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Motivation

e New 4th generation light sources poses many challenges for detectors due
to high intensity and fast timing bunch structure (e.g. HEPS, Sirius)

e LGADs are natural sensor candidates to face these challenges :
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o Intrinsic gain = good signal-to-noise ratio = low energy photons ' '
o0 Very fast timing = time-resolved applications ) "
o  Radiation hard (TID) = operation at very high intensity beams i e O ~3.PW—
© LHC timing detectors (ATLAS & CMS) = Extensive R&D .-'-__.__,...---- i | . ‘:
e However, synchrotron light application will require : 125 l!'0-.1 05 1 5 10 50 100
o Very fine (few um) spatial resolution sensors Photon Energy [keV]
O  Active region facing the beam
o Different energy ranges = Sensor thickness optimization
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Intro : The light source facilities

SSRL (SLAC) at Stanford (USA) Sirius at LNLS-CNPEM in Sao Paulo (Brazil)

Carnauba beam line @ Sirius

Beam Line 11-2 @ SSR

@ LGAD setup

@ Beam direction

PARAMETERS

o

Beam Line Specifications Parameter (S
Energy Range * 2.05-15keV Si(111)
Source
Energy Resolution (AE/E) 10%-10"
26-pole, 2.0-Tesla Wiggler, 1.5 mrad variable acceptance Harmonic Content <10 Above 5 keV
E S Ye
Energy Range Resolution AE/E Spot Size ey >een =
Beamsize at sample [um] 0.15x0.15(0.55 x 0.55) 8 keV (2 keV)
A » @Taruma
Focused 5000-20000 eV 1x10°7 0.5x1mm Beam Divergence at sample (1x1) All energy range
[mrad] @Taruma
Unfocused 5000-37000 eV 1x10% 3x30 mm? | Estimated flux [ph/s/100 mA] 10" -
@Taruma
g -4 2
Collimated CLLPZELINEY Leily 2N * BL being commissioned, available now : 5.8 to 13.8 keV.

Both sites provide high intensity, quasi-monochromatic pulsed X-ray beams (10 ps wide pulses, 2 ns appart) with several geometries

Marco Leite - USP LGADs for synchrotron X-rays detection IHEP-CAS — 18th Dec. 2025 3


https://www-ssrl.slac.stanford.edu/content/beam-lines/bl11-2
https://lnls.cnpem.br/facilities/carnauba-en/

The Sirius Light Source in Sdao Paulo (Brazil)

Orion Project at Sirius (link)

3 new beam lines for soft, tender and hard x-Rays

Installed in a Level 4 biosecurity laboratory

State-of-the-art facility for highly contagious pathogens research
New generation of detectors (and sensors) are needed for high
frame rate/ high resolution imaging of biological samples

4th generation light source (National Laboratory Jink)
27 beamlines (2019 - 2028)
Phase I (200mA) :

© 10 operational beam lines, 2 commissioning, 2

[UBASOM 'H

construction
e Fasell (350mA):
©  1in construction, 9 in project
e Increasing demand for faster X-ray detectors for
imaging and non-imaging applications.

High intensity, quasi-monochromatic focused pulsed X-ray beams (10 ps wide pulses, 2 ns appart)
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https://lnls.cnpem.br/sirius-en/
https://cnpem.br/en/orion/

Low Gain Avalanche Diodes
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Low Gain Avalanche Diodes (LGAD)

e Proposal made by the RD50 collaboration (Sadrozinski et al) ~ 2013 aiming at very radiation hard devices for LHC etc.

