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Motivations for the R&D
ŀƭǎƻ ǘƻ ƛƴǘǊƻŘǳŎŜ ƳȅǎŜƭŦΧ
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Large Hadron Collider (LHC)
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27km proton-proton collider
Placed 100m under ground.
2010-2012  : 8TeV max.
2015- : 13TeV

Geneva air port

Jura mountains

CERN

Down town Geneva

here

LHC magnet



LHC and ATLAS/CMS experiment
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Geneva Air portLac Leman

27km

Thanks to the operation
of LHC, ATLAS & CMS recorded :

5fb-1 7TeV data
20fb-1 8TeV data
145fb-1 13TeV data

Great achievement in 4th July:
Higgs observation

Englertand Higgs 

ATLAS Celebration  4th July @ CERN B40



Observation of Higgs couplings
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What we are now?

Coupling proportional 
to the particle mass

ĄThis is the evidence of 

άIƛƎƎǎ ƎƛǾŜ ǘƘŜ Ƴŀǎǎ ƻŦ 
ŜƭŜƳŜƴǘŀƭƭȅ ǇŀǊǘƛŎƭŜǎέ
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What we want to know next?
Åά±ŀŎǳǳƳέ

ïά±ŀŎǳǳƳέ ƛǎ ƴƻǘƘƛƴƎΚ CƛƭƭŜŘ ōȅ IƛƎƎǎ ōƻǎƻƴΚ

ïIƻǿ IƛƎƎǎ ōƻǎƻƴκŦƛŜƭŘ ŎƻƴŘŜƴǎŜŘ ǘƻ ǘƘŜ ά±ŀŎǳǳƳέΚ

ïNeed to determine/observe the shape of Higgs Potential.

ĄhōǎŜǊǾŜκƳŜŀǎǳǊŜ άIƛƎƎǎ ǎŜƭŦ ŎƻǳǇƭƛƴƎέΦ

Åά5ŀǊƪ aŀǘǘŜǊκ9ƴŜǊƎȅέ

ï²Ŝ ƻƴƭȅ ƪƴƻǿ п҈Φ ²ƘŀǘΩǎ ǘƘŜ ƻǘƘŜǊǎΚ

ïBeyond the Standard Model?

ÅSuper Symmetry? 
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Å20 times more data (~3000-4000fb-1)

ÅPlan : Start at 2026

ïHigh Energy LHC (HE-LHC)
ÅUse Super Conducting Magnet with Higher 

Magnetic field(16T)

Å28TeV collider in the same tunnel as LHC.

ïFuture Circular Collider (FCC)
ÅUse Super Conducting Magnet with Higher 

Magnetic field(16T)

Å100TeV collider with 100km tunnel at CERN.

ïInternational Linear Collider (ILC)
Å250GeV e+ e- collider in Japan

Future High Energy Colliders
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ÅbŜŜŘ άIƛƎƘŜǊ [ǳƳƛƴƻǎƛǘȅέ ŀƴŘκƻǊ άIƛƎƘŜǊ 9ƴŜǊƎȅέ

ïHigh Luminosity LHC (HL-LHC)



Future High Energy Colliders
ÅbŜŜŘ άIƛƎƘŜǊ [ǳƳƛƴƻǎƛǘȅέ ŀƴŘκƻǊ άIƛƎƘŜǊ 9ƴŜǊƎȅέ

ïHigh Luminosity LHC (HL-LHC)

Å20 times more data than currently taken (~3000-4000fb-1)

ÅStart at 2026
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Now!

RUN 1 RUN 2 RUN 3 RUN 4

Energy 8->13TeV
Luminosity x2-2.5

25fb-1 150fb-1

300fb-1

4000fb-1

Energy 13->14TeV?
Luminosity x1.2

HL-LHC
Final Focusing Magnet (̡*) 

replaced (radiation damage)
ĄReplace all tracking det.

