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Low Gain Avalanch®etectors for 4D tracking

LGAD: silicon detector with a thir{f (86and highly doped.(*)
multiplication layer

. High electric field in the multiplication layer
- Field is high enough for electron multiplication but not hole multipl

LGADs have intrinsic modest internal ¢&in (10

- Gain (collected charge of LG/AEame siEaN) ]
- Not in avalanche mAdeontrolled tunable gain with appliecblbeage f--
. L e
. Thanks to gain LGADs can be thin (20um, 50um) i
- Great hit time resolution: <20ps! )

LGADSs are a great device to allow 4D tragkarg (
| ssues with O0Ostandardodo LGADs:

First application HL-LHC timing layers for ATLAS and CMS

. Severagdroducers of experimeln@ADs around the world
. CNM (Spain), HPK (Japan), FBK (Italy), BNL (USA), NDL (China)
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https://inspirehep.net/literature/1593161
https://inspirehep.net/literature/1481292
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2667167

e
ACLGADSs

Readout pads are A€oupled
Insulator layer between N+ and pads

Prototypes produced by CNM, FBK, BNL, HPK

HAMAMATSU BROOKHIVEN

PHOTON IS OUR BUSINEss NATIONAL LABORATORY

Most advanckidjhgranularity prototype iscdQpled GAD
Finer segmentation and easier implantation process

Continuous sheets of multiplication layer and N+ layer
N+ layer isesistiveand grounded through side connections pgqg geometry and dimension

oooooooooooooooooooooooooo

The response of the sensors can
be tuned by modifying several
parameters

Pad pitch
- N+ layer resistivity
- Oxide thickness

CStop Guard PStop

Ring p-type Multiplication Layer

p-type FZ wafer
low p p-type CZ wafer

Metal
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electrorHion collider

AGLGAD TOF layout &PIG

-~ PYTHIA e(18) + p(275) =

p (GeV/c)

-
o

—a -2

=©
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Particle identification with time of flight ( TOF) =
Fore/ U/ K/ p at

(a)

pport structure

(b)

(c) Wire-bondi

=
=
=
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https://www.bnl.gov/eic/
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ECCE simulation -
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4 x Sensor-ASIC Hybrids

Thermal adhesive film

10 b (Gevre)
(b)

Base plate

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

/ HPK AC-LGAD, T=20 & 50 pm, L =20 mm

Previous Laboratory studies W
Previous lab results from 2023 HPK productic: W/h
. W‘NM

0.01

ormalized Pmax

A il

Position (um)

0 1000 2000 3000 4000 5000 6000 7000

—— HPK29 E600 20 20 50

—— HPK35 E600 20 20 100

—— HPK27 E600 50 20 50
HPK28 C600 50 20 50

Based on laser TCT studies

COnCI USIOnS: . Normalized Pmax HPK8 C240 L =5 mm
. Type E strips (more resistive) perform much better, .| / >"\

o6 | t \ \
1 \

thickness has less impact but thinner is better. Pt [

0.2 r
1000 2000 3000 4000 5000

Long strip length degrades both signal (rise time, F - L
has worse charge sharing. 1cm length was best coimnprunnse.
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- Another Issue Is the input capacitance which degrade the . . Positional itter vs S/N
ASIC performance 85 [ e
20um strips were abandoned for now due to decreased signal ancs ;; [
Increased input capacitance £ 15 P3N
Pitch of 500uf ~20um hit precision (<5% of pitch) ;

3000 4000 5000
Position [um]

HPK27 EBDOD
HPK35 E600
HPK21 E600
HPK29 E600
HPK3 E600
*  HPK1E240
¢ HPK22 C600

> HPK4 CeDO

@ Dr. Simone M. Mazzadniversity of California Santa Cruz
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https://doi.org/10.1016/j.nima.2024.169478

Radiation levels aePIC

Radiation hardness of LGADs has been studied and optimized exter
the HELHC timingend cappgrades in ATLAS and CMS

Relativellargepad, conventional @aupled) LGADs
AttheElCradiation levels will be much lower thamh ldCl{g5e12 crh ; » =00 | 1

over theilifetime) T
AGLGADswith resistive’ tayer, which may be susceptible to radiation darr Eydti" %fg ;11 0" ?Z "
changes in the'/n* electrode and the coupliapctric BO trackers | 39 x 101 | 33 x 10° | 18 x 10°

. . . . . NEQ fluence .

