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Motivations for the R&D
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Large Hadron Collider (LHC
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27km proton-proton collider
Placed 100m under ground.
20102012 : 8TeV max.
2015 : 13TeV
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LHC and ATLAS/CMS experiment
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Events / 10 GeV (Weighted, backgr. sub.)

Observation of Higgs couplings
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What we are now?
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What we want to know next?
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I Beyond the Standard Model?
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Future High Energy Colliders
AbSSR al AFKSNI [ dzYAy 2 a A (

I High Luminosity LHC (HIHC) 4""'0ued,
A 20 times more data (~3066000fb?) '
APlan : Start at 2026

I High Energy LHC (HHEHC)

A Use Super Conducting Magnet with Hi
Magnetic field(16T)

A 28TeV collider in the same tunnel as
I Future Circular Collider (FCC)

A Use Super Conducting Magnet with Hig
Magnetic field(16T)

A 100TeV collider with 100km tunnel at. CERN.

. . . . F;
[ International Linear Collider (ILC) “3/agy
A 250GeV e+-eollider in Japan *0op

Sion
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Future High Energy Colliders
AbSSR al AFKSNI [ dzYAy 2 a A (
I High Luminosity LHC (HIHC) 4pp’°ve¢,

* Peak luminosity ==Integrated luminosity
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Challenge for Detector building

A Design Luminosity of HIHC
I Current LHC: L=2xXF0m?s?
i HLLHC L=7x10%nm?s?

Number of Interaction per Crossing
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Challenge for Detector building

A Design Luminosity of HIHC

i Current LHC: L=2xt0nr*s? ) 3.4 times higher
i HELHC L=7x16%nm?s

Number of Interaction per Crossing

50F

= g0 T E HL-LHC : 140 interaction per bunch crossing
L - ATLAS Online, 13 TeV [Lat=100.810 , — :

g 350p 2015 <> = 13.4 1 s .

> 3000 BN 2016 4> =251 1 =

E 300; [ | gg::?<t>=§§; 3 -

= r 2018: <u>=39.2 —

g 2505 = '[S)t:l: <t>=g§.0 .g

s 2 0-60 interaction,

I 3

& 100f el

20 30 =

40 50 60 70

v /

Mean Number of Interactions per Crossing

"ATLAS évent with 200 pileup

Need to identify the primary vertices to reduc
Pileup oriented background
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Challenge for Detector building

A Design Luminosity of HIHC

i Current LHC: L=2xt0nr*s? ) 3.4 times higher
i HELHC L=7x16%nm?s

Number of Interaction per Crossing
400_"“\""|““|""| L R B IR

HL-LHC : 140 interaction per bunch crossing
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1 L
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A Pixel size for charged particle detection
I 5 times finer pixel size

I 50um x 50um or 25um x 100um
A Sensor thickness

I Thinner sensor could reduce occupancy.
i 1stand 29 layer 100um, the others 150um

I Need 100um thickness to have enough
charge (~7000-n pair)

u-jet rejection

Specification for Upgrade detector

||||||||| TT T T[T T T T [T T T T [T T 1T T Ty
- ATLASSimulation Internal b-tagg
C \s=14 TeV, tf, <u>=200 o | ]
; hjl< i
10% s N;IV2 i<z’ =
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" : \\ ceen <25
10 B \\\ on Run2 (hi<25) T S8
1072 NG O
ned Duals
10; BB e ANE /// 7

I\Itil\l\ Ll
01.55 0.6 0.65
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b-jet efficiency
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Radiation environment

A Expected radiation level for 4000%b

I Non lonizing Energy Loss (NIEL):
A3 layer: 2.8x1€P n.,/cm? 1tlayer :2.6le6ne,§1/cm2

I Total lonizing Dose (TID) : -
ould replace detector
A 3dlayer : 1.6MGy Sllayer :19.8MGy<— at the middle of runs.

35 ATLAS Simulation Internal
FLUKA + PYTHIAS8
K1)] | Tk Inclined Duals

ES] ATLAS Simulation Internal
FLUKA + PYTHIAS
&) Tk Inclined Duals

r [em]
r [cm]

1016

total ionising dose [Gy]

1015

)

Si 1 MeV neutron eq. fluence [em?]