Energy 14TeV
Luminosity x2.5(5x1034)

RUN 5 RUN 6



Challenge for Detector building
ÅDesign Luminosity of HL-LHC

ïCurrent LHC:  L=2x1034cm-2s-1

ïHL-LHC : L=7x1034cm-2s-1
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Number of Interaction per Crossing

10-60 interaction

3-4 times higher
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Number of Interaction per Crossing

10-60 interaction

3-4 times higher

HL-LHC : 140 interaction per bunch crossing

Need to identify the primary vertices to reduce
Pileup oriented background



Challenge for Detector building
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Number of Interaction per Crossing

10-60 interaction

3-4 times higher

HL-LHC : 140 interaction per bunch crossing
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Specification for Upgrade detector
ÅPixel size for charged particle detection
ï5 times finer pixel size
ï50um x 50um or 25um x 100um

ÅSensor thickness
ïThinner sensor could reduce occupancy.
ï1st and 2nd layer 100um, the others 150um
ïNeed 100um thickness to have enough 

charge (~7000 e-/h pair)
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Radiation environment
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ÅExpected radiation level for 4000fb-1

ïNon Ionizing Energy Loss (NIEL): 
Å3rd layer: 2.8x1015 neq /cm2 1st layer :2.6x1016neq/cm2

ïTotal Ionizing Dose (TID) :
Å3rd layer : 1.6MGy  1st layer :19.8MGy

Could replace detector
at the middle of runs.



ATLAS inner tracker(ITK) project for HL-LHC

Å Larger coverage area
ïPixel : current 2.7m2Čupgrade 8.2m2

ïStrip : current 34m2
Čupgrade 165m2

Å Higher Forward coverage 
ïCurrent ́ <2.5 Č upgrade ́ <4.0
ïBetter Pileup removal

ÅMechanics : inclined
ïReduce material
ïHigher tracking resolution.
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Current ATLAS Detector ITK upgrade detector

=́4.0

Pixel

Strip

Inclined part

Flat part



²ƘŀǘΩǎ ǘƘŜ ƛǎǎǳŜ ƛƴ ǘǊŀŎƪŜǊ ŦƻǊ ŦǳǘǳǊŜΚ

ÅMost serious issue in the future hadron collider should 
be a number of multiple interaction per bunch crossing. 

ïAbout 140-200 at the HL-LHC and 1400 in future colliders.

ïIdea to solve the issue?

1. Pixel size : Construct smaller pixel size detector and make better 
vertices separation Ąaŀȅ ōŜ ƘŀǊŘ ǘƻ ƛƳǇǊƻǾŜ мл ǘƛƳŜǎΧ

2. Time resolution: If we could use timing information for the hit in 
the track, may have better track finding using the information. ĄIf 
the timing resolution is less than 1cm/c = 50psit should help a lot.
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Detector Hit Tracking



Impact to the Physics
ÅSee more information 

in timing detector 
workshop last year : 

https://indico.cern.ch/event/747424/ti
metable/#20181208
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m̡easurement in FCC detector 

ILC K/̄ separation

Higgsinoproduction by using disappearing track

50ps 

https://indico.cern.ch/event/747424/timetable/#20181208


Timing sensitive semi-conductor 
tracking detector
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Timing resolution
ÅWhat is driving the timing resolution of detector?

ïTime walk and time jitter
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Over-threshold Timing difference
due to the size ofthe signal

Time Walk Time Jitter
Due to various noise souces

Fast turn on (i.e high dV/ dt) should have better timing resolution.
Need lower noise level.



Low gain avalanche detector (LGAD)
ÅTo make faster turn-on
ïNeed faster drift velocity of the electron-hole pair.

ve/h= e˃/h x E(where ˃ e  is mobility, E is electric field.)

ïHow to realize 100kV/cm field? 
ÅHigher bias voltage? 

ïIf need 100 times velocity we need 100 times bias voltage Ą a few 10kVbias is 
necessary Ą impossible due to break down.

ÅIs it possible to make localized higher field?
ïDoping p+ under the n+ implant electrode makes around 300kV/cm field locally 
ĄLow Gain Avalanche Detector (LGAD)
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A few um



Low gain avalanche detector (LGAD)
Å Sources of signal on the electrode.
ï Initial e/h is not contributing much. 
ïe/h pair produced by avalanche is high contribution.

