix featuring the same 

layout geometry and doping profiles of the one implemented in the Apsel4Well chips have been 

performed. The following  graphs show the current and the charge collected by the central pixel (22) 

after the crossing of an impinging MIP in the matrix center (see figure). Simulations have been 

performed for different doping and thickness values of the epitaxial layer. As expected, results show 

a better behavior in the case of a 12 μm high resistivity epitaxial layer, in terms of both collected 

charge and collecting time. 

Simul. Performance Apsel4well 

Charge sensitivity 930 mV/fC 

tp @ 800 injected e- 240 ns 

ENC  (CD = 30 fF) 26 e- 

Threshold dispersion  23 e- 

NLI (@ 2000e-) 1% 

Analog Power cons. 18 μW/pix 
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The charge collection uniformity along a section of the central pixel has been evaluated by moving the 

MIP impact point along the green dotted line in the case of a 12 μm thick high resistivity epitaxial layer. 

The plot on the right highlights the beneficial effect of the deep P-well, which prevents charge from 

being collected by the parasitic N-wells located under the green line. The minimum collected charge 

value is about the 80% of the maximum corresponding to the collecting electrode positions. 
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• noise scan tests confirm the expected performance:

2D MAPS with INMAPS 180 nm

2D
INMAPS

A quadruple well CMOS MAPS prototype for the 
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In the last decade, the use of standard deep submicron CMOS technologies for the implementation of monolithic active pixel sensors (MAPS) for HEP experiments has 

been thoroughly investigated. One of the main issues with this approach is the fact that the charge collection efficiency may be negatively affected by the presence of 

competitive N-wells used to integrate PMOS transistors in the readout chain. These N-wells act as parasitic collecting electrodes subtracting part of the charge 

generated by a minimum ionizing particle (MIP) from the sensor. On the other hand, PMOS transistors are needed to design high performance, low power analog and digital 

blocks. A novel approach for isolating the PMOS competitive N-wells is based on the use of a planar 180 nm CMOS process with quadruple well called INMAPS. This work 

introduces the channel readout design features of the chip Apsel4well developed with the mentioned approach and shows results of device simulations of a 3x3 pixel 

matrix charge collection performance. 

180 nm CMOS INMAPS process 
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Analog Front-end design 

The features of CMOS INMAPS process have been exploited in the design of the Apsel4well chip. The Apsel4well pixel features a 50 μm pitch, complying with the requirements of the SVT 

Layer0 of the SuperB experiment. The pixel sensor is read out by a classical channel for capacitive detectors including a charge preamplifier, a shaper and a threshold discriminator, 

followed by the in-pixel readout logic. Besides analog smaller (3x3) pixel matrices and single channels, the Apsel4well chip also includes a 32x32 matrix which implements a sparsified 

readout architecture with time stamping. 

Epitaxial layer 
Planar CMOS technology featuring an additional 

processing step : a high energy deep P-well 

implant is deposited beneath the N-wells (except 

for the N-well diodes acting as collecting 

electrodes). 

Digital Front-end Apsel4Well pixel layout 

Front-end design and device simulations 

This implant creates a barrier for the charge 

diffusing in the epitaxial layer, preventing it from 

being collected by the positively biased N-wells of 

the in-pixel circuits and allowing a theoretical 
charge collection efficiency of 100%. The 

NMOS transistors are designed in heavily doped P-

wells located over a lightly doped epitaxial layer. Illustration of the depletion region (pink) versus resistivity. On the left: 

standard resistivity silicon. On the right: high resistivity silicon. 

Standard resistivity (50 Ω·∙cm) 

High resistivity (1 kΩ·∙cm) 

The epitaxial layer, featuring a resistivity higher than both the deep P-well and 

the substrate, plays an important role in the improvement of the charge 

collection properties: in fact, the presence of two small potential barriers 

(deep P-well/epitaxial layer or P-well/epitaxial layer and epitaxial 

layer/substrate) keeps the carriers within the epitaxial layer, preventing them 

from diffusing through the substrate. 

The foundry provides two different typologies of epitaxial layer: 

Advantages of a high resistivity epitaxial layer: 

Better charge collection properties (higher collected charge, collection 

speed) 

Higher bulk damage hardness expected 

CMOS MAPS 3T 

Deep N-well CMOS MAPS 

DESIGN CRITERIA: 

Fill factor maximization 

N-well area minimization 

(Noise proportional to 

(CD)0.5) 

DRAWBACKS: 

Charge sensitivity  

depending on CD 

Only NMOS transistors 

A large DNW is used to collect the charge released 

in the substrate 

A capacitive readout chain performs the Q-V 

conversion 

PMOS transistors can be included in the front-end 

design 

DRAWBACK: large detector parasitic capacitance 

CD=30 fF  CFB=5 fF 

C1=160 fF  C2=25 fF 

Imir=20 nA       Vbl=750 mV        

CD 

4 interconnected squared N-well diodes (1.5 μm side) as collecting electrode instead of a large 

DNW: lower noise and power consumption. 