HPK(and BNL9trip and pixel sensors iwwer@iated with reactor neutr ST T L

atJSl/Ljubljana and at FNAL ITA B acbers | 4510 | 2710 | 42 % 102

Table 8.2: RAW and NEQ fluence per system for the lifetime of the ePIC experiment, assum-

Totalfluences between 1el2 and\besome much higher than ing 10yars fdtaaking at 50 .
envisioned at the EIC over the full tifiee of

Fluence V(GL)

W2 w4 W5 W8 \Wa W1l
[Thickness |50 um 50 um 50 um 50 pm 20 um 20 um
- . . . ICapacitance 240 240 600 600 600 600
Thanks to &ranbergeand IMandidor the JSI irradiation L ™ mmm - mut. S L Y
1.00E+13 54,5 51.5 54 51.5 53
" g
Funded by EUROLABS T N ST I
1.00E+15 32! 34 31

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

Strips Strips
w2 w5
Fluence 0.5cm 1cm 2 cm Fluence 0.5 cm 1cm
1.00E+14 52 52 1.00E+12 54 54
5.00E+14 44 48 1.00E+13 42|
E U R 9 + LA B 1.00E+15 38 42 1.00E+14] 52

EEEEEEEEEEEEEEEEEEE
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Pixels- Neutrons

Increases with fluence (as expectgélj

0 L

2.0E-10 |

Capacitance [

1.0E-10 |

Upto 1eldNeqno significant

500x%150, non-irrad
500x150, 1E12
500x300, 1E12
500x300, 1E13
$00x300, 1E14
$00x150, 5E14
500x150, 1E15

—
-200
Bias voltage [V]

HPK W9 DC Comparison

-300

Up to 1elBleqno significant _ e e

change in senBoproperties <= T F e
Leakageurrent scales with bulk . @]  —oeesse s
volume T e T
Current and breakdown voltage } PKW2 BC Comparison

9. W5 500x150, non-irrad c
—e— 500x150, 1E12
500x150, 1E13
500x150, 1E14
—#— 500x300, 5E14
—2— 500x300, 5E14 (2)
Dx300, 1E15

Capacitance [F]

5.0E-11

changim gaitiayer active doping ***,
concentration

Proportional ¥gl(gain layer
depletion voltage)

Behavidacross wafers is consister: |

o [V]

Dr. Simone M. Mazzaniversity of California Santa Cruz .
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«+++0- 500x450, non-irrad
—eo— 500x150, 1E12
—&— 500x300, 1E12

500x300, 1E13
1 500x300, 1E14

—e— 500x150, 5E14

00x150, 1E15

-80

60.0 ‘

-1t |

50.0 " :

.| Negligible gain
| Layer changesiflC"

1.0E+12 1.0E+13 1.0E+14

Fluence [Neg/cm?]

c factors:
W2:5.38-10°16
W4: 3.69-10°1¢
WS5: 4.93-10°16
W8:5.81-10°16
W9: 4.54-10°16
W11:4.33-1016

Formula for Fit: Np =

Noe°®

™
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Strips - Neutrons

Strip sensors have largeisaoading
with stridengths

Increas@e leakage current more promine

already at low fluences aft€2Neq
Breakdowwoltage may increase with
fluenc® currenthovershadowed by too
high leakagarrents (need to run cold)

active doping concentration

Shiftin gain layer depletion voltage with
fluence is very clear :

Capacitanseales with surface anda
striplength

2]

1/CA2 [1/F

Cu rrea_[A]

