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Abstract: Coherent beam combining (CBC) of ultra-short pulsed lasers is a promising way to overcome
the power and pulse width limitations from a single fiber. In this paper, the principles and technologies of
coherent combining of ultra-short pulsed lasers in spatial, time and spectral domains were described. The
current status of ultra-short laser CBC systems and their key technologies were reviewed, several future
perspectives were pointed out. This paper can be a reference for future development of CBC of ultra-
short pulsed lasers.
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Fig.2 Principle of spectral coherent beam combining of ultra-short
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Tab.1 Impact of spatial aberrations on CBC of

Gaussian beams

Tiled aperture Filled aperture

BPF BPF=0.95 n 7n=0.95
Fractional 1/[1+0.67 _ ) _
pointing(ay) (0460°] 0 :=28% 1—-(04/ 6,)* 04 0=22%

Fill factor(v) exp(-0.53v) 0.097 - -
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spot
displacement
(o w)

1-(o/ w)* o w=22%

Fractional
spot size - -
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Tab.2 Several active phase control technologies and the representative results

Phase control

method Results Notes
Other countries: 200 CW diode lasers '®; 8 CW fiber lasers with 4 kW .
a0 . . N 1. Indirect phase control; 2. Other
SPGD overall power™; 21 CW fiber lasers based on target-in-the-loop!*.. optimization aleorithms such as climbine hill®
. In China: 32 low power CW fiber lasers ™; 9 CW fiber lasers with kW p g . . N g ’
algorithm o . . stimulated annealing algorithm'® can also be
level overall power ™ -1 5 nanosecond pulsed fiber lasers with 800W .
" used for phase control.
overall average power!®!.
Other countries: 16 CW fiber lasers with kW level overall power®!; 5 CW
fiber lasers with 4.9 kW overall power based on DOE ¥l; 4 low power
femtosecond pulsed fiber lasers'™’. 1. Indirect oh trol: 2. Includi "
Frequency In China: 30 low power CW fiber lasers ¥!; 9 CW fiber lasers with kW f. ndwect p d'?;e .con O[q’” ' nClll Tg ot
dithering level overall power “'~*l; 4 CW fiber lasers with 5.02 kW overall power ;:ﬁuénc}[]%] (I:D;f[lng d d'i;ng‘e- [fff;emz
. ithering!*™!, —based ditherin an
(LOCKSET) based on CPBC '"!; 7 nanosecond pulsed fiber lasers with 1.2 kW overall J J
- . . . SO on.
average power™!; 4 picosecond pulsed fiber lasers with 88W overall average
power based on CPBC ®!; 2 femtosecond pulsed fiber lasers with 313 W
overall average power based on CPBC™!.
Heterodvne Other countries: 48 low power CW fiber lasers based on interfering fringes!™
hasg 7CW Nd:YAG lasers with 100 kW overall power!"™. 1. Direct phase control; 2. Can only be used
P In China: 7 low power CW fiber lasers!"™; 3 CW fiber lasers with W level in tiled aperture CBC systems.
measurement ey
power!!®],
Hénsch-
Couillaud Other countries: 8 femtosecond pulsed fiber lasers with kW level overall 1. Direct phase control; 2. Can only be used
(H-C) average power based on CPBC!". in CPBC systems.
measurement
Quadriwave .
‘ 1. Direct ph trol; 2. C ly b d
lateral shearing Other countries: 64 low power CW fiber lasers'®!. . .1rec phase contro an only be use
. . in tiled aperture CBC systems.
interferometry
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Tab.3 Representative results of spatial CBC of ultra—short pulsed lasers

