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Low Gain Avalanche Detectors for 4D tracking
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·LGAD: silicon detector with a thin (<5 ʈm) and highly doped (~1016) 
multiplication layer
·High electric field in the multiplication layer
·Field is high enough for electron multiplication but not hole multiplication

·LGADs have intrinsic modest internal gain (10-50)

·Gain (collected charge of LGAD vssame size PiN)

·Not in avalanche mode Ą controlled tunable gain with applied bias voltage
·Thanks to gain LGADs can be thin (20um, 50um)

·Great hit time resolution: <20 ps!

·LGADs are a great device to allow 4D tracking (x,y,z,t) 

·Issues with ôstandardõ LGADs: granularity, limited at ~mm scale

First application HL-LHC timing layers for ATLAS and CMS

·Several producers of experimental LGADs around the world
·CNM (Spain), HPK (Japan), FBK (Italy), BNL (USA), NDL (China)

Nucl. Instrum. Meth. A765(2014) 12ï16.

Nucl. Instrum. Meth. A831(2016) 18ï23.

https://cds.cern.ch/record/2719855

https://cds.cern.ch/record/2667167

https://inspirehep.net/literature/1593161
https://inspirehep.net/literature/1481292
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2667167


AC-LGADs
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·Most advanced high-granularity prototype is AC coupled LGAD
·Finer segmentation and easier implantation process

· Continuous sheets of multiplication layer and N+ layer 

· N+ layer is resistiveand grounded through side connections 

· Readout pads are AC-coupled 
· Insulator layer between N+ and pads

· Prototypes produced by CNM, FBK, BNL, HPK

·The response of the sensors can 
be tuned by modifying several 
parameters
·Pad geometry and dimension
·Pad pitch
·N+ layer resistivity 
·Oxide thickness



AC-LGAD TOF layout in ePIC,

electron-ion collider

20-Feb-25Dr. Simone M. Mazza - University of California Santa Cruz4

Particle identification with time of flight ( TOF)

For e/Ù/K/p at low/intermediate momentum

https://www.bnl.gov/eic/

https://www.bnl.gov/eic/


Previous Laboratory studies
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·Previous lab results from 2023 HPK production

·https://doi.org/10.1016/j.nima.2024.169478

·Based on laser TCT studies

·Conclusions:

·Type E strips (more resistive) perform much better, oxide 

thickness has less impact but thinner is better.

·Long strip length degrades both signal (rise time, Pmax) and 

has worse charge sharing. 1cm length was best compromise.

·Another issue is the input capacitance which degrade the 

ASIC performance

·20um strips were abandoned for now due to decreased signal and 

increased input capacitance

·Pitch of 500um Ą ~20um hit precision (<5% of pitch)

https://doi.org/10.1016/j.nima.2024.169478


Radiation levels at ePIC
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· Radiation hardness of LGADs has been studied and optimized extensively for 
the HL-LHC timing end cap upgrades in ATLAS and CMS
·Relatively large-pad, conventional (DC-coupled) LGADs

· At the EIC radiation levels will be much lower than at the LHC (< 5e12 cm-2

over their lifetime)
·AC-LGADs with resistive n+ layer, which may be susceptible to radiation damage by 

changes in the n++ /n + electrode and the coupling dielectric

· HPK (and BNL) strip and pixel sensors were irradiated with reactor neutrons 
at JSI/Ljubljana and at FNAL ITA

· Total fluences between 1e12 and 1e15 Neqðsome much higher than 
envisioned at the EIC over the full time of life

· Thanks to G. Kranbergerand I. Mandicfor the JSI irradiation 
· Funded by EUROLABS

· Thanks to S. Seidel and J. SI (UNM) for the proton irradiation



Pixels - Neutrons

Dr. Simone M. Mazza - University of California Santa Cruz7

·Up to 1e13 Neq, no significant 
change in sensor IV properties
·Leakage current scales with bulk 

volume

·Current and breakdown voltage 
increases with fluence (as expected)

·Up to 1e13 Neq, no significant 
change in gain layer active doping 
concentration
·Proportional to Vgl(gain layer 

depletion voltage)

·Behavioracross wafers is consistent Negligible gain

Layer change in ePIC

Student: J. Ding

20 um50 um



Strips - Neutrons
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·Strip sensors have larger area, sccaling
with strip lengths
· Increase in leakage current more prominent, 

already at low fluences after 1e12Neq

·Breakdown voltage may increase with 
fluence ðcurrently overshadowed by too 
high leakage currents (need to run cold)