Up to 1elBleqno significant change in
gain layer depletion voltage = gain layer

1E+20

1E+19

+
1E+417 ©

-1.0E-04
-8.0E-05 |
-6.0E-05 |

-4.0E-05 |

2cm, 1E13
2cm, 1E14
—&— 1cm, 1E12 50 um
1cm, 1E14
= (.5cm, 1E12
W5

0.5cm, 1E13
«=+¥-+- 0.5 cm, non-irradiated

———— 2cm, 5E14

W2
== 2cm, 1E15
-2.0E-05 1cm, 1E14
—f— 1cm, 1E15 20
um
g 0.5cm, 1E14
0.0E+00 moremisik o . S :
0 -50 -100 -150 -200 -250 0.5cm, SE14
Bias voltage [V]
50 um
1E+21
1E+20 ¢ ¥
el — 1E+19
4 ~
s
~ 1E+18
SYa o = 2cm, 1E13
1E+18 E o 2em, SE14 o : 2cm, 1E14
1 —+—2cm, 1E15 Q 1E+17 —8—1cm, 1E12
r 1cm, 1E14 — F lcm, 1E14
—8—1cm, 1E15 1E+16 —»—0.5cm, 1E12
0.5cm, 1E14 0.5cm, 1E13
s ——0.5cm, 5E14 1E+15 S
1E+16 L 1 1 1 | L L L 1 | 1 L L L | 1 1 1 L | L L L L 0 _20 _40 -60 _80 _100
0 -20 -40 -60 -80 -100

Bias voltage [V]
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Focused laser

Strlp laser studies- Neutrons

Using laser TCT setup with cooling plate and FNAL 16ch be |

W20.5 cm strip, narradiated sensor and irradiated to 1el14 r
Cooling with chiller to ~10 C
Irradiated sensor was biased to higher voltages

Pmax responm®file of the main strip is very similar, but incre
beyond the first neighboring strip and at longer distances

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

240___ rrrrrrrrrrr LR IR 05 o L T 11 T T

HPK W2 0.5cm 500x50 strip Pmax

220 100V, Ch1, 1Y 150V, Chi, 1Y
200V, Ch1, 1Y — 225V.Ch1.1Y

200 250V, Chi1, 1Y

180

160

140
120
100

" 80
Laser spot position on g,

the sensor 40

(perpendicular to strip) 20
0

‘ |
r HPK W2 0.5cm 500x50 strip 1e14 Neq Pmax
150V, Ch1, 1Y

200V, Ch1, 1Y

250V, Ch1, 1Y 300V, Ch1, 1Y
350V, Ch1, 1Y

Pmax [mV]
Pmax [mV]

Sensor response_,
(pulse maximum)

ca b= g by g
-]
9]
o
7))
©

| |1 ll.lll:lul]il I 1||l Illll||ll|llll‘|l~

-

TT l YI_II:]I.’I(TTIIII I HII T]TTI]IITIIIII T
-

f

s e 1o N e e -~ s e s =, 1 N e o S eta TN
500 1000 1500 2000 2500 3000 3500 4000 00 1000 2000 3000 4000 5000

/
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Strip laser studieso Neutrons

Higher leakage current, higher breakdownloakagmin in
irradiated sensors at 1e14?n/cm

Faster rise time and shorter pulse in irradiated sensor
More distinct rise amusef al |

Signal propagation in resistive N+ is the same

CHO, max

@ 075 T T T T T TR
3 =N e 0
? 180 "E’ (1 i j TS T —— i RN H
g oV X =
HPK W2 0.5cm strip, 500x50, Normalized Pulses Before/After Irradiation H - - 3 0.65[
140 o C
1.2 T d =120 0.6/~
1 Postra 100 0.55¢
- T~ Prerad 05-
=
) 0.451
D F
ﬁ e e U 7 N e R
w 04 05 06 0.7 08 09 1
2 Position (um] Position [um]
o CHo, max Fedmaxo_] 7 42— T
E & Entrios 0 =5 P W e S i Bt o T S
N g Hosemid 9% E BA[. —— e M
E g Sdbevy 8108 | (=% =
= & 70 63.8
zZ —60 L
63.6
60.00 62.00 64.00 66.00 68.00 70.00 50 L
t[ns] 40 63.4
30
e Pjtch O (Pre-Irr)  s===Pitch 0.5 (Pre-Irr) ====Pitch 1 (Pre-Irr) Pitch 2 (Pre-Irr) - 53_2i
e Pitch 0 (Irr) = Pijtch 0.5 (Irr) = Pitch 1 (Irr) s Pitch 2 (Irr) r

63l v Ll b
%00 7400 1600 1800 2000 2200 2400 2600
0.8 0.9 1
Position [um]
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\ ’ Student: G. Stage, ABorgijin 20Feb25
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4 . . |
FNAL proton irradiated sensor results

Graded irradiation on an HPK 2cm long strip sensor (500um pitch, E600, 50um) |
Fluence each ~0.5cm: 4.4E+14Neq, 3. NEq148E+1Meq 7.8E+13Neq