LGADs are PiN Si diodes + an intrinsic gain layer for charge multiplication ol >
0  Moderate gain (10 ~ 50) = low energy X-rays sl seardrie IR
0 Very fast response ( < 30 ps for MIP) = time resolved applications e — e
©  Devices can be fabricated from ~30 um to ~300 um active thickness ol Sagessses S
electronics)
orif of eectrons

925  95.0

975 1000 1025 1050 1075 110.0
Time(ns)

LGAD structure

aluminum

LGAD Internal Electrical Field

Electrostatic
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2x2 LGAD (HPK)

V=20V 355;) N-Type Diffusion P-Sto|

= V,

N ~ m"
c# 0.75V,
= = 0.50 V,
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¥ > 0.25V,
- T substrate — p** =
o g

Planar detector: fixed rise time

medium
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https://arxiv.org/pdf/1906.11542v2
https://doi.org/10.1016/j.nima.2013.06.033
https://indico.cern.ch/event/468478/contributions/2135146/attachments/1290321/1921375/LGA_Signal_Cartiglia.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/13/03/C03014

LGAD Design Variations

Fact: DC-LGADs (e.g from ATLAS and CMS) have a coarse spatial resolution and large inter pad (inactive) region (~50 um to 100 um)
Challenge: How to fabricate devices with optimal spatial resolution (um) and small upstream dead-region?
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https://arxiv.org/pdf/2407.09928
https://iopscience.iop.org/article/10.1088/1748-0221/14/09/P09004
https://ieeexplore.ieee.org/document/9081916
https://iopscience.iop.org/article/10.1088/1748-0221/18/12/P12006

Characterizing the performance of
Low Gain Avalanche Diodes

using synchrotron radiation
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I - Single Pad LGADs tests @ SSRL BL 11-2

"Flat" beam : 25mm x 1 mm (nominal)
Energy scan from 5 to 37 keV (70 keV with harmonics)

https.//iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

Bias Scan
Single pad (1.3 x 1.3 mm2) LGADs

Devices Tested

Device Active Thick.
HPK LGAD type 3.1 50 um
HPK LGAD type 3.2 50 um
HPK PIN 50 um
BNL LGAD 20um 20 pm

Simple

DC
Measurement BIAS
Setup

——)

Ferrero et

Low Gain Avalanche Diode

HPK
DC LGAD
Gain Layer Breakdown
shallow (1pm) ~230V {
deep (2um ~130V
P (2um) | For details,
no gain layer ~400V See Ref.
shallow (1pm) ~100V
G=10 Keysight UXR
-OAD 24%_({)2 Broadband 13 GHz
TIA on PCB Voltage 128 GS/s
Amplifier Oscilloscope

BNL
DC LGAD
Santa Cruz board with
LGAD and 1-ch. amplifier
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006
https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006
https://www.sciencedirect.com/science/article/pii/S0168900218317741
https://www.sciencedirect.com/science/article/pii/S0168900218317741

Signal processing - | : How to measure timing ?

. . Photon Source Parameters
e For MIP, we use a telescope for timing measurement (At) ; for X-rays we . .

Beam Line Map | Beam Lines by Techniques | Beam Lines by Number

have to resort to something else w
e  We canrely on the very uniform bunch separation of 2.1ns e ————
e This can be measured using the LGAD ! —
e  The SSRL fill structure is : ...1-0~fill-0fill-0-fill-0-fill-0... R~

Critical Energy 7.6keV,

Energy Spread 0.097

Autocorrelation of Run21_HPK_3p1_200V_25KeV_baselineE_harmonicE

VIVl

O x10° [ %2 / ndf 4.33e+11/20
0.4— One scope acquisition showing 161 Prob 0
C C SSRL: (2.100 £ 0.001) nS || constant 1.382+07 + 6.334e+04
- SSRL bunch pattern 140 Mean 2.1e-09 + 1.426e-12
o ® |Sigma 2.717e-10 + 1.448e-12
0.3 12H
n 10H
02— r
C °H
0.1— 5[]
B afH
0 L
b b b b b b by s 1y %1078 OE,,,,;U, U RURYRYIVAYARAVA PRI B Y 5 [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 10 20 30 40 50 60 70 80
t[s] Autocorrelation [s]
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Signal processing - | : How to measure timing ?

e  For Sirius, every bunch in the orbit is filled (2 ns separation)

