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e#¢,  Latest Outer Silicon Tracker R&D Plan

LGAD sensors are evolving toward improved process, larger size, higher performance, and lower power consumption:
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Latest Progress of the LATRIC Readout ASIC

The second version readout ASIC, LATRIC1, adopts an 8-channel was designed and submitted for
tape-out in October 2025. ol | BTami R B

* The channel pitch is 100 pum. Four channels integrate the analog front-end and TDC. The other four
channels consist of TDCs connected to differential pulse receivers.

Performance optimizations include:

* An enhanced analog front-end with increased preamplifier gain to improve the signal-to-noise ratio.
* Refined encoder Iogic. Addition of an event builder and timestamp functionality, etc.
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Sensor and LATRIC Test Setup

Laser inl _ | A 1064 nm infrared laser. The pulse  High-precision 3D stage with
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In addition to the infrared test system, a customized
UV laser test platform for SiC sensor has been
developed. Both Si and SiC sensor development
activities share a unified R&D framework with

common test infrastructure, front-end electronics, and §
system integration resources.
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Hardware-Software Co-Designed Test System
Automated Knife-Edge Laser Scannin

Automatic piezo-stage motion control - Data acquisition and transfer - Laser spot analysis - Automatic Z-

axis adjustment - lterative optimization of Zg (micron-level focusmg preC|5|on) to minimize the laser spot size
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LATRICO (Single Channel) and Sensor Combined Test
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A time resolution of 18 ps was measured for the
combined LGAD+LATRIC at 100% laser intensity.
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Development of the First System-on-Chip (SoC)

* HERIS: Radiation-Hard RISC-V SoC for High Energy Physics
Traditional ASICs are based on fixed hardware logic and lack flexibility for next-generation detectors. HERIS introduces a
programmable SoC architecture (CPU, memory, bus, and peripherals), enabling a transition from passive readout to
intelligent, adaptive front-end systems. HERIS-V1 (based on TinyRISC-V) was initiated in early 2025. The full design flow—
including RTL development, FPGA validation, and digital backend integration—was completed, and the chip was taped
out in October 2025 using a 55 nm CMOS process. In the future, HERIS will be integrated with the LATRIC readout ASIC to
realize a “high-precision measurement + on-chip intelligence” architecture.

CORE (Tiny) IF - Instruction Fetch

ID - Instruction Decode EX - Execute

» Core (Tiny RISC-V) ciK

—

e RV32IM instruction set

1
[}
1
1
RST i l
_RST | !
1
1
1
1

TCK
T™MS !
TDI JTAG_module ;

I

e CoreMark/MHz=2.4 D0
> JTAG interface | RIB(Risc-V Internal Bus) |
¢ OpenOCD support t i ! ! : ; ; !

ROM RAM Timer UART GPIO 12C SPI Ethernet

Ipcl IIF—IDI
| A g BN

» 3-stage pipeline

]
|
1
1
T
i
i
| D ID-EX I : | EX }-—-,—-{ DIV
| T
i
L)
I
REGS -
]

Write Back

|t

* GDB debug support

» Peripherals
* 4KBROM, 32 KBRAM
* I2C, UART, and SPI interfaces

* 55 nm CMOS process
* Operating frequency: 50 MHz
* Chip area: 1.020 x 1.196 mm?

* Integrated ADC data acquisition module with UDP-based data transmission « Operating voltage: 1.2V




Test of HERIS-V1 SoC Chip

PS E:\fpga\Tools\xpack-openocd-0.12.0-6\bin> .\openocd.exe \tinyriscv_JTAG_HS2.cfg
xPack Open On-Chip Debugger 0.12.0+dev-01850-geb6f27u45b-dirty (2025-02-07-10:08) int mafn() {
Li d under GNU GPL v2 > -b d b e f
L ol The on-board EEPROM has:been successfully .,
g reports, rea i );
http://openocd.org/doc/doxygen/bugs.html 0000000, 100009);

QEQIQZQ,OI == I2C Master Final Test Program ===

. clock Lera 1606 1o verified to operate via the [2C

: riscv.cpu tap/device found: 0x1le200a6f (mfg: 0x537 (Wuhan Xun Zhan Electronic Technology), part: 0xe200

uint8_t test_data = OxAC; [I2C] Write: Addr=0x1234 Data=0xAC
M > Config Check: Slave=@x53, Addr=0x1234, Data=@xAC
: datacount=3 progbufsize=1 eeprom_write_byte(test_addr, test_data); [12C] Read: Addr=0x1234
: Examined RISC-V core; found 2 harts uint8_t read_back = eeprom_read_byte(test_addr);

hart ©: XLEN=32, misa=0x0
[riscv.cpu] Examination succeed
: [riscv.cpu] starting gdb server on 3333
: Listening on port 3333 for gdb connections 7 HL S TR E AT
: Listening on port 6666 for tcl connections
: Listening on port 444y for telnet connections