Testing with laser TCT with cold plate (~0C)
Effect of the irradiation clear in the gain layer signal degradation

However, the chargeAgdoddring profile doc¢
|l nteresting to see the O6baselined singl

Thi s wi |l | be I nteresting to see In

Dr. Simone M. Mazzaniversity of California Santa Cruz
@ / Student; G. Stage, Borgijin

— — y_1000, Ch1, 5% ¥_4000, Ch1, 15X -10-CHI015.9.16.
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/Angled charge injection

Strip modulesa?|oarrelTOF are layered with alé§ree tilt angle in the design bas
forward disk region also get tracks with largeanglddnp to @legree)

Laboratorgharacterization and beam tests so far have been conducteitanceermal
Added a angular stage to our TCT laser setup to study the effects of angle of incidencfs;"
Tested a strip AGAD with the new setup (Pixel next) :

At larger angles, signal profile imeighboring strips also shows shift with rotational
angle, but effect is small and can be corrected if angle is known

Laser light is shone usitlgrs
Differences in tirogarrival and rise time are minimal for theveeagased

@

Position [um] Position [um]

Dr. Simone M. Mazzaniversity of California Santa Cruz .
/ Student: J. Ding
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"New HPK production

Received firaPI(ull-size production of striplA&ZADs from HPK with devices
to 3.2x4 cm

Nomi nal size 3.2x2.2 c¢cm with 1c
Produced a new 16c¢ch discrete component board that can house larger se

For now 2 wafers in hand (8 total), one 50um thick (W11) and one 30um th
Yield is not optimal, somehow better for 30um wafer
Strip width: 50um, strip pitch 500, 750 U000

Capacitance of full detector scales with thickness

i

!

HPK S16694 DC at 10 kHz (W11, 3x1, Chip 2 vs W22,
3x1, Chip 1)
3E-08

[ WTFF M l il

U i

Half sensors

=$=011, 3x1, Chip 2
2.5E-08

2E-08 7 —e—wW22, 3xl, Chip 1

1.58-08 [

Final capacitance:
W11:0.728F

1E-08 |

Capacitance [F]

W22:1.24F

SE-09 |

o b v 9
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200

Bias voltage [V]
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HPK production results

G000

000

Position [um]

First fublscale sensor tested on a large board
W11, 50um thickness 5000

Sensor works well, some }

unclear if due to laser reflections, need test beam = |
Pulse as expected witktimse 606700ps

1000

e

¥ RIS RASR7NFT Ri6"Ri9.N
KN Fr7,
| O 7/ 1 WO W B R 7

2000 4000 G000 BOOO 10000 12000 14000 16000 18000 20000
Position [um]
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; Jﬁ T T T T T
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— - Enlries Q4500
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D -I 00— 2 Mean y Je72
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L NEWBOARD_CH1 CHO: 0x177 2 Sid D
N B = vy 1744
a
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D_ —
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0 L. e o T A e e D
| ‘ | | | | ‘ | | | | B
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Position [um]

@ Dr. Simone M. Mazzaniversity of California Santa Cruz
K ’ Student: G. Stage, Aorgijin 20Feb25




_ )
HPK prOdUC’[IOn reSUItS HPK $16694 SUM all regions

Signal for 1000um, 750um and 500um is very sirhBaN{YY0O f 1 w
. . . . . . IS
Some difference in charge sharing if strip is grounded or connected to :°° / ’
readout z N
Could be cross talk induced in the board or different resistance to ground (r £ | SiN-osg
iteration of the board will feature resistors on the grounding strip) 3 e - i
The S/N loss is small even for 1000um pitch, could be a viable solutior £ s 6000 7000 3000 9000 10000

30%vs10% of 500um pitch R Position (um)

Signal delay on next neighbor ~1ns (500ps for 500um) =00 UM ReBioN =750 reRion i reglon

Next: test the same sensor geometry for 30um thickness 250
— I T T | I I T ‘ I T I | T I T | I I I T I I I
E : HPK_S16694 W11_3x2 2-2 1D_CH_9_10_1mmregion_right :
: 2D — r 215V, Cho, 1Y 215V, Ch1, 1Y i
;. 200" T T T HPKfsmfl‘:;‘jv;:::ij 07CH172737500“"“‘99'0"7:‘52:9%1, W ; 200 7:'_'_'_|_ HPK_S16694_W11_3x2_2-2_1D_CH_11_12_13_750umregion_right (>é 200 L 215V, Ch2, ¥ ]
E = 215V, Ch2, 1Y E. | 215V, Cho, 1Y 215V, Ch1, 1Y E - _
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© i i g - . i _
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Conclusions