Year Institution Technical solution Results
2010 Friedrich-Schiller-Universitéit Jena, H-C measurement phase control, Channel=2; t,=sub-ps; fre=10 MHz; P,.=0.5W;
Germany CPBC. n=97%"™
F ditheri h trol, Ch 1=2; t,=325fs; fw=35MHz; P,.=4.3 W;
2011 Université Paris-Sud, France requency & gggf:p e contro e ' onigﬁk%[m ’
. . . Sagnac passive phase control, Channel=2; #,=250 fs; P,.=multi-W;
2011 U té€ Paris-Sud, F i
fversiie Fans-sud, France CPBC. 1=96% @fiw=35 MHz; 1=84% @ fi=1 MHz!™
2011 Friedrich-Schiller-Universitéit Jena, H-C measurement phase control, Channel=2; #,=470 fs; fir=15kHz;
Germany CPBC. Poeipea=30 W/5.4 GW; J=3 mJ; 7=89%"""
. . L. Frequency dithering phase control, Channel=4; #,=300 fs; fir=47 MHz;
2012 U ty of Mich , USA . .
fuversity ob Michigan CPBC, all-fiber configuration. P,.=hundreds of mW; 1=94%""
. . . Sagnac passive phase control, Channel=2; #,=300 fs; fir=92 kHz;
2012 U té Paris-Sud, F
piversite Fans-sud, France CPBC. Paorpeac=60 W/2 GW; J=650 wJ; m>90%!™)
2013 Friedrich-Schiller-Universitéit Jena, H-C measurement phase control, Channel=4; #,=670 fs; frr=400 kHz;
’ Germany CPBC. Paopea=530 W/1.8 GW; J=1.3 mJ; 1n=93%""
Uni ity of Shanghai for Sci
2014 muverstty o anghai or. cience Active phase control, CPBC. Channel=2; 1,=277fs; fre=20 MHz; P,.~20 W!"!
and Technology, China
2014 Friedrich-Schiller-Universitéit Jena, H-C measurement phase control, Channel=4; #,=200 fs; frr=40 kHz;
Germany CPBC. Prerpea=230 W/22 GW; J=5.7 mJ; n=88%""
SPGD algorithm ph: trol, - fiber; 1,=860fs; fr=100 kHz; J=8.9 uJ;
2015 Université Paris-Sud, France agon m phase contro core 1 e.r ! 55 i z 12 P
tiled aperture. power in central lobe=49%(1=76%)"
Ch 1=8; 1,=260 fs; P,.=1kW/J=1 mJ/n=91%
2016 Friedrich—Sch(i;z;g;liversitéit Jena, H-C measuregl;]raltc phase control, @;::1:6996 « I‘;Z ) P,Mi887 ol mj/n:gg%@o
v : f=265 kHz!®
2016 China 1.Xcaden.1y of Enginéering SPGD algorithm phase control, Channel=2; £,220.8 fs; fu=] kHz; 1=80.3%!15
Physics, Mianyang, China tiled aperture.
2016 National University of Defense Frequency dithering phase control, Channel=2; 1,=827 fs; fir=80 MHz; P,.=313 W;

Technology, China

CPBC, all-fiber configuration.

n=79%'
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Fig.6 Principle of temporal CBC of ultra-short pulsed lasers
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Fig.7 Principle of pulse dividing and combining based on

birefringent crystals
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Fig.8 Principle of pulse dividing and combining based on delay lines
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Fig.9 Principle of pulse dividing based on phase modulation
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Fig.10 Principle of spatial-temporal CBC of ultra-short pulsed

lasers
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Tab.4 Representative results of DPA of ultra-short pulsed lasers

Technical solution

Results

Year Institution
2007 Cornell University, USA
2012 Cornell University, USA
2012 Université Paris-Sud, France
2013 Université Paris-Sud, France
2013 Université Paris-Sud, France
Friedrich-Schiller-Universitéit Jena,
2014
Germany
2015 Université Paris-Sud, France
2016 University of Central Florida, USA
2016 Université Paris-Sud, France
Friedrich-Schiller-Universitéit Jena,
2016

Germany

Passive DPA, Birefringent crystal
stack

Passive DPA, Birefringent crystal
stack

Passive DPA+Sagnac—CBC,
Birefringent crystal stack

Passive DPA, Free-space delay
lines

Passive DPA+Sagnac—CBC,
Birefringent crystal stack

Active DPA, Free-space delay lines

Passive DPA+Sagnac—CBC, Free-
space delay lines

Active DPA, Free-space delay
lines, Nd:YAG amplifier

Passive DPA, Free-space delay
lines, Yb:YAG amplifier

Active DPA+active CBC, Free-
space delay lines

Replica=8; £,=300 fs; fix=47 MHz; J=nJ level"""!
Replica=32; 1,=2.2 ps; fir=880 kHz; J=2.5 pJ;
Pry=1 MW

Replica=4x2; 1,=50 fs; fig=1 MHz; Pu=52 MW;
J=3.1 uJ; n=80%"*>

Replica=4; 1,=320 fs; fre=96 kHz; J=430 pJ;
n=82%""*!

Replica=16x2; 1,=71fs; fre=100 kHz;
Pra=86 MW J=7.5 wWJ; n>70%"

Replica=4; 1,=590 fs; fre=30 kHz; P,y=2.9 GW;
J=1.25mJ; n=75%"*

Replica=2x2; 1,=300 fs; fre=55kHz; P,.=55W;
J=1.1mJ; n>90%"*"

Replica=2; £,=230 ps; J=167 mJ; n=84%"""

Replica=2; 1,=520 fs; fre=10 kHz; Py=4.4 GW;
J=2.3mJ; n>90%"*

Replica=4x8; 1,=262 fs; fre=55.9 kHz;
Pra=35GW; J=12mJ; n=78%""

