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Abstract Ultrashort pulse (USP) lasers have spearheaded great innovations in science and technology, as evidenced
in their wide range of applications from chirped pulse amplification to optical frequency comb-associated precision
spectroscopy and from super-resolution fluorescence microscopy to femtosecond chemistry. These outstanding
scientific achievements (respectively awarded by the 2018 and 2005 Nobel Prizes in Physics, and 2014 and 1998
Nobel Prizes in Chemistry) have sufficed to evidence the profound and far reaching influence of USP laser on the
innovations of science and technology, and the cognitive power of humankind. Herein, we review some of the
fundamental knowledge regarding the main characteristics, characterization methods, and generation and
amplification methods of USP lasers. Specifications and optical schematics of industrial USP laser systems, as well
as the subject of how to select USP laser parameters for practical applications, are specially discussed. A

“«

pedagogical “ultrafast laser optics” learning map is also introduced for providing an overall picture of this fast
advancing and extremely fascinating field.
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wavelength of 800 nm
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of ultrashort laser pulses. Two domains form

Fourier transform pairs
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Table 1

Uk O B W TR 2 8

Common technical parameters of ultrashort pulse laser

Laser parameter

[Unit], common unit Relation

Central wavelength, A
Pulse duration, At
Average power, P

Pulse repetition rate, F

Bandwidth, A (or spectral width, Av)

Basic parameters
Polarization ratio, PR

Radius of laser beam, w
Laser beam circularity, C
Beam divergence, 6

Beam quality factor, M?*

[m], nm, pm
[s], ps, fs
[W], mW, W, kW
[Hz]., kHz, MHz Also known as PRR
[m], nm, pm Av=AM X (¢/A*) [Hz]
(unitless)
[m], mm, pm

(unitless) w, /w,<<100%
[rad], rad, mrad

(unitless) M*=60/(A/mw)(=1)

Pulse energy. AE [J1, pJ, nJ AE=P/F
Peak power, P [W], kW, MW P=AE/At
) Pulse period, T [s], ns T=1/F
Derived parameters . .
Area of laser beam cross section, A [m]?, cm? A=nw?
Energy fluence, F [J1/[m]?, J/cm?® F=2XAE/A
Peak intensity, I [W]/[m]*, W/cm? I=p/A=F/At
Time bandwidth product, TBP (unitless) T =AMt X Av

) Beam parameter product, BPP
Quality parameters
Pulse stability

Beam pointing

[m][rad], mm mrad B =w X0=Q/n) X M*
(unitless), (p-p%) rms

[rad] /[°C], rad/C
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Experimental data points correspond to different
laser machining applications. From lower right to
upper left: forks represent 180 ns and 30 ns
pulses, and 2-pm laser is used for PMMA
transparent plastic welding; solid circles represent
3 ns and 5 ns pulses, and 515 nm laser is used for
glass machining; triangles represent 200 ps and
15 ps pulses, and 355 nm laser is used for
scribing of PI film; square represents 50 ps
pulse, and 515 nm laser is used for drilling micro
holes in thin glass; rhombus represents 15 ps
pulse, and 1 pm laser is used for stealth cutting
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and 0. 8 pum laser is used for ablation of solid
target in vacuum; star represents 50 ps pulse,
and 1 pm laser is used for stain steel black
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Fig. 5 Ultrashort pulse laser that is focused by lens is

equivalent to high density photon group in three-

dimensional space
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Fig. 6 Examples of processing fineness of high-density photon clusters interacting with matter. (a) Micro pits on GaAs

sample surface produced by single 50-fs laser pulse; (b) micro dot matrix on 0. 8 mm-thick borosilicate glass

produced by high-repetition-rate 50-ps laser pulse. Inset on bottom right corner is local magnification region
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Fig. 7 Main parts of mode-locked laser: laser resonator (including HR and OC), gain medium, pump source,
mode locker, and dispersion compensation device
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1) all solid-state amplification: solid-state seed laser

combined solid-state amplifier;

2) all fiber amplification: fiber seed laser combined

optical fiber amplifier;

3) solid-state and fiber mixed amplification: solid- state
seed source combined fiber amplifier, or fiber seed laser
combined solid-state amplifier;