14 PN RN [N T A [ T ST T T N T T A B R |
0 50 100 150 200 250 300 10 50 100 150 200 250 300

z [em] z [em]
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ATLASNnner tracker(ITKproject for H:ELHC

Current ATLAS Detector ITK upgrade detector
H ( ‘_‘T jq on e.I5 Jn| 0.1 |le Lioo bionslo2 A;"'“' ,,,“"'“ )

0.7 ~ 1 ‘ i ' -
Htanyid N 'T‘xf\.& .,..{ “ 1L ‘;H (Lov1sd) TAT St”p
L R~ 1 H e ] e
199 Loxiq o e W nt% T ;, H —tHoaasd)yTos- \\\\ T ~ -~ o T
P e J ; : l S , B P oo It e I
(f;m)S <.08v8 20es S.3rts »ESYE % eeg;éegra.reormg.eagﬂoageaae:’ ([ 0
A Larger coverage area inclined part

i Pixel : current 2.7C upgrade 8.2

i Strip: current34n? C upgradel65n?
A Higher Forward coverage

i Current' <2.5C upgrade' <4.0

I Better Pileup removal V
A Mechanics : inclined

i Reduce material #

I Higher tracking resolution.

Flat part
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2 Kl tQa UKS A aadzS
A Most serious issue in the future hadron collider shot
be a number omultiple interaction per bunch crossin

I About 140200 at the HILHC and 1400 in future colliders.

| ldea to solve the issue?
1. Pixel size Construct smaller pixel size detector and make bette
vertices separatioda | € 0S KI NR (2 A YLIN

2. Time resolution If we could use timing information for the hit in
the track, may have better track finding using the informatignf
the timing resolution is less than 1co¥ 50psit should help a lot.

Detector Hit Tracking « %
! /
++ + ++ + %
: g
+ + +_ & .,
+ + I g N :

2019/11/8 IPMU Seminar 17



Impact to the Physics

Higgsingproduction by using disappearing track A See more information

Discovery significance

FCC-hh Default layout (#1), <u> =200 FCC-hh Default layout (#1), <u> = 200 - - -
e = 100Tev 3030 e T IN timi ng detector
20 _ .;lhe:-na:llve ‘Iayo‘ut ‘#3)!.<H>.=5.°°, o 200 R ik .‘Allelmat‘lve‘ln olut ‘#3)’. >I=500_ .
18F E £ 18F E
w1 — workshop last year :
e : e https://indico.cern.ch/event/747424/ti
» i metable/#20181208
8 E s E
6 = a 3
aF E E
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0: L %\ 1 L L L I 1 L ] 1 : 0: 1 ! 1 1 1 il | il il 1 ‘&:—I“J-l L 7
300 100012001400 1000 1200 1400 — :
| Chargino ma-ss [GeV] Chargino mass [Ge&]&l,ﬂ | ILD prehmmary-
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= e N L B B B N L L L
5 300 ]
- G, =10 [psl, RMS = 0.03
3 ; true B = 6,=20 [E:],HMS=0.05; - L1 L | e "
250F- G, = ng[Fsl, RMS - 0.14 2
G, = 100 [psl, RMS = 0.25 = ; To glude the eye,
- °'=:D[:'::]’ 1"::;':;4;1; E 8.0 IV e isstyiemial (dE ds) o
200__ o= ' it b E . -exponentla| {TOF) ﬁts were
1505 ; ?ﬁ 6.0 L . - 'I —.added as continuous lines
r ] = ] :
1000 = 40 i A i
L . '_d_i' [ | ‘-i i . hnnun:;ﬁn::a
50 _: 20 ] S o e -
- s | |
b o oL = DU 1 1 [ | 1
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momentum / GeV/c
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Timing sensitive sermconductor
tracking detector
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Timing resolution

A What is driving the timing resolution of detecfor

I Time walk and time |itter
Time Walk Time Jitter

Overthreshold Timinglifference Due to various noissouces
due to the size ofhe signal

Time walk effect Jitter effect

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

2019/11/8 IPMU Seminar 20



Low gain avalanche detector (LGAD)

A To make faster turon

I Need faster drift velocity of the electremole pair.
Voh=>¢n X E(Where>_ is mobility, E is electric field.)
I How to realize 100kV/cm field?

A Higher bias voltage?

I If need 100 times velocity we need 100 times bias voligge few 10kVbias is
necessaryA impossible due to break down.

A Is it possible to make localized higher field?

I Doping p+ under the n+ implant electrode makes around 300kV/cm field locally
A Low Gain Avalanche Detector (LGAD)
M

A few um

50pm
or 80pm

Electric field

10"
" 1 - = -Net

Doping Concentration (cm?)

0 2 H 6 s 10
Depth (pm) LGAD structure
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Low gain avalanche detector (LGA[

A Sources of signal on the electrode.
i Initial e/h is not contributing much.