·Up to 1e13 Neq, no significant change in 
gain layer depletion voltage = gain layer 
active doping concentration
·Shift in gain layer depletion voltage with 

fluence is very clear

·Capacitance scales with surface area and 
strip length

W2 

W5 

Student: J. Ding

20 um

50 um

20 um

50 um



Strip laser studies - Neutrons
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· Using laser TCT setup with cooling plate and FNAL 16ch board

· W2 0.5 cm strip, non-irradiated sensor and irradiated to 1e14 n/cm2
· Cooling with chiller to ~10 C

· Irradiated sensor was biased to higher voltages

· Pmax response profile of the main strip is very similar, but increases 
beyond the first neighboring strip and at longer distances

· Effect is unexplained, could be radiation damage to dielectric allowing 
charge flow on the surface

Student: G. Stage, A. Borgijin

Laser scan (20um spot)

Sensor response

(pulse maximum)

Laser spot position on 

the sensor 

(perpendicular to strip)

ôbaselineõ signal



Strip laser studies ðNeutrons 
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· Higher leakage current, higher breakdown voltage, lower gain in 

irradiated sensors at 1e14 n/cm2

· Faster rise time and shorter pulse in irradiated sensor

·More distinct rise and fall as opposed to ôtailõ after main pulse

· Signal propagation in resistive N+ is the same

Student: G. Stage, A. Borgijin

Pre-rad

Post-rad



FNAL proton irradiated sensor results
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· Graded irradiation on an HPK 2cm long strip sensor (500um pitch, E600, 50um)
· Fluence each ~0.5cm: 4.4E+14Neq, 3.5E+14Neq, 1.8E+14Neq, 7.8E+13Neq

· Testing with laser TCT with cold plate (~0C)

· Effect of the irradiation clear in the gain layer signal degradation
·However, the charge sharing profile doesnõt change Ą good!
·Interesting to see the ôbaselineõ single change slightly with irradiation

· This will be interesting to see in the ôotherõ direction now that full scale sensors are available

Beam

In progress, plots from last week!

Student: G. Stage, A. Borgijin

Normalized

Asymmetric response

(beam positioning?)



Angled charge injection
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· Strip modules in ePICbarrel-TOF are layered with a 18-degree tilt angle in the design baseline, 
forward disk region also get tracks with large incident angle (up to 30-degree)
·Laboratory characterization and beam tests so far have been conducted at normal incidence
·Added a angular stage to our TCT laser setup to study the effects of angle of incidence

· Tested a strip AC-LGAD with the new setup (Pixel next)
·At larger angles, signal profile in neighboring strips also shows shift with rotational 

angle, but effect is small and can be corrected if angle is known
·Laser light is shone under strips 

· Differences in time-of-arrival and rise time are minimal for the angles measured

Student: J. Ding



New HPK production

· Received first ePICfull-size production of strip AC-LGADs from HPK with devices up 

to 3.2x4 cm

·Nominal size 3.2x2.2 cm with 1cm strip ôsegmentsõ

· Produced a new 16ch discrete component board that can house larger sensors

· For now 2 wafers in hand (8 total), one 50um thick (W11) and one 30um thick (W22)

·Yield is not optimal, somehow better for 30um wafer

·Strip width: 50um, strip pitch 500, 750, 1000 um

· Capacitance of full detector scales with thickness

Half sensors

Full sensors

Double sensors
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Final capacitance:

W11: 0.725 nF

W22: 1.24 nF

Student: G. Stage, A. Borgijin



HPK production results
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·First full-scale sensor tested on a large board
·W11, 50um thickness

·Sensor works well, some gain variation across strip but itõs 
unclear if due to laser reflections, need test beam to verify

·Pulse as expected with rise-time 600-700 ps

Student: G. Stage, A. Borgijin



HPK production results
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· Signal for 1000um, 750um and 500um is very similar (100-150mV)

· Some difference in charge sharing if strip is grounded or connected to board 
readout
· Could be cross talk induced in the board or different resistance to ground (next 

iteration of the board will feature resistors on the grounding strip)

· The S/N loss is small even for 1000um pitch, could be a viable solution 
· 30% vs10% of 500um pitch

· Signal delay on next neighbor ~1ns (500ps for 500um)

· Next: test the same sensor geometry for 30um thickness

Student: G. Stage, A. Borgijin

S/N loss



Conclusions
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·Ongoing development of AC-LGAD strips and pixels for the 
ePICTOF layers

·HPK test productions showed the importance of N+ 
resistivity, especially for strip geometry
·500um pitch 50um width strip are adequate for ePIC

requirements

·Tested neutron and proton irradiated AC-LGADs
·No unforeseen effects in breakdown or gain layer degradation
·Strange secondary effects seen in charge sharing profile