Digitized waveform

Autocorrelation

_ _ 800 x10° %2/ ndf 3.029e+09 / 21
= - 0 - o Constant 5.67e+05 + 4508
0.05:— ne scope 700 Sirius : (2.000 +0.003) ns Mean 2e-09 + 2.868e-12
C acquisition showing = Sigma  2.908e-10 * 3.326e-12
0.04 600 ]
- Sirius bunch pattern - ﬂ i f%' W ﬁ d i '.\ }
0.3 500 ,l\ T; ;5 )\ / f&\ A {ﬁ X.\
n F | ‘ |
- = L \ Lo ol ‘
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Signal processing II : baseline correction

https.//iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

e All data from oscilloscope digitized waveforms _
Z 24000
S o & 220001 HPK 3.1@200V
7 E  LGAD digitized % 20000 30 keV
0.14f— @ E
= waveform Ener gy € 180001
012 © 16000
0.1~ 14000~ G
oonf oE/E from 120001 m=0112  p =115mv
oosF- Amplitude 10000~ 0
E . q . . 8000 o
004 Baseline distribution <0k m=0134 p =217mv
= estimation* E 1
0.02[— 4000:—
o w 20001
70.02:— | . | P B | | Ix10°® 00_ o1 02 0.13‘ — '0!4' — ‘0!5' —
0.02 0.04 0.06 0.08 0.1 t([)42 Peaks [V]
_ @ § 2500—
S o Timing P
014 LGAD digitized 2 00 HPK 3.1@230V
012~ waveform -t based on 8 [ 35keV
E  (corrected) 1500[—
0.1
E 2.1ns C
0.08— :> 0 C
el emply interval interval o000~
F  (noise estimate) (20% CFD) C
= R 500—
. — ] | :
F WMWMMWM Wu UWW% 7 R TR TR B - R e v T_é ‘[] 10
-0.02— o ime s
o6z 508 006 008 07 3;1210 *asymmetric reweighted penalized least squares smoothing
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

I - Single Pad LGAD X-ray Energy Response

Linearity of response
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I - Single Pad LGAD X-ray Energy Response

Energy resolution
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[ - Single Pad LGAD X-ray Timing Response

Time resolution
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I - Single Pad LGAD Summary Results (35 keV X-ray)

: 5

5 =

20

2 9

HPK PIN HPK3.1 HPK3.2 BNL 20um

Bias V 200V 150V 230V 80V 130V 50V 100V
Energy Resolution 14 % 6 % 17% 10% 20 % 6 % 16 %
Energy Response 1I9mV | 75mV 185mV | 68mV 211mV | 66 mV 147mV
oy CFD 78 ps 141ps 123ps | 371ps 171ps 69 ps 65 ps

Table 2: Summary of energy and time resolution for the three tested sensors for the different bias
voltages that yield the best energy and best time resolution for a 35 keV X-ray beam energy.
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The Carnauba Beam Line

link, Tolentino 2023

e One of the 10 operational beam lines
. PARAMETERS
e Fully instrumented
——— UNDULATOR Parameter Value Condition
e 2.1to15keV X-rays , ‘
Energy Range 2.05 - 15keV Si(111)
L] Beam S1Ze from 150 nm tO 350 ,um Energy Resolution (AE/E) 10%-10>
SUTS Harmonic Content <107 Above 5 keV/
Energy Scan Yes
———— HORIZONTAL FOCUSING MIRROR
\ Beamsize at sample [um] 0.15x0.15(0.55 x 0.55) 8 keV (2 keV)
@Taruma
— il Beam Divergence at sample (1x1) All energy range
. , ivad) @
AW \ |- /: M 5 L .. —— SECONDARY SOURCE APERTURE Estimated flux [ph/s/100 mA] 1071 ~
X2y - . PLANAR MIRROR @Taruma

* Energies < 5.8 keV being commissioned

CHl Luminescence \ / /1B
\ ;

——— suTS
4 CRYSTALS MONOCHROMATOR
4 —— suTs
- = b ~ KB MIRROR
2\ f \ SAMPLE —— —®
B\ \—3 < DETECTOR
Crystal Analyzer Y\ e

=) ly \

,; Seray X-ray _ " X-ray
Ptych N Transmission 4 Benyllium Diffracti
; ychography | (photodiode) Window (KB) , nracuon