7 SOV BIF + TCP/UDP

AA & 2 © » First power-on: OpenOCD works normally, ROM code runs successfully. UARTER

int main() {

HwAA - COM5 N art_init();
xprint: === I2C Master Final Test Program ===\n"); X
TR N 115200 v 12¢_init (56000000, 100000); ;;ng M:te;d‘:m:lelzt Program ===
ead: Addr=0x
SR - 8 o --- RISC-V Bootloader Started --- uint16_t test_addr3 = 0x0123; [12€] Read: Addr=6x1234
) Initializing SD card on SPI channel 1... :;::i;ﬁtrz:i:::izie:z:;k:eadfbyrektesudm ; [12C] Verification: Readl @xFF, Read2 @xAC
TREGAT : None v SD INIT: Failed on CMD®© uint8_t read_back2 = eeprom_read_byte(test_addr2);
=13 : 1 v I'I'l FATAL: SD Card initialization failed. Halting. !!! xprintf("[I2C] Verification: Readl @x%@2X, Read2 @x%@2X\n", read_back3, read_back2);
M DTR RTS @Target RAM size: 14336 bytes. Need to read 28 blocks from SD card. . . .
o Starting to copy data from SD:@ex0 to RAN:GOX10800000. . The first RISC-V Soc chip, HERIS-V1, has been successfully validated.

» The ROM and SD card boot functions work properly, and the SPI module operates correctly.
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HERIS-V1 Performance Test

CoreMark Benchmark Statistics HERIS-V1 benchmark score

Test Configuration CoreMark Results Summary . o o —
Item Value Run Total Ticks Time (s) CoreMark CoreMark/MHz 5 25,685.150 o6 3893
CPU Architecture RV32IM Softcore 1 47,140,681 0.943 106.07 2121 : s 08 e
4 29,876,551 16735 3347
2 57,254,527 1.145 87.33 1.747
Benchmark CoreMark 5 57.253,579 87.33 1747
3 57,254,216 1.145 87.33 1.747 6 57,243713 8735 1747
Iterations 100
4 57,254,809 1.145 87.32 1.746 ’ s e s
Com iler GCC B 2 0 8 57.254,426 87.33 1747
P - 5 57,254,522 1.145 87.33 1.747 s 41,493,461 12050 2410
Optimization -02 -funroll-loops -finline-functions 6 57,254,148 1.145 87.33 1747 10 46612237 107.27 2145
n 54,497,797 9175 1.835
Memory Mode STATIC 7 57,255,302 1.145 87.31 1.746 12 48,237,510 103.65 2073
13 28,275,053 176.83 3.537
Assumed Timer Clock 50 MHz 8 57,256,313 1.145 87.30 1746 = — — —
9 57,253,503 1.145 87.33 1.747 - sessr oo o
10 36,131,525 0723 138.38 2768 16 25475668 19627 3925
1 57,254,188 1.145 87.33 1.747 N T o o
18 57,253,672 87.36 1747
12 57,254,522 1.145 87.33 1.747 19 s7.253673 o736 1747
13 57,254,203 1.145 87.33 1747 ® s e e
21 57,250,967 87.40 1748
. . 22 58,844,737 8497 1.699
Frequency: 50 MHz; maximum operating frequency: 150 MHz. »
24 55,910,085 8943 1789
P f b h k 25 6,725,030 74343 14.870
e r O r m a n Ce e n C m a r : 26 57254283 87.33 1747
> - ~y 27 57,253,680 87.36 1747
ARM Cortex-M0/MO0+: 09~1.0 . o
> PicoRV32 (RISC-V): 0.5~0.8 -
30 57.254,539 87.33 1747
> HERIS-V1: achieves a score of 1.75, consistent with FPGA results. :
32 57,253,678 87.36 1747
.
> VexRiscv / 5 E203: 1.5~2.2 » s -
34 57.253,673 87.36 1747
» ARM Cortex-M3 / M4 3.3~34