Stage I: charge PA with a CFB continuously discharged by a PMOS biased in deep subthreshold 

region. 

Stage II: shaper with a mirror feedback configuration for C2 discharge instead of a transconductor 

(lower noise and Vbl dispersion). 

Stage III: active load comparator. 

Triggered readout architecture with timestamp 

Timestamp (TS) is broadcast to pixels and each pixel 

latches the current TS when fires. The matrix 

readout is timestamp ordered. A readout TS enters 

the pixel and a HIT-OR-OUT signal is generated for 

columns with hits associated to that TS. A column is 

read only if HIT-OR-OUT=1. DATA_OUT is 

generated for pixels in the active columns with hits 

associated to that TS.  

DPW (yellow) and NW (pink) layers 

Pixel layout without DPW layer 
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Analog front-end section 

Digital front-end section 

Device simulations 
Synopsys TCAD simulations of the charge collection performance of a 3x3 matrix featuring the same 

layout geometry and doping profiles of the one implemented in the Apsel4Well chips have been 

performed. The following  graphs show the current and the charge collected by the central pixel (22) 

after the crossing of an impinging MIP in the matrix center (see figure). Simulations have been 

performed for different doping and thickness values of the epitaxial layer. As expected, results show 

a better behavior in the case of a 12 μm high resistivity epitaxial layer, in terms of both collected 

charge and collecting time. 

Simul. Performance Apsel4well 

Charge sensitivity 930 mV/fC 

tp @ 800 injected e- 240 ns 

ENC  (CD = 30 fF) 26 e- 

Threshold dispersion  23 e- 

NLI (@ 2000e-) 1% 

Analog Power cons. 18 μW/pix 
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The charge collection uniformity along a section of the central pixel has been evaluated by moving the 

MIP impact point along the green dotted line in the case of a 12 μm thick high resistivity epitaxial layer. 

The plot on the right highlights the beneficial effect of the deep P-well, which prevents charge from 

being collected by the parasitic N-wells located under the green line. The minimum collected charge 

value is about the 80% of the maximum corresponding to the collecting electrode positions. 
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Characterization of the INMAPS Matrix

Further Developments: Next 3D Submission

Radiation Hardness Tests on INMAPS
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Radiation damage studies of  
CMOS MAPS: a review and update 

G. Traversi1,2, M. Manghisoni1,2, V. Re1,2, A. Manazza2,3, L. Ratti2,3, S. Zucca2,3, L. Gaioni2,  

S. Bettarini2,4, G. Rizzo2,4, F. Morsani2, L. Bosisio2,5, I. Rashevskaya2,5, V. Cindro6 
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γ-rays up to a final dose ≈ 10Mrad  
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Neutron irradiation of MAPS fabricated in the INMAPS quadruple well CMOS process 
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 MAPS may satisfy the requirements (resolution, multiple 
scattering) of the experiments at the future high luminosity 
colliders  

 DNW monolithic sensors were proposed to improve readout 
speed through sparsification techniques 

 A DNW is used to collect the charge released in the substrate  

 A classical readout channel for capacitive detectors is used for 
Q-V conversion  gain decoupled from electrode capacitance 

 NMOS devices of the analog section are built in the deep N-well 

 Using a large detector area, PMOS devices may be included in 
the front-end design  charge collection inefficiency depends 
on the ratio of the DNW area to the area of all the N-wells 
(deep and standard)   

 MAPS scanned with an infrared 
laser to gather information on 
possible charge col lection 
degradation  

 No significant trend detected 
with TID  no substantial bulk 
damage, in agreement with diode 
leakage measurements  

About 20-25% decrease after the last 
irradiation step (9700 krad). Sizeable 
recovery after annealing  
Change in charge sensitivity results from:  

1.  Threshold shift in the preamplifier 
feedback MOSFET (RINC effect) 

2. Increase in leakage current in the detector 
(partially compensating the first effect) 

3. Change in the feedback transconductance 
and gain-bandwidth product in the shaper  

 Radiation Induced Narrow Channel (RINC) effect 
 significant change in threshold voltage and 
drain leakage current in N- and PMOSFETs with 
narrow (<1 µm) channel  

 Due to charge trapped in the shallow trench 
isolation (STI) affecting electric fields in the 
main channel  

 Responsible for threshold shift in the 
preamplifier feedback MOSFET (W/L=0.18/10)  

 Shift of tens of mV in irradiated narrow channel 
devices (compare with a few mV in wide channel 
MOSFETs) 

channel thermal 
noise 

flicker noise 

 Main contributions from the preamplifier input device (channel 
thermal and flicker noise)  