Åe have short driving length (not dominant)
Åh have longer drift length (Dominant)ăwŀƳƻΩǎ

theorem

ïThinner detector is better slew rate. 
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²Ƙȅ ά[ƻǿέ DŀƛƴΚ

ÅNoise will be increased 
faster by increasing gain 
ČBest S/N ratio can be 
optimized : G=10-20?

2019/11/8 IPMU Seminar 23

ÅIt is important to reduce 
noise even faster turn-on 
with higher gain

ÅShot-noise increase by 
power of Gain



History of LGAD
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After proton/neutron irradiation :
higher p+ like doping potential
(by frenkel/shotkey defect)All existing ATLAS detector Upgrade ATLAS detector 

Observed some gain !!

2015-

ÅIn 2015, first LGAD detector build with HPK.
ïAlthough this is the same technology to the 
!ǾŀƭŀƴŎƘŜ ǇƘƻǘƻ ŘƛƻŘŜό!t5ύ ǎƛƴŎŜ мфтлǎΧ

ÅFirst detector is 1mm monitor diode. 



First pad detector ςIV measurement
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ÅPad detector
ïSize 2.5mm x 2.5mm

ïOpening windows 1mm˒

ïLeakage current 
Åmeasured w/ and w/o LED 

light on.

Thinner detector is just better (could operate with lower voltage.)

Gain x10



First pad detector ςCV measurement
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ÅBulk capacitance measurement
ïTwo (or three?) step function.
ÅSide region

ÅMultiplication region Ąhigher p+ doping need higher depletion voltage 

Åbulk



Irradiation Facilities

ÅGamma irradiation (surface damage by TID)

ï60Co irradiation at QST, Takasaki, Japan

ÅProton irradiation (bulk damage by NIEL)

ïProton irradiation by CYRIC Tohoku University
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Gamma Irradiation Facility in Japan
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Height : 22.5cm
Distance : 5cm (2014.10)
1.14e6 R/h~11.4kGy/h

Food Irradiation Room

Cherenkov light

ÅQST, Takasaki is gamma irradiation facility with 60Co source



Proton Irradiation Facility in Japan
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Å CYRIC@Tohoku Univ. is an irradiation facility with 70MeV proton beam (~1A˃). 
ï This allows 5-6 pixel modules with backing Al plate at the same time(3% E loss/pixel).
ï Operated at  -15ᴈ temperature with dry N2 gas. 

Å Programmable X-¸ ǎǘŀƎŜ ŀƴŘ άǇǳǎƘ-Ǉǳƭƭέ ƳŜŎƘŀƴƛǎƳ ŀǊŜ ƛƳǇƭŜƳŜƴǘŜŘ ǘƻ ǘƘŜ 
machine. 
ï Choose to irradiate  one or more target samples in max 15 pre-installed samples.

Å Scanning over full pixel range during irradiation.
Å Actual Fluencedifference relative to the target fluenceis within ~10%.

Target 
Sample

Evacuated
Samples



I-V performance after irradiation
ÅGamma irradiation
ïIrradiated 0.1/1.0/2.5MGy
ïLeakage current w/o LED on
ÅIncreases but no dose dependence.

ïProbably due to only surface damage.

ïGain w/ LED on
ÅSlight degraded but can be recovered by 

20% higher voltage.

ÅProton/Neutron irradiation
ï0.3/1.0/3.0 x 1015 neq/cm2

ïAfter 60oC 80min Annealing.
ïGain degraded a lot. 
ÅMay not possible to have Gain=10 after 

3x1015 neq/cm2 irradiation.
ÅEffect is smaller in case of higher p+ dope.
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Gamma irrad.

Neutron irrad.