35 310,466,500 16.11 0322

36 57.253.210 8736 1747 1 O



LATRICO Paper Published and HERIS-V1 Paper

Submitted This Week

ToricAL WORKSHOP ON ELECTRONICS FOR PARTICLE PHYsICS
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First prototype of a low-power timing chip for strip LGAD
readout: LATRICO

C. Wang ®,%? X. Li® b€ Y. Bai,’>? H. Chen,?¢ J. Chen®,? Y. Deng ®,%¢ W. Huang,?” *
H. Jiang ®,>¢ H. Li©®,>¢ Z. Liang ®,>¢ L. Liu®,>¢ X. Wang,?/ Z. Wang ®,> Q. Wu®,b-@
Q. Yan©,2¢ X, Yan ©,0-¢-8-* J, Ye © b€ L. Zhang,® G. Zhang?-/ and Q. Zhu ©?¢
“Department of Physics, Nanjing University,
Nanjing, 210093, China
b Institute of High Energy Physics, Chinese Academy of Sciences,
Beijing, 100049, China
“High Energy Physics Research Center, Henan Academy of Sciences,
Zhengzhou, 450046, China
4School of Physics and Electronic Information, Gannan Normal University,
Ganzhou, 341000, China
¢PLAC, Key Laboratory of Quark and Lepton Physics, Central China Normal University,
Wuhan, 430070, China
fSchool of Nuclear Science and Technology, University of Chinese Academy of Sciences,
Beijing, 100049, China
&School of Physical Sciences, University of Chinese Academy of Sciences,
Beijing, 100049, China

E-mail: yanxb@ihep.ac.cn

ABsTrACT: LATRICO is a single-channel readout chip designed for the Outer Tracker (OTK) of the
reference detector on the Circular Electron Positron Collider (CEPC). The OTK employs AC-coupled
Low-Gain Avalanche Detector (AC-LGAD) microstrip sensors to achieve high-precision spatial (10 pm)
and timing (50 ps) measurements. Fabricated using a 55nm CMOS process, LATRICO integrates an
analog front-end amplifier and an event-driven ring-oscillator-based Time-to-Digital Converter (TDC)
in a compact architecture. Measurements show that the prototype achieves a Least Significant Bit
(LSB) of approximately 30 ps from both Time-over-Threshold (TOT) and Time-of-Arrival (TOA). The
TDC core consumes less than 1.0 mW, while the total power of the front-end and TDC together is below
7.0 mW. The measured Integral Nonlinearity (INL) and Differential Nonlinearity (DNL) are within
1LSB. LATRICO not only validates the proposed timing architecture but also establishes a foundation

for the development of a future fully functional version with 128 channels and 100-pum channel pitch.

Keyworbps: Analogue electronic circuits; Front-end electronics for detector readout; Timing detectors
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HERIS-V1: A 55 nm CMOS RISC-V SoC for
High-Energy Physics Instrumentation

Likai Zhang?, Jiaolong Chen®*, Yuxin Cui®®*, Jie Du®, Wentao Jia®®, Shoudong
Luof, Xin Shi®#, Jiajian Teoh®, Xin Tong"°, Xiongbo Yan®#, Xiyuan Zhang®¢,
Yihan Zhang®, Qi Yan®&**

“Shandong University, Jinan, Shandong 250100, China
b Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
“Spallation Neutron Source Science Center, Dongguan 523803, China
4China Center of Advanced Science and Technology, Beijing 100190, China
¢University of Chinese Academy of Sciences (UCAS), Beijing, 100049, China
fZhejiang University, Hangzhou 310027, China
8Center for High Energy Physics, Henan Academy of Sciences, Zhengzhou 450046, China

Abstract

High-energy physics (HEP) detector readout systems face increasingly stringent
constraints on data bandwidth, trigger latency, and power consumption, motivat-
ing the integration of programmable edge-computing capabilities into front-end
electronics. This paper presents HERIS-V1, a 55 nm CMOS RISC-V-based SoC
for HEP instrumentation designed to provide software-defined control, monitor-
ing, and configuration for next-generation detector front-end ASICs. HERIS-V1
adopts a decoupled architecture that separates a lightweight RISC-V supervisory
subsystem from a dedicated hardware data-acquisition path. Post-silicon charac-
terization demonstrates stable operation of the customized RISC-V core, which
occupies a compact standard-cell area of approximately 250 x 250 um?. Operat-
ing at a nominal clock frequency of 50 MHz with a 1.2 V core supply, the pro-
cessor achieves a performance of 1.747 CoreMark/MHz while consuming only
10.8 mW of isolated core power in the idle state. The prototype successfully
validates a robust digital framework, including flexible dual-boot initialization,
memory-mapped interconnects, and peripheral interfaces such as I°C, SPI, and
UART. The successful in-silicon bring-up of HERIS-V1 demonstrates the feasi-
bility of integrating lightweight programmable intelligence into HEP front-end
systems, providing a scalable baseline for future detector architectures with en-
hanced monitoring and control capabilities.