Ongoing development cLAAD strips and pixels for thx_
ePIOF layers

HPK test productions showed the importance of N+

resistivity, especially for strip geometry

- 500um pitch 50um width strip are adeqe&tk for EUR®-LABS

requirements

RRRRRRRRRRRRRRRRRRR
RRRRRRRRRRRRRR
SSSSSSSSSSSSS

Tested neutron and proton irradiate@ADs

||||||||||||

SR

SANTA CRUZ INSTITUTE
FOR PARTICLE PHYSICS

UCISANTACRUZ

- No unforeseen effects in breakdown or gain layer degradauuoi
. Strange secondary effects seen in charge sharing profile
Tested sensors with angled charge injection

. Hfects are small with the tested geometries

Received first laiggale ACGAD production from HPK

. First results show low yielgjootl performance
- Waiting for HPK full size pixel sensors

@ Dr. Simone M. Mazzadniversity of California Santa Cruz
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Backup
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: .
Electronlon collider

Electrorion collider will be the biggest NP effort in the U.S. at BNL

- Running conditions will be frorh0@0Ge¥.d.m to 140 GeV with polarized nucleon
and electron beams afftafs luminosity

ePICis the detector 1 design currently under review

ePICGwill provide key measurements:

Proton spin: decisive measurements on how much the intrinsic spin of g
gluons contribute to the proton spin. Only 30% proton spin is accounted
antiguark!

The motion of quarks and gluons in the protonstudy the correlation betwe . ..
the spin of a fasbving proton and the transverse motion of both quarks a |
Nothing is currently known about the spin and momentum correlations ¢ *;
and sea quarks. 9 of

The tomographic images of the protondetailed images of the proton gluc ..
matter distribution as well as images of sea quarks. Reveal aspectsof p |
that are connected with QCD dynamics at large distances. Tos s e ais

QCD matter at an extreme gluon densityfirst unambiguous evidence for a
novel QCD matter of saturated gluons, Color Glass Condensate.

1 Gluon helicity
1 contribution vs quark
1 helicity contribution

05

0

mentum along y axis (GeV)

-0.5

X-Y u quark motion ¢
For proton traveling in Z  vomentum aong x axis (e

@ Dr. Simone M. Mazzadniversity of California Santa Cruz 20Feb25
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o .
Time resolution

Edge

Threshold
Discriminator j

‘ ‘ Time

Time given by the
Time Walk CFD 50%. no time
walk.

Landau variations

Noise on top

of the signal.
O

Joaa! v

Noise _ Trise dt
AV/dt[CFD%) = SNR

@ Dr. Simone M. Mazzaniversity of California Santa Cruz

T Jitter —

Sensor time resolution main terms

02 2

Time walk:

Minimized by correcting the time of arrival using g
width or pulse height (e.g., use 50% of theToh)se &

Jitter: from electronics
Proportional to

_ 2 2 2
timing — Ptime walk + O ILandaw noise + O Jitter + OTDC
g

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
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LGAD arrays structure

Very high field area, induces early breakdown

P

P+

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
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CStop

Structure to avoid high field line concentration at the edges
Junction Termination Extension (JTE)
Separation between the pads of ab@I89 um

Passivation

:

wird gg

GuardRing PStop

JTE P-type Multiplication Layer High p
p-type FZ

Low p
p-type CZ

wrl 00¢

Metal




ACLGAD hit reconstruction

AGLGAD hastrinsic charge sharing

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

Paosition [um]

Technology being consider for
- The PIONEER experiment at PSI
- ePICfuture detector at Electimm collider (EIC) at B
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- Gain increases the S/N and allows for smaller met._
Charge sharing can be a great feature for low deet=cter

References: \

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

Pad signals
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Previous FNAL test beam results

Previous results from 2023 HPK production
from the FNAL test beam

Conclusions:

- 50um strip detector 1cm long reach the 35ps time
resolution requirement and hakéul 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
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