I e/h pair produced by avalanche is high contribution.
A e have short driving length (not dominant)

A h have longer drift length (Dominang§ wl Y 2 Q&
theorem

s . . +
I Thinner detector is better slew rate. P
G —
thick E 9 UFSD Simulation
. v E 8 Totu\fignul 50 um thick
s34 = Simulated slew r:,::,;;::f:;f:: ::;: 50 Q Brodband 5 ; MIP. signal
g 120 A -“-Gain = 20 ’ . Gain =10
> 5 Gain Holes
E — Gain =15 .
kS +Gain=10 | Slew rate® Gain|
3 80 - = zc’:" B ‘:’ e 1/d s Elecirons
o o | oY \ - o / Gain Electrons
\\‘\ i, ~-- 1
L B S iy, e D -ﬁ%“fef o
= ,> - . — S - - 3 0 0.2 0.4 0.6 0.8 1
20 4 ‘ y 4 Time [n5]
’ Sy 10 a0 a0  Detector with higher gain and thinner bulk is better.

Thickness [um]
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2 Ke

A It is important to reduce
noise even faster turon
with higher gain gain layer p+

Uridce clrren - SCieage curen p++ e|ec'|'rode
t ‘; -----
%) 2
lShot - zeIDez‘ - 28 [ISurface ( Bulk )M Fj[

V», . r&:|f—?| = Mk + (2—&)(1—!{) k_ efh |on|zc1.’r|or? rate

X = excess hoise index
F ~ M M = gain

A Shotnoise increase by 1

D I

n++ electrode

power of Gain 5 5

A Noise will be increased  sesmoe —
faster by increasing gain VA
C Best S/N ratio can be A .
optimized : G=1{207? L™ an
2019/11/8 IPMU Seminar
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History of LGAD

Silicon detector with Highesistivity bulk

~2005 2005

All existing ATLAS detector Upgrade ATLAS detector

Al Al
G G

o‘ ¥ .o' ¥

/ p* /‘- o n* 7
SiQ \ q.Z; SIQ \ Cg; P-stop
Nagy n Bulk SV p Bulk

H

2015

A In 2015 first LGAD detector build with HP

Although thls Is the same technology to the
' Y OKS

A First detector IS 1mm monitor diode.

| DI

2019/11/8

LIK 2 (1 2

After proton/neutronirradiation :

higher p+ likedoping potential

)

RA 2 (NS

(by frenkel/shotkey defect) .

o )4
n+

*h P-stop

H
Observed some gain !!

q {{GAD 80ump-10mm50ssD___|

X
50x250 pitch LGAD

\\s

NNNNNN
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First paddetector ¢ IV measurement

A Pad detector
I Size 2.5mm x 2.5mm

Current(A)

light on.

107 & SQum

- @20°C .
10*62

Lt . "¢ 1Gainx10

10 7 § ...ui""w
10T LED O
10°% ame

F _...n“""'“
o !.:,....- LED OFF
10—11:I\III\IIII\I\I\I\II\I\III\IIII\I

0 100 200 300 400 500 600 700 800

Opening windows 1mm

| eakage current

A measured w/ and w/o LED

-Voltage(V)

Sample P+ dose  Physical Active
name

A<B<C<D thickness thickness

50A A
50B B =5
50C C
50D
150
S80A A
30B 20
80C C
80D
* 80um
E- 1075 E 'J. [+T al
= = @20°C
g 107°: C B
t ; Mb". ﬂ......--' . A
G 107 e e
1088
LED ON
10°°¢ aeste
F LED OFF
107104
10—11:.
0 100 200 300 400 500 600 00 SP
age V|

Thinner detector is just better (could operate with lower voltage
2019/11/8
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First paddetector ¢ CVmeasurement

A Bulk capacitance measurement

I Two (or three?) step function.
A Side region
A Multiplication region A higher p+ doping need higher depletion voltage
A bulk

Capacitance(F)

0 10 20 30 40 50 60 70 80 90 100
-Voltage(V)
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Irradiation Faclilities

A Gamma irradiation (surface damage by TID
i %0Co irradiation at QST, Takasaki, Japan

A Proton irradiation (bulk damage by NIEL)
I Proton irradiation by CYRIC Tohoku University