Keywords: RISC-V, System on Chip, High Energy Physics, Front-end
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AC-LGAD Sensor with Long Strip

AC-LGAD microstrip sensors (=2 cm x 2 cm), aiming at optimal position resolution, timing resolution, and lower
power consumption. The latest tape-out was submitted in 2025.

The design explores different microstrip geometries, including:

strip length: 1 cm, 2 cm, and 4 cm
strip pitch: 100 um, 200 um, and 500 pum
electrode width: 25 um, 50 um, and 100 pm

Thickness: 50um

capacitance and thus lower readout power consumption.
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Latest Status of LGAD Sensor

To date, 7 out of 18 wafers have been fabricated, and process optimization are ongoing. In May 2026, 2 wafers

with lower n+ dose been delivered in May 2026. ol
meta

’ Dielectric
+ dose ’
1 c0um Thickness: 50um T
2 50um 10p
3 50um 0.01p
7 80um 10p
AC-LGAD LAYEROUT 3 80um 0.01p
4 50um 1p, 0.1p
5 80um 1p, 0.1p

The primary improvement was in sensor position resolution.
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LGAD Pre-Amplifier Board Optimization
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* Provides high-voltage
bias for LGAD sensors.

* Four signal readout
channels

e ~100x amplification per
channel

V4: 8-Channel Double-
Sided LGAD Pre-Amplifier
Board:

support different LGAD
types (pixel and strip)
e Optimized routing with

all 8 channels

* Reduced board
thickness to ~5 mm

equal-length traces for s

ooooooooo“i o} “l DOO!II
= CAL CAL -
O Cl #7 CH4 #F10 HV

e
5 CAL CAL
O 0O O O O O Ochz CHI

* Enabled double-sided to

H3

on
8w o
! ! - @8

we= BB

a0

" LGAD_8CH_VO

o (@) @)
- RFIS e

war CAL CAL ~
+2.25V CHS CHé

LGAD_8CH_V2

cccccc

CAL
CHE

TIFYIIRE
CAL CAL
HE CH7

w20 O O O

+5V

cor
@@ W O
-
(

10cm x 13cm

R

)

000

O O O O

O O OO O

V2: 8-Channel LGAD Pre-
Amplifier Board:

Increased number of
channels

Extended high-voltage pads
for better compatibility with
strip sensors

Optimized HV pad geometry
with cut-outs to improve
particle detection efficiency

V3: 8-Channel LGAD Pre-

g Amplifier Board

Reduced board size for
better integration

Simplified power connectors
for easier cabling

Optimized HV pad cut-out
geometry to further
enhance particle detection
efficiency



Sensor Characterization
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Strip Sensor Spatial Resolution (0.2% Laser)

A, and A, are the waveform amplitudes of the seed (maximum amplitude) strip and the second strip, re

spectively.

L B . =

DUT sensor % = —

Laser
scanning

1
1
1
1
1
1
I
1

v

A2/(A1+A2)

=Fr—r 1

A2/(A1+A2)

iPosition

———T—— %2/ ndf = 24.21 / 22

Constant 8241+ 1241

Mean 0.004976 + 0.017364

Sigma 1.4411£0.012

[ ] 800;
0.8 — [
I . 600
3 06 _ o F
+ - . <

~— - - @ L
< T = [
0.2f N 200

NP PRI TP S PRI 0- =
0 -5.13 -5.12 -5.11 -5.1 =15

Position [mm]

P
-10

5 0 5 10
RecPos-TruePos [um]

—_
[$)]

iPosition

The latest tape-out optimized n*
strip sensor (W4-AC-D9, 2 cm, n*
dose = 0.1 p) achieved a spatial
resolution of ~1.4 um.
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Sensor Spatial Resolution Using Different
Amplitude Estimators

Events
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Achieving a spatial resolution below 10 um using ToT information (LATRIC) with a 100 pum strip pitch
appears to be challenging and may offer limited flexibility.
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Beta Test for Sensor Timing Resolution
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i 9 8
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. . . tdiffw0th2