4) direct amplification and chirped pulse amplification

P8 R JE K O R SR JLFNOR R 2 45 4

Fig. 8 Different optical architectures of USP laser system
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Fig. 9 Block diagram of typically optical layouts of industrial USP laser system with pulse burst selection function (three-

pulse burst is assumed. As shown in pulse burst patterns at right, magnitudes of pulse bursts can be adjusted to

equal-height, from low to high, from high to low, low-high-low, or other patterns needed in application)
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after focusing (dashed line)

A e 0 B B T Q AR AN B AR AR 1t B
IMAE 20 et 60 AFA PRI E 80 AR T A K —
BT IE] N 5 Fe RO I (1 T 23 RO 3 1) 34 R DU A 4 22
1, 3X EEUEH F YRR R MW 8905 6 ok
SRR S B B T 1985 4, CPA iR gl
S5« G240 10 0 350 A B ) e IR, DT A U A
RIBOCWEAE TR AD GRS DR RF R 7 30 AR
AR E] I T 24 10 BRSPS AE TR 20 145

T B S L B 10 B85 SRR A 4 X
MK SE A5 8 . X2 Tk i TR, RO pE
R PEOL, HEOLI R % EAAA I A 2T
107 W/em®, [ 10 B 45 5 ad W, %k 8 J ok oot
RGN T AR LR HOE T A S5 5L v LA F CPA
B M AE CERPEOE T o BT A RHB A7 18X Ik 58 7Y
MM 22, T R RE ok o g i T ROBD SO X 1 B R A
W T %, CPA H AR 2 A0 1Y 5

m & 10 3B AT LAE B5S 1 35 R R B A 5 R
FHEAERIE 5 MARZR BB 3 A 263115
X R E R 10" ~10" W/em?)  # 26 740 X}

@898 Q HOAR (GUFRE K £ AR ), 38 4 R 38 D) 6t
WO IR I A Q (B, RITE ZR I 5 A2 rp (O I e b 7E 1R Q
{EARAS RO I A0 R 5 N BE TR AGBOL IR - T 24 3 45
I B FE A T I e I8 B AR IR L 5 R T O IR HEA
5 Q ERA T WMGMOL IR 5 - AT 76 2887 B4 I [ P4 7= A ik
MOt S . A Q BOLR R A KT RMAEIL T EILTA
ns, F7E S0 T WA A B ILA ns, 5384 25 A Bk AR R R0
SR Bk o EE SRR DDA OG5 BIURE O K oA LE L BR Bk
ol ol 1R P 2 IO QU U e B TN QUL N S
%, BB KB ICR IS

Wi X ek > 10" W/em?), i H Xt ig 7 X
(10* W/em®) #F B A CPA Hi RIERE, AR
CPA HAR gk 21 M) 2 % B2 . AMTREA | H et
NP MO 2E X OB <<10° W/em®) Fil 2 %
e F ROEF 5K = T )-8l JE LR Ml % X (10° ~
10" W/cem®) H g [a) 151,

4 HEIK RO T RO S RO

8 S Ik e RO R A R AR L T e R
TR I BSE A, R A DGR AE R S
SR I IE 2 AL R O R N LA £
G AR BB . EX LT RN
BRAE 2.1 5 g i i SR S B0, Tk o R R K o
A A i SR 1R A L A 45 A Dl & R G 8 e ik
PROE Tk i TR W SR L gh O T O KL Bk
B BB B E SR EEA R B AR
4.1 BERKHBOLER . BRPBEEANEENE

R Al 20 L (1 B ASE O 28 B G L RS A A B 1 R
WO AR NG Ik w2 25006 2 YA AR BRIV 45 bk o
WO AE IR R s PN g R — Yk [T B R A 7 A PR
W RIURE 57 0 200 58 42 52 B 2 BT AE TR) — 0 B B RS,
F U B 22 GEAT 4 S L B SR P 7 A A S A T
B LN SRR TR QUL S AN QU B ISR i
AU T A g BIAR 1  k e TE SBR ) 2 R GE )
TUE2l ST AR SR AR G £F O A B K R RAR O B
R B AR 1) Bt R i T AT O T IR s N
A RB A AE AR SO K R 25 i DL B e T R
XU IE B AL AL, 2 38 AT DA il 4 26 R e H A 45 i A
Fe A TR IR T S A Ik vh Y —
FEARAS BLA by ik 20,