 Other, low frequency (parallel) noise terms negligible at the 
considered peaking times 

 Increase in excess of 100% in equivalent noise charge (ENC) after 
the last irradiation step 

 Sizeable recovery after the annealing cycle 
 Main contribution to noise degradation likely to come from flicker 

noise increase  

Deep N-Well Monolithic Active Pixel Sensors: DUTs and test procedures 

Device Internal Area (µm2) External Area (µm2) Internal Perimeter (µm) External Perimeter (µm) 

A 21.7·103 33.3·103 530 660 

B 5.42·103 10.7·103 270 370 

C 1.24·103 2.55·103 133 186 

 DNW MAPS: tests with charge injection, 55Fe, 90Sr and IR laser characterization  
 3x3 matrix of MAPS, sensor featuring a main DNW body plus N-wells satellites (M1)  
 3x3 matrix of MAPS with T-shaped DNW collecting electrode (M2)  

 DNW diodes: leakage current measurements   
 Three DNW diodes with different perimeter and area   

 γ-rays irradiation:  
 Up to 9.7 Mrad(SiO2),  9 rad/s dose rate, 100ºC/168 h annealing cycle, DUTs biased 
as in the real application 

 Neutron irradiation:  
 Up to 3.7·1013 1 MeV neutron equivalent/cm2. Irradiation campaign performed at the 
Triga Mark II nuclear reactor of the IJS (Ljubljana)  

Monolithic active pixel sensors fabricated in a bulk CMOS technology with no epitaxial layer, featuring a deep N-well as the collecting electrode (DNW MAPS), have been exposed to γ-rays, up to a final dose of 10 Mrad (SiO2), and 
to neutrons from a nuclear reactor, up to a total 1 MeV neutron equivalent fluence of about 3.7x1013 cm-2. A different  monolithic active pixel sensor, fabricated in a CMOS process with quadruple well and standard (10Ω·cm) or 
high (1kΩ·cm) resistivity epitaxial layer has also been irradiated with neutrons up to a total 1 MeV neutron equivalent fluence of about 1014 cm-2. The irradiation campaign was aimed at studying the effect of radiation-induced 
damage on the most significant parameters of the front-end electronics and on the charge collection properties of the sensors, which were conceived for applications to charged particle tracking in high energy physics 
experiments. Device characterization has been carried out before and after irradiations. The DNW MAPS irradiated with 60Co γ-rays were also subjected to high temperature annealing (100°C for 168 hours). Measurements have 
been performed through a number of different techniques, including electrical characterization of the front-end electronics and of DNW diodes, laser stimulation of the sensors and tests with 55Fe and 90Sr radioactive sources. 
This paper reviews the measurement results and their relation with the damage mechanisms underlying performance degradation in MAPS.  

Effects on noise performance 

 Found to balance RINC effect in the 
preamplifier feedback MOSFET in 
tests on previous MAPS versions 

 Leakage current proportional to the 
diode perimeter  compatible with 
charge buildup in the field oxide 
and/or creation of traps at SiO2/Si 
interface, accounting for surface 
generation current increase   

Effects on charge collection properties 

Before 
irradiation 
Peak value: 
1031 e- 

9700 krad 
Peak value: 993 
e- 

1 MeV neutron equivalent fluence ≈ 3.7x1013cm-2   

Effects on charge sensitivity 

Effects on charge collection properties Effects on noise and charge sensitivity 

ΔGq /Gq < 10 %  

Δ(ENC)/(ENC) < 5% 

Measurements with injection capacitance 55Fe source measurements 

No significant changes after irradiation (as expected) 

ΔVpeak /Vpeak < 3 %  

Δσn/σn < 5% 

IR laser measurements 

 Measurement setup for precision scanning with IR 
laser featuring λ=1064 nm and σ beam spot ≈ 3 µm  

 The primary neutron damage effects are the 
trapping and/or the recombination of signal 
charge carriers at radiation induced defect sites  

 About 50% drop in the peak collected charge 
after 6.5·1012 n/cm2 

90Sr source measurements 

 MPV reduction after irradiation is consistent 
with the MAPS charge collection degradation  

 The signal loss is related with the recombination 
of charge at the radiation induced defect sites 
and/or with trapping and release of carriers  

 40-50% reduction after the last irradiation 
step is in good agreement with the data from 
the IR laser tests 

 Planar CMOS technology featuring an additional 
processing step: a high energy deep P-well 
implant is deposited beneath the N-wells 
(except for the N-well diodes acting as 
collecting electrodes)  

 This implant creates a barrier for the charge 
diffusing in the epitaxial layer, preventing it 
from being collected by the positively biased N-
wells of the in-pixel circuits and allowing a 
theoretical charge collection efficiency of 
100%. The NMOS transistors are designed in 
heavily doped P-wells located over a lightly 
doped epitaxial layer 

 4 interconnected squared N-well diodes (1.5 µm 
side) as collecting electrode instead of a large 
DNW (lower noise and power consumption)  

Higher degree of radiation 
hardness for the high res. case 

Laser tests  

Noise and  
charge sensitivity 

 MAPS operated at IMIR such 
that time to return to baseline 
is about 2 us  

 Decreasing trend in the charge 
sensitivity with fluence 

Illustration of the depletion region (pink) versus resistivity.  
On the left: standard resistivity silicon. On the right: high resistivity silicon. 