- Entries 1600
S0F__. Mean 4821
- Timing resolution Std Dev 68.53

o N 22 1 naf 61.8/50
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Strip Sensor Timing Resolution

DUT sensor 180

Laser : 4 160
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Strip Sensor Timing Resolution:
V (90 90-36*36)~80 ps
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The signal rise time of strip sensors is substantially longer than that of pad sensors.
The strip sensor (W4-AC-D9 2, cm) achieved a timing resolution of ~80 ps. "
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Next LGAD Sensor R&D Plan

Tape out other wafers with different process parameters:

New submission is planed, 2026

 isolated AC-LGAD, isolated DC-LGAD (DC-RSD)

Trench

metal ) )
. -I Fﬁb_“d]- === 22" Trenched LGAD
T priarer e TP oo g, %€ *Al/d

Thickness: 50um

Trench-isolated LGAD: a key step toward final performance,
reducing capacitance for large-area, enabling high timing
resolution and low-power operation.

11 wafers in IME

» The process and structure simulation, design
of LGAD with isolation structure is ongoing

20



Development of the Beam Telescope for BT

A test beam campaign for the next sensor/ASIC validation is planned. The beam telescope design is currently
ongoing, with completion planned within 1-2 months. The vacuum valve box is also also under design, and the
beam tests are planned to be carried out in China (could be at the PWFA facility at IHEP).

_<«— X,Y, y-rotation

p Laser alignment

0.5m~1m

t
|
|
|
|
!




Beam window
Vacuum valve

Locating pin Lifting mechanism

Base plate

(liftable together with motion system) Horizontal translation stage




Mechanical Design and Fabrication R&D for
Semiconductor Detectors

The team conducts research on lightweight carbon-fiber composite structural design, advanced
manufacturing processes, thermal management, and cooling integration. The laboratory aims to promote
the engineering application of lightweight composite materials and related technologies in semiconductor
detectors, providing critical technical support for the development of next-generation particle tracking
detectors for high-energy physics experiments.

- Cold plate mold -

Silicon tracker require low material
. budget and minimal deformation
(single layer < 1% Xo, deformation at




Mechanical Design and Fabrication R&D:
Manuscript Under Preparation for Submission

Design, fabrication and mechanical testing
of a triangular carbon fiber truss beam
for the CEPC inner tracker

X.H. Qian*, J. Wang, Y.J. Li, J.J. Zhang, Q. Yan, G. Li, X.P. Jing, X.Y. Ma, S. Xia, Z. Liu, W. He,
J.Y. Fu, S.J. Hou

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

*Corresponding author.

Abstract

The inner tracker (ITK) of the Circular Electron Positron Collider (CEPC) imposes stringent requirements
on mechanical support structures: extremely low material budget, high stiffness, and long-term stability under
radiation. This paper presents the complete development of a 1000 mm long triangular-section carbon fiber
reinforced polymer (CFRP) truss beam for the CEPC-ITK, covering structural design, finite element analysis
(FEA), mold design and optimization, fabrication process development, and static mechanical testing. The
truss beam consists of three longitudinal main beams made of M40J high-modulus carbon fiber prepreg (layup
[0/0/0/90/0/0/0], 7 plies, 0.4 mm thick) and helical secondary beams made of T700 carbon fiber tows (12K,
continuous winding). A continuous fiber winding process was developed to overcome the insufficient node
bonding strength encountered with the segmented bonding approach; the total winding fiber length is
approximately 7 m. The fabricated 1000 mm beams weigh approximately 15 g, corresponding to a linear
density of ~15 g/m. Static mechanical tests show a deflection of 37.25 + 0.96 pm under a 50 g concentrated
load with fixed support, with the FEA prediction deviating by only 2.6%. Under a uniformly distributed load
of 80 g (simulating the real sensor weight), the deformation is approximately 20 pm. The good agreement
between FEA results and measurements under two distinct boundary conditions validates the design
methodology and fabrication process. This study provides key verification for the engineering design of
lightweight support structures for the CEPC-ITK.