JUE N, 55 R DK O Y 1 B S 4 AR A
B L ST ) i ok o O 25 1 i K e O T R
B 2L X — 5 R T SR A S B Rk
(18 D 2 5 55— 7 THI 2 IS 42 oA 4 4 A\ 3L A AR o 1) —
L S A (IS U 75 ) N e O =
S5 T ok B S I v AT A Ol 2 BT A9 B A RS Lk A -
AL A ] 000 A5 {5 2 5 i e K O R Y
e[S g OIS S s QUINIT - o Sy N T D
FWHM & X1 3 dB Jik 56K A /2 LU R oL 8 & ik
IR RS S Gl A S AR R i X (P N =8
FINKTE . N 5 dB.10 dB.20 dB & B 45, 82 bR s
25 78 WK 8 N 0 Ik b e A AR R A L. SRR
S5 BUR k of OLFR 108 Bk b AS it B 2w B, 0
YR b e ) e K 5 3 Pk a4 e i) R L 2

1200001-10



th i

i ot

Fe b AR 0 BR € . FESOE N e G 2R i P bk
MO A A AR JEE UK N 336 R R Dk i 7
PR R BB 2 3 o A Jok ih BB 2t AR /INER 43 RIS BRA 8K
CHlGRS in AR R 08D IOk S fe R B8

VT AR | B A B T O B AR A W 2D 7R
Tl o TR FH s AT AR S 4 1 R b Ot 19 2 8
T B F 2R HRAT B T AR KR 31X Y b e Ry Y
—ANH MR ) 2 5 R K b R (Pulse Burst) B9 ik o
AR, SEIE L AR Dk ehOs m o, R — A
AR TRCR AR R m i T2 S8, B
H o AR AS 2D 8 HRO6 25 09 A2 77 T R X —
A4 B3 Tk e A0 5RO R g2 i b (IR
2) o MR AIETT KOG % 78 i ik b BUS XF &
551 14 T A 52 0 AT RE W AT A [R] Al AR 8 5 A Bk o
BN R KR B A —

AR AN R 4 T AR B ANAE IS 4 K e ER N T
MR 3G ) R B K b BE A L ) L AR
JIk 5 R R R I TR A A AR ) R R A )T 0 R D 5
SR T N TR 4 R TR EE TR,
TEX TG OCT AR & 3 rh BT 2 3K 19 ik v BB £ 5 ik
R S AR A O AR B R Bk b R (RO Z2 A K b S
D RER S Pk R A BRZ KR . A, Hh
Jh o R A A A R K o R R R R R CECGE )
RARAR) L TEE 3 M X 0 AR 0B A 23 B ik
MR AR TS 3

— Pk U ok e AR A Ik o B 3 4 5 B OR N )
WY, AL BOC S8, U H 2 D R
AR TR AL B O . X T B bk i BB e v
{50, R 35 A1 i 5 01 248 114 0 Dk o 98506 33k A 1 100 L 3¢
L) g R A3 Tk e £ 750 RIS A bk e E A Y

@3 5 T AR G ET AR M 55 - oy T AR 2 A 280 g A A A 45
A T 80 ) A 7 Rk o i f LA S B AR 8 L X A O L 1
Jok e e U2 R R A B0 AR S S S T B bk o BE A [
H ARG YR M LR AT ISR, R E L L XA T
T 3 7 Az 22 A A] b PGB I T A /0 CRE k) Ik e Ok 2 5 A5 41
— R CRE ) Tk i, 350 07 2% 2 0 45 Ik oo R 38 e XA B — A
PR .