2019/11/8 IPMU Seminar 27



Gamma Irradiation Faclility in Japan

A QST, Takasaki is gamma irradiation facility $#ffo source

FoodIrradiation Room ik ~
£ SRS

a75LNRITE

1) r1myE

(2) WMy

(3) AsnzRism
(4) MIFRTHML
(5) #ldpaz

(6) MBFHANT—

Height : 22.5cm
Distance : 5cm (2014.10
1.14e6 R/h~11.4kGy/h

pram DD S D) BEEE (Xem) BIERDBS(22. 5cm)
9 40 60 80 100

1.08E+06] 9.45E+05[ 5.69E+05] 2.67E+05| 1.34E+05
10 9.01E+05] 8.59E+05| 7.41E+05| 4.84E+05] 2.55E+05| 1.34E+05
20 6.04E+05| 5.77E+05| 4.98E+05| 3.68E+05] 2.26E+05| 1.34E+05
30 4.32E+05] 4.14E+05] 3.61E+05| 2.84E+05] 1.93E+05| 1.27E+05
50 2.51E+05| 2.42E+05| 2.17E+05[ 1.82E+05] 1.43E+05| 1.10E+05
90 1.14E+05] 1.11E+05[ 1.04E+05| 9.42E+04| 8.22E+04| 7.01E+04
130 6.44E+04| 6.35E+04| 6.09E+04| 5.71E+04] 5.23E+04| 4.71E+04
170 4.13E+04] 4.09E+04| 3.97E+04| 3.80E+04] 3.58E+04]| 3.33E+04
210 2.90E+04| 2.91E+04| 2.82E+04| 2.72E+04] 2.58E+04| 2.44E+04
250 2.12E+04] 2.11E+04| 2.09E+04| 2.03E+04] 1.97E+04| 1.90E+04
270 1.89E+04] 1.86E+04| 1.84E+04]| 1.80E+04| 1.73E+04| 1.66E+04
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Proton Irradiation Faclility in Japan

A CYRIC@Tohoku Univ. is an irradiation facility with 70MeV proton beah)(~1
I This allows % pixel modules with backing Al plate at the same time(3% E loss/pixel
I Operated at-153 temperature with dry N gas.
A Programmable X & 0F 3S -WAAR €d LYUSKK | YA &Y | NB
machine.
I Choose to irradiate one or more target samples in max 15nst@alled samples.
A Scanning over full pixel range during irradiation.

A Actual Fluencedifference relative to the targefluenceis within ~10%.

Evacuated
Sample S

-é;

15th Oct 2019 Vertex 2019 29



-V performance after irradiation

A Gamma irradiation

Gammairrad. Non-irad. @20°C
I Irradiated 0.1/1.0/2.5MGy o o et
i Leakage current w/o LED on S5 upow
A Increases but no dose dependence. -
I Probably due to only surface damage. § 107 % -
I Gain w/ LED on S 1078 e s - LED OFF
A Slight degraded but can be recovered by oo N
20% higher voltage. P
1070 100 200 300 400 500 600 700 800
-Voltage(V)
A Proton/Neutron irradiation Neutronirrad.  °®
i 0.3/1.0/3.0 x 1015, /cm? 2 o a2
i After 60°C 80min Annealing. § Nnimad. . 03,
i Gain degraded a lot. S 100 ettt O
A May not possible to have Gain=10 after .__'_,......::;_:; - _...., _____ i
3x10" ng/cm?irradiation. ===
A Effect is smaller in case of higher p+ dope LED ON
1078 =

0 100 200 300 400 500 600 700 800
-Voltage(V)
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Timing resolution measurement

A Testbeam@ Fermilab

I 120GeV proton beam
I Telescope by pixel detect
I Stacked 3 LGAD sensor
I Signal readout by Flash ADC(V1742, 5GS/s)

LGAD (& amp.)

120GeV
proton beam

[ LT ol | 11

Scint. + MPPC trigger
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Discrete Amplifire & Flash ADC

A Bipolar highspeed i
transistor

2l -]
] | o qrr
e g dn =

I Frequency Band :<75G itz

I Gain : 100
A Flash ADC (VME)

I CAEN : V1742 (DRS4)

I Pulse Height
A12bit / 1Vpp
A1V/4096~0.25mV
i Time
A 10bit / 5GS/s
A200ps * 1024 ~ 200ns
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Pulse shape

A Pulse height distributions _
- Pulse height
shows 3 components. 10" £ distribution

Noise T 3)
Region w/o p+ implant (G= | )

Region w/ p+ (Gain~10) ‘ wH ‘N \ N

|
A Evaluated time resolutiont | ||| | .
the hits with gain. -0.15 01 005 0

0—1
Voltage [V]

10* g

Events /0.5mV

10

-5000 0 5000
Time [ps]

2019/11/8 IPMU Seminar 33



Timing resolutions

A Fit pulse shape by a polynomial z 008 e sensor
function ] L A S

A DefineVyegroadepending on peak  foo- ﬁ\ .
height e G NS Vpeak _

! Vthreshold =fxV, peak L

A Calculated time difference of two -
different devices. (- T,)

((TrT)=/ " Wb Qb :

A Incase the sample 1and 2isthesa _ 'i¢{ N

type : w0 w0700

i resolution should bé (T,-T,)/V¢ 100 Time [ps

A As a result, single sensor timing 20 E aeribution
resolution is

i 30ps for 50um thick 9

i 45ps for 80um thick. R T

Time Difference [ps]

Pulse Height [V]
S b
[\ " o
| Il\l\I'II
.
A A |
[
W
I
//l
I
|
I
I
I
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Timing resolution degradation

A After Proton/Neutron irradiation, timing resolution is
depredated rapidly @-5x10n,/cm=.