Keywords: CEPC; Inner tracker; Carbon fiber reinforced polymer; Triangular truss beam; Finite element
analysis; Lightweight support structure



Plan and Others

LGAD sensors are evolving toward improved process, larger size, higher performance, and lower power consumption:

Trench LGAD ;| Improved Trench LGAD

1
1 sensor
1
1

Full mask large sizg

Improved full mask
large size sensor

2025 March 12026 June, 2027 June
LGAD readout ASIC, LATRIC, is being developed towards multi-channels:

2028 June

v

2029 June

LATRICO (single channel) LATRIC1 (8 channels:) LATRIC2 LATRIC3 LATRIC3+ | LATRICA
o . . i 3# channqls 64 channels | Improved 64 channLI ' 128 channels
Submission — ! —_— e
2025 April 2025 Oct ! 2027 Jan 2028 Jan 2029 Jan 2030 Jan
System on Chip (HERIS): HERIS-V1 (Tiny-RISGV) HERIS-VP (PULPissimo) HERIS-V3 (PULPissimo)
Submission — L T >
2025 Oct : 2027 Jan 2028 Jan
Beam telescope system: i " . . .
System ' L . : L | N N 5
! 2026 July 2028 April | oroved version 2030 Feb
Two phase CO; cooling system: | " D
System ' >
X i 2026 Pct 2028 Oct
Prototype detector system: E !
L 4 | 2026!
B S——
i 1

System 1 =
2027 Oct

2026 plan: tape-out of trenched LGAD, development of LATRIC2 readout ASIC
(32 channels), R&D of HERIS-V2 SoC; beam telescope construction and beam

2030 March

test, and development of two-phase CO, cooling system with full system

integration tests.

d Team funding support: None; personnel

talent program funding only.

[ The project aims at engineering-

oriented research with a strong focus
on silicon tracker development. It
establishes an integrated R&D
framework covering sensors, dedicated
readout electronics, and mechanical

and cooling systems.
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Development of Two-Phase CO, Cooling System

We are developing the first two-phase CO; cooling system together with TIPC. The integrated system is going
be completed in October 2026. The system features a compact and portable design, with a nominal heat
load capacity of ~¥1.2 kW (upgradeable to >2 kW), an operating temperature range from -40 °C to 20 °C, and
a temperature stability better than +1 °C.

4 ot SR ) oriop semit |03 11104 I PTio4mos oo PI10S miog
o i Vapor = 02 X ® ® A
5 Liquid P ><] —@ P miEFﬂm PP v‘nw« S0 @
2 i hd et 1
- 2 ﬁnoé DP102| ¢ &
o 5) "
= - ~AINE:
P, B e X sam # || |5
== | | |&E EHesR T—
A . e
TT108 TT109 107
Enthalpy 1 D P
P—h Diagram of the Two-Phase E'EJII.
CO, Cooling System ] Design Layout of the Developed Two-Phase CO, Cooling System

The system can be integrated with a variety of thermal load systems, making it suitable for different experimental setups
and application requirements. The system features a compact layout with a total weight of approximately 100 kg. It also

provides a scalable platform for the development of larger cooling systems.
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Design of the CO, Cooling System

=TES

Control cabinet location

Load connection interface
CO; cooling part

Chiller system

Chiller system Vy ~<J ||+ Load connection interface
27



ek

Filter (R404A)

o T

Filter (CO,)  Differential

P srag g < - s

pressure sensor

Electronic expansion Temerature sensr
valve (EEV) driver

Integration of the complete system is ongoing and is scheduled
to be completed before October 2026.

Flow meter Refrigerant sight glass for CO, 28
D



29



e E R ENTCTIIN RS

DN SEBILE AT B 77 35S 18] 73 2 38 1) s b L

AR RE RN RN

Sl oo TAE, WHAHBREZHKRRE, BERZ |

it DUBOKORS BE X £ 2 AP T iR

=Y =PANC «  SZIGSP K A Mitutoyo 20X HREE (EEER A ﬁ
f=10mm. #FFLIEN,=0.42mm) *F1064nm ‘\ - | Zlexis, —

Eaatil

(# ﬂﬂé*)%%f

B3 fE WOCHET Bdk . RGBT

o 1ED=2*Np*f=8.4mm, X N = ' R B HR A%

: BmEE " I S
AC-AL%;%ﬁ?A?Rlc lll LA dloosumilomm 1.62um

D mTx8.4mm

o EIEICHN, SEhRGEEL N T R
HAEMWR, AHRERR/IME~3. 24um

1/e? intensity
beam radius w(x)

Rayleigh range x
\ %

Waist radius wol Divergence angle

T RXNER ‘?ﬁéf

i —
T \ Propagation direction

Wavefront

1
A4

T B | ﬁzu@vbmﬁﬁ
’ 7

R g



31