G I AL 7 Z 48 0 3R 2 45 I BUE 22 5 18 A 2 DL A
i AR I e O A 2 R R E N AT K USP
WO S e A A G AR SR B 220 . K L Bk
Ut AR LETE 23 TF 097 dh $ ARG AR Z SN B AT BOR 5
TR o B 0 S o O B 5 o B S R O R SR, b
TR VK i RO 4 7 T & Th T BB R R R MR A S R
FEH 2 KR,

Jok e ok sk /L B Jik b BE B TT LA KB 1k BE R B0
iR A SR 3 ) A R BB IR TR B A R T R e R R
A . B2 AR Bk b BE B AN w85 1 3 Je o Y
PN SUI IR DN QU+ @X i UE 2 WA SULE S DL B AN
ok e, o 23 B 5 OB AE T R BERL B I A<
4.2 BOLEK RE M EESESHENIERE

LRk v Y ' o TR SR O I T R S
T PR O 2 B AR L T 20 2 80 G BRE R XS T2
HM TR AR E R, £ 208 T ENs—L A
A —EACERE A T AR ok OG5 il ) T B4
ARAGIR. T 55 T LB, 70 i ¥ e AP LLAN O LA . RADAL
SNEOERR BRSO IO A B RN SR AMHOE AR T LS
o T USP#oLa ™ i EZE R a5
G W B AT BIBARSEAR SURIAH G A 4 . DX 2851 H Y
FORSEIRF AP )R ke £ bk S J LA~
BSAEN I B R LL MO i C A — E R b 4%
TSN TR R LLAMEOE & (BR BK 9 A1) Y 22 B 1
B R EROCA BRD 0 AM O G 10 R AR 22 BE RS 2
SR bR A R E T D AT AR LER A R

S B OGN R 28 2l B AN el B S
T RO A SO S B 1R L, O T[] 2 X — R
[ia) 50, BT A B A TR I TR AL RERE (B
SRRRER L) I T S0 T A AR b
FHREXE A5 O A IR W R 1 5 O B DI AT O L it
SRR AR BER /N DU R B L HOE T e MR
FRATL AR A 52 8O R A B2 WL e el LT A SR A
O A T 4 T5 T A AR E . TR bk P EOL 5 )
Jo A EL AR ] 2 HG e ) U A 56k K 51k 20 1
M WS 22 56 1 f i DA S BOM JHAE B/ DN Jag 3 P Y
USESIRRIEIPN EYE IR S PPLEN -k SUE R p S
8 VI N

LK O BAT AR T ns ko R K rh#OE
AR THLEL, g 1B m] RLSCEL nm 2R 9 B/ R
JE N T AN /M B RS R DX, DARE A B P ) £
JEE A 1 o o Jk e RO 1) Ik B I 2 T A /N T A e B
Y oo e L NS S RO SRV N BIVAL 0N T
FE . PR ZHE AR XA IR K TEZITE 10 ps
FeAT o AR KOOI TR A7 A Y S S AR R I
e kO T L AR SR NI S5,
FREOEI TS 0L T 2067 W, 206 T s 51 A& 1
BT Y BE EORE & LR o B AR RDRHIE AR 5 A9 Ze
WO E AN B, S 2, — R 9 RO
A LUA S TAT AT A A MRS B B T | < A 2
BB 1B W T 2= D R D S R AR R 24