Timing resolution measurement
ÅTestbeam@ Fermilab

ï120GeV proton beam

ïTelescope by pixel detector

ïStacked 3 LGAD sensor

ïSignal readout by Flash ADC(V1742, 5GS/s)
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Discrete Amplifire & Flash ADC
ÅBi-polar high-speed 

transistor
ïFrequency Band :<75GHz

ïGain : 100

ÅFlash ADC (VME)
ïCAEN : V1742 (DRS4)

ïPulse Height
Å12bit / 1Vpp

Å1V/4096~0.25mV

ïTime
Å10bit / 5GS/s

Å200ps * 1024 ~ 200ns
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V1742



Pulse shape
ÅPulse height distributions 

shows 3 components.
Noise

Region w/o p+ implant (G=1)

Region w/ p+ (Gain~10)

Å Evaluated time resolution by 
the hits with gain.

2019/11/8 IPMU Seminar 33



Timing resolutions
ÅFit pulse shape by a polynomial 

function
ÅDefine Vthesholddepending on peak 

height
ïVthreshold= f x Vpeak

ÅCalculated time difference of two 
different devices. (T1 - T2)

ï (̀T1-T2)= м̀ύ
нҌό̀нύ

н

ÅIn case the sample 1 and 2 is the same 
type : 
ïresolution should be ̀(T1-T2)/ ς

ÅAs a result, single sensor timing 
resolution is
ï30ps for 50um thick
ï45ps for 80um thick.
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Timing resolution degradation
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https:// indico.fnal.gov/event/ANLHEP1390/session/8/contribution/68/material/slides/0.pdf

ÅAfter Proton/Neutron irradiation, timing resolution is 
depredated rapidly @ 1-5x1015 neq/cm2.

https://indico.fnal.gov/event/ANLHEP1390/session/8/contribution/68/material/slides/0.pdf


Strip detector
ÅFirst strip detector
ï6mm x 12mm size 
ï80um strip pitch
ïImplemented windows in the 

top Aluminum to inject Laser.

ÅNd:YAGLayser
ï1.165eV laser which is slight 

above Si band gap energy and 
penetrates the Si sensor. 
(similar signal to MIP signal)
ï2-3um square spot with 1.5um 

step stepping motor.
ï Nuclear Instruments and Methods in Physics Research 

A 541 (2005) 122ς129

ÅEvaluated position dependence 
Charge collection and Gain
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Gain Uniformity

ÅPosition dependence of 
Gain has been observed.

ïStrip center have close to 
Gain=10.

ïOnly about 20% of the 
region have gain.

ÅDue to the smaller p+ implant.
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This is critical problem 
for finer granularity detector. 



What we are planning next.
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Application for Tracking detector
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ÅRadiation Torelance

ÅGranularity 

ÅLow noise high speed amp 130ns CMOS technorogy

Depends on the target collider but
5x1015 -1x1016neq/cm2 at least.

CMOS 28-nm F/E scheme 130nm for TT-PET

Need 50um pitch detector
(strip or pixel)



Fine granularity detector
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ÅTrench protection

ïPhysical separation of 
electrode by trench.

ïNeed to study of 
electric field 
uniformity

ÅAC coupled LGAD

ïUniform n+ and p+ layers

ïPut electrode on the SiO2 to 
readout signal with AC.

ïNeed to reduce doping 
concentration of n+ implant.

Need carful simulation for these technology.



Secondary Ion Mass Spectrometry and Simulation

ÅSIMS measurement
ïAnalytical technique to characterize 

the impurities near surface(<30um) by 
ionized secondary particles.

ïGood detection sensitivity for B, P, Al, 
As, Ni, O, Sietc down to 1013

atoms/cm3 with 1-5nm depth 
resolution.

ÅSynopsys TCAD simulation
ïProcess simulation:
ÅSimulate implantation and resulting 

concentrations.
ÅCan compare to SIMS result.

ïDevice Simulation :
ÅSimulate Electric field to understand the 

performance of silicon device.
ÅPossible to perform simulation of charge 

correction of MIP signal.
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SIMS system at Versailles

SIMS measurement
TCAD simulation



TCAD simulation
ÅImplement detector structure to 

simulation.

ÅReproduced measurement 
results by simulation.

ÅThis allows to understand what 
is the issue more quantitatively. 
ïImpact ionization dencity:
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TCAD

Measurement

Smaller charge multiplication except the center of strip.