·Tested sensors with angled charge injection
·Effects are small with the tested geometries

·Received first large-scale AC-LGAD production from HPK
·First results show low yield but good performance
·Waiting for HPK full size pixel sensors



20-Feb-25
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Many thanks to the SCIPP group students and technicians!
In particular to students: 

J. Ding, G. Stage, A. Borjigin , C. Altafulla , M. Davis, S. Beringer

Thanks to HPK for providing sensors for this study

This work was supported by the United States Department of Energy, 
grant DE-FG02-04ER41286

This work was supported by eRD112 funds from EIC

Thanks to IJS (G. Kramberger, I. Mandic) and UNM (S. Seidel) for providing sensor irradiation at Lubjiana
and FNAL ITA

This project has received funding from the European Unionõs Horizon Europe Research and Innovation 
programmeunder Grant Agreement No 101057511 (EURO-LABS).



Backup
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Electron-Ion collider
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· Electron-Ion collider will be the biggest NP effort in the U.S. at BNL
·Running conditions will be from 20-100 GeV c.d.m. to 140 GeV with polarized nucleon 

and electron beams and 1034cm-2s-1 luminosity

· ePICis the detector 1 design currently under review

ePICwill provide key measurements:

· Proton spin: decisive measurements on how much the intrinsic spin of  quarks and 
gluons contribute to the proton spin. Only 30% proton spin is accounted for by quark-
antiquark!

· The motion of quarks and gluons in the proton: study the correlation between 
the spin of a fast-moving proton and the transverse motion of both quarks and gluons. 
Nothing is currently known about the spin and momentum correlations of the gluons 
and sea quarks.

· The tomographic images of the proton: detailed images of the proton gluonic 
matter distribution as well as images of sea quarks. Reveal aspects of proton structure 
that are connected with QCD dynamics at large distances.

·QCD matter at an extreme gluon density: first unambiguous evidence for a 
novel QCD matter of saturated gluons, Color Glass Condensate.

Gluon helicity 

contribution vs quark 

helicity contribution

X-Y u quark motion

For proton traveling in Z



Time resolution
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Sensor time resolution main terms

·Time walk: 
·Minimized by correcting the time of arrival using pulse 

width or pulse height (e.g., use 50% of the pulse as ToF)

·Jitter : from electronics

·Proportional to 

·Reduced by increasing S/N ratio with gain

·TDC term: from digitization clock (electronics)

·Landau term: proportional to silicon sensor 
thickness
·Reduced for thinner sensors

·Dominant term at high gain

·Bottom line: thin detectors with high S/N

Landau variations
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LGAD arrays structure

P

P+

N++
P++

Very high field area, induces early breakdown

Structure to avoid high field line concentration at the edges

Junction Termination Extension (JTE)

Separation between the pads of an array ~50-100 um

·Protection structures limit the 
current granularity of LGADs

·~100 um pixel size would mean 
~50% active area

·But intensive R&D is ongoing to 
overcome this limitation



AC-LGAD hit reconstruction
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·AC-LGAD has intrinsic charge sharing
·Gain increases the S/N and allows for smaller metal pads

·Charge sharing can be a great feature for low density 
tracking environment
·Using information from multiple pixels for hit 

reconstruction

·With a sparse pixelation of 300 um a <10 um hit 
precision can be achieved!
·Combination of time of arrivals as well

·Sparse readout is extremely useful for 
channel density and power dissipation

·Metal layout can be in any shape and size

·Technology being consider for
·The PIONEER experiment at PSI
·ePIC, future detector at Electron-ion collider (EIC) at BNL

References:

https://indico.physics.lbl.gov/event/1262/

https://indico.cern.ch/event/918298/contributions/3880516/

https://arxiv.org/abs/2006.01999

IR laser scan of the device

https://indico.physics.lbl.gov/event/1262/
https://indico.cern.ch/event/918298/contributions/3880516/
https://arxiv.org/abs/2006.01999


Previous FNAL test beam results
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https://arxiv.org/abs/2407.09928

·Previous results from 2023 HPK production 
from the FNAL test beam
·https://arxiv.org/abs/2407.09928

·Conclusions:
·50um strip detector 1cm long reach the 35ps time 

resolution requirement and have 10-20um position 
resolution

·Pixel detector needs to have large pitch and small 
pixel size or position resolution is bad under metal, 
however this degrades S/N in between pixels. 
· Increasing pixel distance might help but could mean a 

large signal loss in between

·Cross metal design is under investigation and showed 
promising results during the test beam and in the lab (see 
backup slides)

·Both pixel and strips have the required time 
resolution but current pixel design has 
shortfall in position resolution under metal