1200001-11



H | i

2 B ATl S 8 K o 8% 7 i R R R AR R
Table 2 Comparison of major technical specifications of some USP laser products for industrial applications at home and abroad
R IRAW N &t
Picosecond infrared laser
Item Trumpf Coherent SP PI Huaray Bellin Huakuai YSL
TruMicro  HyperRapid IceFyre RGH- Olive PicoYL-100
Model Amber IR YPP-IR-30
5070 NX 1064-50 1064-50 1064-48 -1064-50 -100-100
Wavelength /nm 1030 1064 1064 1064 1064 1064 1064 1030
50 48 75 30
Average power /W 100 50 100
@400 kHz @400 kHz @500 kHz @1MHz @100 kHz
220 200 420 250 200 100
Pulse energy /p] 250
@200 kHz @200 kHz @100 kHz @200 kHz @300 kHz @100 kHz @100 ps
Repetition rate /kHz ~ 400-1000 200-1000  0.001-10000  100-2000 0.001-1000  0.001-1000 100-1000 100-1000
Pulse duration /ps <10 <15 <15 ~10 <10 <15 <15 100-500
RMS of pulse
N/A <1% <1.5% <2% <1% <3% <2% <2%
energy stability
Pulse selection N/A N N N N J N/
M? <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Polarization ratio N/A =>100:1 =>100:1 >100:1 >100:1 >100:1 >100:1 N/A
KRN
Femtosecond infrared laser
Item Trumpf Coherent SP Huaray Bellin Huakuai YSL
TruMico 5070 Monaco Spirit HR-Femto- Axinite Femto
Model YPF-IR-20 ~
Femto Edition 1035-80-40 1030-100 IR-50-40 1R-20 YL™-100
Wavelength /nm 1030 103545 103045 1035 1030 1030 030
Average 40 100 40 20
80 20 100
power /W @500 kHz @1 MHz @1 MHz (@1 MHz
Pulse 80 100 40 30
200 50 200
energy /pJ @500 kHz @1 MHz @1 MHz @500 kHz
Repetition
400-1000 0.001-1000 0.001-10000 100-5000 0.001-1000 50-500 25-5000
rate /kHz
Pulse
<900 <350 <400 <350 <500 <500 ~400
duration /ps
RMS of pulse
N/A 1.5% 2% <2% <3% <3% <2%
energy stability
Pulse selection N/A N/A N/A N/A N N N
M <1.3 <1.2 <1.2 <1.3 <1.3 <1.3 <1.3
Polarization
) N/A >100:1 >100:1 >100:1 >100:1 >100:1 N/A
ratio
LR SIR®)ik 0
Picosecond green laser
Item Trumpf Coherent PI Huaray Bellin Huakuai YSL
TruMicro Hyper Rapid RGH- Olive- YPP- PicoYL~
Model Amber GR
5270 NX 532-25 532-20 532-15 GN-20 Green
Wavelength /nm 515 532 532 532 532 532 515
25 20 15 45 20
Average power /W 60 30
@200 kHz @100 kHz @500 kHz @500 kHz @500 kHz
125 200 100 90 40
Pulse energy /1] 150 ) ) 40
@200 kHz @100 kHz @100 kHz @500 kHz @500 kHz
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Item Trumpf Coherent PI Huaray Bellin Huakuai YSL
Repetition rate /kHz  400-1000 200-1000 100-2000 0.001-1000 0.001-1000 400-1000 300-2500
Pulse duration /ps <10 <15 ~7 <10 <15 <15 800
RMS of pulse
N N/A 2% 2% <1.5% 3% 2% 2%
energy stability
Pulse selection N/A < N N N N N
M? <1.3 <1.3 <1.3 <1.2 <1.3 <1.3 <1.3
Polarization Ratio N/A >100:1 >100:1 >100:1 >100:1 >100:1 N/A
FE R AN O
Picosecond UV laser
Item Trumpf Coherent SP PI Huaray Bellin Huakuai YSL
TruMicro  HyperRapid IceFyre RGH- Olive- YPP-
Model Amber UV PicoYL-UV
5370 NX 355-15 355-30 355-12 355-10 UVv-10
Wavelength /nm 343 355 355 355 355 355 355 343
30 12 10 30
Average power /W 30 15 15 15
@500 kHz @100 kHz @500 kHz @700 kHz
75 60 120 60 42 30
Pulse energy /] 75 ) ) 30
@200 kHz @500 kHz @100 kHz @100 kHz @700 kHz @500 kHz
Repetition rate /kHz ~ 400-1000 200-1000 0.001-3000 100-2000 0.001-1000  0.001-1000 400-1000 300-1200
Pulse duration /ps <10 <15 <15 ~7 <10 <15 <15 800
RMS of pulse
- N/A <2% <2% <3% <1.5% <3% <5% <2%
energy stability
Pulse selection N/A N N N N N N N
M* <1.3 <1.3 <1.3 <1.3 <1.2 <1.3 <1.3 <1.3
Polarization ratio N/A >100:1 >100:1 >100:1 >100:1 >100:1 >100:1 N/A
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Fig. 13 Learning map of ultrafast laser optics
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