High intensity, quasi-monochromatic focused pulsed X-ray beams (10 ps wide pulses, 2 ns appart)
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https://lnls.cnpem.br/facilities/carnauba-en/
https://www.sciencedirect.com/science/article/abs/pii/S0368204823000579

2x2 LGADs (HPK 3.1) tests @ Sirius Carnauba beamline

ATLAS HGTD HPK 3.1 2x2 array prototype
50 um active thickness, IP 70um
gain: 12 (150 V) ~ 32 (230V)
Detector can move and rotate wrt to the beam
LN2 nozzle can be used to cool down the DUT
Energy/timing resolution wrt :

o  X-ray energy, bias and temperature
e Interface to EPICS from machine to access
experimental conditions (beam intensity, linear
stage position, shutters etc.)

2x2 HPK 3.1
LGAD array

.

350 pum or 150 nm X-ray beam @ LGAD @ Beam direction near stage @ Cooling nozzle
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Signal processing and data acquisition

4 channel 2-stage amplifier board
Signal (charge) injection

Jitter from electronics < 1 ps
Onboard voltage regulators

Data acquisition : 8GHz, 50GS/s Oscilloscope = store digitized waveforms

¥ { UC St. Cruz 1st stage amplifier + broadband amplifier
‘ ; (MMIC Galig4+)
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0402 0402
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0402 e R10 L2 1 3 1|2 1 4
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0402 0402 0402 MCX FEMALE T/H
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- IN . ‘ R 1 /I7 Q2
T T2 5 \h

i cis
» e 3.3n 3lE
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MP resforsoncudoms s, s l | : UNIVERSIDADE
v v DE SAO PAULO
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Signal processing II : baseline correction

e Digitized signal has significant baseline shift = correct offline

VIV]

Run26_150V_5p83keV_25khz_ch4_20231121232020972.wfm

10

0.16f— o E X=0.147 y =15mV
.[F LGAD digitized - °
" E  waveform Ener I
012~ gy 10°
0.1:— B 120.087 u, = 29mV
= oE/E from ) R
0.08— . 10 E
oosE Amplitude
ootE- Baseline distribution 10}
= estimation*
002 (\ 4
o B 1|HL|’L‘H[
= 0.01 0.015 0.02 0.025 0.03 0.035 0.04
-0.02(— [ | PR B | | Ix10°® Peaks [mV]
0.02 0.04 0.06 0.08 0. 0.12
U t[s]
= 016 . . 12000 :—
s 0l Timing -
014 LGAD digitized 10000[—
012~ waveform Ot based on sooo:—
o4 (corrected) u
F 6000/ —
ook | —> 2 ns bunch -
woef.  €mpty interval interval 4000
= noise estimate C
0.04— ( ) (20% CFD) 2000/—
= N n
002~ [/ \ ﬂ i [ C o
- * 0 | LIx10
OF b W R p— a )
-0.02(— I L I L ! Ix10® ) ) ) )
0.02 0.04 0.06 0.08 0.1 1([212 *asymmetric reweighted penalized least squares smoothing
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2x2 LGADs (HPK 3.1) Energy response

E E 1y
. - 350 um 3 S 0E HPK 3.1 2x2
~ L i o =
K Pho}on detection (9 keV) g = @150V , 6.64 keV
beam at 500 MHz.(HPK 3.1 2x2 ATLAS LGAD) . £ ot
2 3 - 8 E
103;—
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s Ol B
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An alternative way to measure timing

P i s s S ..

e  Multiple photon conversions can be used to measure i e :
the intrinsic timing resolution ’

o o(t-ty) 2 <p l

e Data was taken with AND between two pads signals iL J

File  Edit  Utiity  Help
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Gain and interpad measurements

°  Useafocused 150 nm beam LGAD CURRENT profile LGAD PULSE AMPLITUDE profile

e 5 umstep lateral scan between 2

Skomina et al

g

pads B b 2 madoe o — =
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§ L
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https://indico.cern.ch/event/1270076/contributions/5461468/attachments/2670554/4629315/Skomina_RD50_MNE.pdf
https://www.sciencedirect.com/science/article/pii/S0168900220308913?via=ihub