 The epitaxial layer, featuring a resistivity higher than both the deep P-well and the 
substrate, plays an important role in the improvement of the charge collection properties: in 
fact, the presence of two small potential barriers (deep P-well/epitaxial layer or P-well/
epitaxial layer and epitaxial layer/substrate) keeps the carriers within the epitaxial layer, 
preventing them from diffusing through the substrate 

 The foundry provides two different typologies of epitaxial layer:  
 Standard resistivity (50 Ω·cm) 
 High resistivity (1 kΩ·cm) 

 Advantages of a high resistivity epitaxial layer: 
 Better charge collection properties (higher collected charge, collection speed) 
 Higher bulk damage hardness expected  

 Quadruple well MAPS irradiated with neutrons up to 1014  1 MeV eq n/cm2 (JSI, Lubljana)  

 Substrate features: 12 um thick epi-layer, standard (~10 Ω·cm) and high (~1 kΩ·cm) res 
 Charge sensitivity, noise, charge collection (IR laser, 90Sr) measurement    

  Encouraging results from the INMAPS process characterization   

  In the next prototype, radiation hardness may be further improved by increasing (x2) the area of the collecting electrodes at the 
expense of an increase of the power consumption     

90Sr source measurements 

Effects on charge collection properties 
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• In the next 3D run (Tezzaron/GlobalFoundries) 

two pixel chips for SuperB Layer0 application: 
• 3D APSEL larger CMOS MAPS matrix (128x100) 

• Superpix1 FE chip for hybrid det. (128x32) 

• Both chips share a new readout architecture: 

flexible: : data push & triggered version

3D Apsel

Superpix1

3D Apsel

• 3D Apsel: a larger CMOS MAPS 3D with optimized sensor design and new 
readout architecture (as in INMAPS) 

Charge Collection in the 3D DNW MAPS Matrix 

• Improved radiation tolerance w.r.t. low resistivity DNW MAPS

• Radiation hardness may be further improved with an optimized design of electrodes

measurements for
low res DNW MAPS
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➡ gain ≃ 320 mV/fC
➡ ENC ≃ 45 e−

• tested on beams:

➡ cluster signal MPV ≃ 1044 e−

➡ S/N ≃ 23
➡ hit efficiency > 98% up

Efficiency vs threshold

CHIP 13 CHIP 14
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lower threshold

• tested on beams:

• 3x3 analog matrix:

90Sr 3x3 cluster signal

• 32x32 digital matrix:

➡ threshold dispersion ≃ 2xENC
➡ gain calibration with 55Fe shows a 

good uniformity (5 % dispersion)
➡ both triggered and data push 

operation modes working as 
expected 

MPV ≃ 860 e− 
ENC ≃ 39 e−

S/N ≃ 22  

➡matrix efficiency lower than 
expected

➡ efficiency deterioration at low 
thresholds due to inductions 
effects still under study

charge sensitivity 720 mV/fC

peaking time 300 ns

ENC 42 e−

thr. disp. before/after 
correction 106/15

analog power consum 36 µW/pixel

detector capacitance 320 fF

matrix size 128x100

pixel pitch 50 µm

90Sr 3x3 cluster signal

(3x3 analog)

pulse hight (e−)

• gain calibration with 55Fe shows a large gain dispersion (20%) 
understood and already fixed for next submission

y

x

Finally some chips with very good
interconnetions between the 2 tiers

response to 55Fe:  

Abstract In SuperB physics and high background conditions set very challenging requests on readout 
speed, material budget, radiation damage and resolution for the innermost layer (Layer0) of the Silicon 
Vertex Tracker (SVT) operated at the full luminosity (1036 cm-2s-1). Monolithic Active Pixel Sensors (MAPS) 
are suited for this application because their thin sensitive region allows grinding the substrate to tens of 
microns. After achieving in-pixel sparsification and fast time stamping with deep N-well MAPS, developed 
in the ST 130 nm CMOS technology, further performance improvements are being explored with an 
intense R&D program, focused on vertical integration and 2D MAPS with the INMAPS quadruple well.

# hits

7xENC

cluster signal (mV)

to 7xENC
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