Timing Resolution vs Fluence The smaller Landau noise in

(o))
o

m the 35um gives an overall
S5l 0 ks o 20C (2 faster timing resolution
S| o HPK-3 G35 -20C (35um) : ; g .
57 i o
O 45} ' ’
2 45 : o : o
o 40} E ]
c :
£ 0
F 30} 5 e o i -
25} ; - Nt T
A o o . «~ HGTD lifetime
I 0 5 o fluence 4.5E15
15f . A ' neq/ cm”2
L : 1E15 ,
d : neq/cm”2
o idl3 . . . P i614 . . . s . {615 . . . o a a

Fluence [neg/cm~™2]

- : I ., 16/29
https://indico.fnal.gov/event/ANLHEP1390/session/8/contribution/68/material/slides/0.pdf
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https://indico.fnal.gov/event/ANLHEP1390/session/8/contribution/68/material/slides/0.pdf

Strip dete

A First strip detector

I 6mm x 12mm size
I 80um strip pitch

I Implemented windows in the
top Aluminum to inject Laser.

A Nd:YAG.ayser

I 1.165eV laser which is slight
above Si band gap energy an
penetrates the Si sensor.
(similar signal to MIP signal)

I 2-3um square spot with 1.5umr
step stepping motor.

T Nuclear Instruments and Methods in Physics Resei
A 541 (2005) 122129

A Evaluated position dependen
Charge collection and Gain

~30um

ctor

Center

2019/11/8 IPMU Seminar
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Gain Uniformity

A Position dependence of sop

non-irrad. @20°C

Gain has been observed. § 'S s 2500 [+ e
: Bt @t S L | @ rorimazov

I Strip center have close to et e S
Gain=10. < T A o

T I N 1oovf
I Only about 20% of the :;-: ,!;, i i
region have gain. i fees” Teelll? A!...l..|

400 10 je'o' 30 40

ADue to the smaller p+ implar

This Is critical problem
for finer granularity detector.
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What we are planning next.
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Application for Tracking detector

A RadiationTorelance I

1400

1200
£1000

Depends on the target collider bl?j::
5x10~ -1x10*n,/cm?at least.

1= — -
%nn Bt 11 % n
0 500 1000 1500 2000 2500 3000 3500 4000
z[cm]

A Granularity @ A

FEEEEREE)

Need 50um pitch detector 2:omm
(strip or pixel)

R R

o N
1 MeV neutron equivalent fluence [cm'z]

HIT LATCH

e =

CMOS 28nm F/E scheme  130nm for TPETL. .
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Fine granularity detector

A Trench protection A AC coupled LGAD
i Physical separation of 1 Uniform n+ and p+ layers

electrode by trench. i Put electrode on the Si{o

i Need to study of readout signal with AC.
electric field I Need to reduce doping
uniformity concentration of n+ implant.

Detrch
(2018 CNM)

mmm) Need carful simulation for these technology.
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Secondarylon MassSoectrometry and Simulation

A SIMS measurement

I Analytical technique to characterize |
the impurities near surface(<30um) If
lonized secondary particles. -

I Good detection sensitivity fas, P, Al,
As, Ni, O, Stcdown to 10*3
atoms/cn® with 1-5nm depth
resolution

A Synopsys TCAD simulation

I Process simulation: 107 g e

A Simulate implantation and resulting
concentrations.

A Can compare to SIMS result.
I Device Simulation :

A Simulate Electric field to understand th o7 s
performance of silicon device.

100 nm Screen Oxide, Etched
Synopsys: Charged Pair Model
LTI

Concentration [atoms / cm 3]
o

A Possible to perform simulation of Charg 0" 500" 400" 600 8001000 1;60 1400‘;60(‘)\1800.‘200
correction of MIP signal. — SIMS measuremenpest i
------- TCAD simulation
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TCAD simulation

A Implement detector structure to
simulation.

A Reproduced measurement
results by simulation.

A This allows to understand what
IS the iIssue more gquantitatively.

I Impact ionizatiordencity. Measurement

TCAD

Smaller charge multiplication except the center of strip.

2019/11/8 IPMU Seminar
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