Temperature response

e HPK3.12x2array e Beam line using a focused beam at 7.21 keV

e N2 cooling nozzle and detector position remotely controlled e Bias and temperature scan

e Temperature recorded by 2 PT100 on the PCB

e (Gain increases as temperature decreases

O asexpected ( W.Sun et al)
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https://arxiv.org/html/2509.08406v1

il
3
4

[HEP-IME and FBK TI-LGAD recent tests @ Sirius
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[HEP-IME and FBK TI-LGAD recent tests @ Sirius

e ATLAS HGTD IHEP-IME QA/QC test structure with carbon-enriched
"standard" DC-LGADs
e 50 um active thickness, gain ~ 30 @150V

20
LLLLLLE
LGAD
MOS Cap. 2.1 mm x 0.5 mm
Gate Controlled (oxide (Charge coll., timing, acc.
Diodes thicknes: |)

FBK TI-LGAD sensor (V1) from RD50 production,
test structures 2x1 (Paternoster et al)
50 um active thickness, gain ~ 20 @150V

) STANDARD Virtual GR  p-stop TE
SEGMENTATION (3.5 um) G-5ypm  [3-5) um

Metal pads

g no-gain region
Pixel 1 P Pixel 2 I
D
Van de Pauw PiN Diode 1x2 LGAD p* substrate by
Struc. (gain baseline, 4.2 mm x 0.65 mm FRENCEISOLATE 3
(implant resist.) dosimetry) (Charge coll., timing, acc. b) TRENCH-ISOLATED Trench (~ 1 pm) 8
removal, iterpad dist. and =
resistance) E
|
|
=B
no-gain
_- region
T Pixel 1 po " Pixel 2
p** substrate
Guard Ring
|
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https://ieeexplore.ieee.org/document/9081916
https://ieeexplore.ieee.org/document/9081916

New 16c¢ch amplifier board

e “New” board (based on arxiv 2504.08932v2 )
e  2-stage amplifiers (MMIC Gali 52+, 2GHz, 18 dB)
e Individual charge injection -
e Temperature measurement 4
e Removed on-board regulation due to heating ... a
J
e Jitter < 1ps (calibration signal) s
=
8 ‘ &
Z ==
| e [ [ ] = :
cC) =
T T T & e [ 23 I 4 fg"d: e g
A e PP e B =
X Res 0402 f a +
calB 5 e EOmes
+ | fos 3 ¢ % 8 %
| MIJ\—C\RCU\TSVGALIadoi E’ M\NIVCVRCUITSGAL\BA‘J 'g
------------------------------------ = 5 et S \ MMIC2 &
% - ol :‘”’ : 2 ;CHH A ‘RF:‘?.': ’@H‘ '2:5 H ‘W@* ?‘} Z R4 } ; T T
L e & 1 & ‘ i 2= O M.
Ris 4 ©h % a Kc
+ «

E\ Ealsmamsmc:«ascmomc DF2S5MACT_L3F

Ultra Low Capacitance TVS
May be bidirectional if CJO < 1pF

Once channel schematics (16 channels in one board)
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https://arxiv.org/html/2504.08932v2

Beam line setup

e Added a precision (< 1 um) laser displacement

sensor
2 oscilloscopes (up to 10 channels)

Board is air-cooled an temperature monitored
Beam size : 350 um or 150 nm

Energy and timing measurements
Low Energy scan (2.1 keV to 6 keV)

Measurements:
O  Position scan, timing and very high flux
response

o
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ATI AC U

@LGAD @Beam pipe @ Laser displacement

sensor
@ Linear stage
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IHEP-IME LGAD response to very high flux

e An attempt to kill the sensor, but it survived ...
e Maximum flux (109y/s, 350 um spot size) @ 6 keV

e 18uA current from sensor = no increase in the current in ~10 min operation

e 500 MHz rate, signal recorded at every bunch

No baseline correction

o ¢
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FBK TI-LGAD response

e 6keV X-rays ( 350 um spot size) x10° FBK TI-LGAD Energy response

2500}

No baseline correction

J0_0282 p =13.4mV
-0 =13

2000y

I o
—=0.169 =30.4mV
1500f L H

1000+ =017 p,=46.9mv
500f—
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Peaks [V]

Large amount of data from both sensors (2.1 keV to 6 keV)

still being analyzed ....
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25 muidy |25 muidy
500 500
sGH: % |scHz %
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A word on simulation ....

|, ~LGAD (2.5x2.5mm?)

Simulations for HPK 3.1, single pad +—PCB Base (10x10mm)

1= Simulation
LGAD layer Thickness (im) E — Skev i
;(i}:;)ilotr)]eam 1 | Alcathode Contact 0.3 10717_ :;Z ::z

GEANT-4 simulation of absorbed 2 e 10
3 | gain (p+) 1.0 [
photon fraction per LGAD layer for 5, s | oukcacive w0 ool
5 | p++ substrate 150.0 E
15 and 35 kev 6 | Alanode contact 03 L
10°
PCB Base layer Thickness (um) E

7 | Copper Laminate 100 : SenSlthe

8 | FR4 1600 | gl region

C‘ar/,o(je"n 9ain  buy SubStra[Znode Conpe, Ra

TCAD simulation of 50 um LGAD signal response to a single 20 keV

photon at different absorption depth.

le-5 A 30keV photon

— 2.00 - 10 c 30,
% —— Absorption depth 5Sum E —— Absorption depth Sum 'z @ MIP from Sr90
§ 175 ~—— Absorption depth 10um 'g’ ~——— Absorption depth 10um (4] N "
5 —— Absorption depth 20um S —— Absorption depth 20um 25 ~ Localized deposmon
© 1 —— Absorption depth 30um S 8 —— Absorption depth 30um - Continuous track of deposition
150 —— Absorption depth 40um —— Absorption depth 40um
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1.25 6
1.00 15
0.75 4
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2
0.25 5
y 0
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 E
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. . . . Total number of generated e-h pairs
(a) Current signal at the device level. (b) Convoluted voltage signal with TIA.
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https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10006

Where to go from here

e  None of the devices discussed here have been optimized for X-ray applications
O  However, results are very encouraging
e  What we will need for photon sciences :
O Higher energies needs thicker devices
O  Lower energies needs inverted design
o0 X-rays produces localized primary charges -> Electrical field screening at different energies (see Mazza et all)
O  Wee need to understand better signal formation for X-ray (simulations)
Final goal : explore the response of pixel devices (AC, TI LGAD)
e  However, several applications in photon sciences can use coarse (un)segmented DC-LGADS
©  Machine development studies
©  Nuclear Resonance Scattering (NRS) experiments
o etc..

®  TFaster sensors = faster detectors = faster DAQ
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The Sirius Light Source in Sdao Paulo (Brazil)

ORION BEAMLINES

HIBISCO
In-vivo propagation-based phase-contrast tomograph ..
- (insects, rodents, small NHPs) Slrlus
€ Energy Range: 16 - 45 keV. = n
L £ 140 SIBIPIRUNA Poundary
Resolution: 1-100 m ..
) Sirius
Cryo Soft X-Ray tomography & CryoSIM<s
\ (mammalian cells, bacteria, fungi) B
Energy Range: 0.3 - 0.8 ke\. y: N
EQV: 1-30 mm o
Resolution: 30 -100 nm @
Loconte et al.,Cell Rep. Met. (2021) I,lMBQ-
£ 3 Cryo X-Ray ptychography of tissues
(virtual 3D histology)
Energy Range: 5 - 20 ke,
EQV: 100 mm - 4 mm
Resolution: 50 pip - 1 mm
Song et al. Cell (2024) GovERNO FEDERAL

MINISTERIO DA
CIHENCIATICNOLOGIA
T INOVAGAD
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Carnauba beam line setup

O cNPEM
et Haskant Rascunho para o Brago extensor
L N L S 4 usincroton
30:;,m
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00 45mm :[ Ximo = mm
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Amostra
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