(2) BkipiES

Jok o 4 e — i ) P PR 1 5 fs 52 IR o 71
AR T I, B AR Dk o B0, S TRk b RE i, PR3
Sl 400 T B T R R R SR EOL AT PR SR
W5 R Dk O B B4 TR | S o7 1) e ek
LYY e S I o e B A i Ul sl
ST LRI IR b HE B Tk EEA PR, —Fl2

-5 BT W AU IR I (GTD ; — R R “HEZ -2 1
% (stack-and-dump , SnD) ,

& 11 Frzs ST GTIJES Y ok ot 22 A S B
i N Bk AR B GTI RN, FRIE 1 19
L=cT, T R, c Rt i 11a) s, X F
551 ANk, kb R0k R<1 B9 B BRI, — R e
S oy — R AN XTI n kil (n=2, 3,
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Fig.11 Principle of pulse stacking based on GTI
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Fig.12 Principle of a stack-and-dump enhancement cavity!""
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FESCBLURK b T B s R R, T I A B e 4 o S5 B
8 ] A8 e e M R AR R Bk R A TR 25 L 24 P
BB N AP, M ik b I 4 i 2 A S

HHeE T AN
WS N B3 I AF S T2 T Tk o o B A S 6 36 I
MM ES Ra5E 5 s, SR GTI B0 SnD &

x5 BEKTHEESARETRER

Tab.5 Representative results of stacking of ultra-short pulsed lasers

Year Institution Technical solution Results
Replica=5;1,=700 fs; fre=10 kHz; J=pJ level;
2015 University of Michigan, USA Gires-Tournois interferometers eplicd ’ S fx 150 z peleve
1=97.4%™)
2016 University of Michigan, USA 4+1 Gires-Tournois interferometers Replica=27; 1,=330 fs; n=77%"*

Lawrence Berkeley National

2016 Laboratory, Berkeley, USA 4 Gires-Tournois interferometers Replica=13; 7,=10 ps; enhancement factor=7.4!"%!

2016 Fnedrich-Schiller-Universitit Jena, Stack-and-Dump Replica=65; 1,=800 fs; fu=30 kHz; J=0.2 mJi™!
Germany

2017 Vienna Univeiiltz/tri(;f Technology, Gires-Tournois interferometers Replica=4; £,=200 ps; enhancement factor=2.62!"

2017 University of Michigan, USA 4+4 Gires-Tournois interferometers  Replica=81; 7,=300 fs; fre=1 kHz; J=multi—-mJ 15

AE AR DT SRS BL TR B Tk b AR T &
2.3 ST E M

i 2o S SR A NS A A, T AR T R AL
SR T A AR iR R, (E TC R S OLEOL Y Y
it 11y G PR LR K b R R R A AR AR
W, il B oL R G LSBT 100 fs
A0 ik bl H o IS N B R) P AE A% i A o
TG ARLEPE R ST, R4 T /T 100 fs 1 ik o i
H e E s A 2o v Y SRR R AR Ak
IO LK v RE e it — 2 A BRI R 2R AR 5 R
ARAJE K T v R R Dk g ) A A R AR R AR e
JGEF O AR 45 AT PLE i P AR 7 S B
Z TR T R B AU T B

(1) ZHh5- A+ 5

Z 0T AN S B A% L AR X 2 A B
HOC R I BBOCHEAT M TOEIE PHE” , 1 2 B
JCTESEBUOETE R TE R R, PR35 B> BRSO L AR Y
BASFIAR LS IR EAR DK S/ H B 2 195y
I RTAL, SCELZ BT OL AU T A R B
JE AR A5 Tk D A B A R (AR ) ]
B A 25, Ik b A0 28 7 I Jel L B, S AR D - 25 A
PLERIEOBUE . g 16 2 L3R S T BN 2% BRI
JCAESI, o SRR 37 b AT RS S Pl o 1 i LA
BB &% B AR T8 O 54T T 22U,
K13 Bt o 165, B A BOG R B I 42 1l 21— 2,
S B A O A 4 B AR (A ] B ) AH S
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PRI PR B 0O R A — 805 1R Y 51 2 00 B 3l
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Fig.13 Principle of spectral CBC of two mode-locked lasers
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Fig.14 Principle of spectral CBC system based on a single laser seed
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Tab.6 Representative results of spectral CBC of ultra-short pulsed lasers

Year  Institution Technical solution

Results

National Institute of Standards and

2001 Two independent oscillators

Technology, USA

Massachusetts Institute of

2003 Two independent oscillators

Technology, USA

2010  University of Konstanz, Germany

Single oscillator, 2 EDFA

Ti:sapphire laser 1:760 nm, <20 fs; Ti:sapphire laser
2:810 nm, <20 fs; Combining timing jitter<5 fs*!

Ti:sapphire laser & Cr:forsterite laser; Combined output:
660—1 450 nm; Combining timing jitter<300 as!"*!

Channel=2; central wavelength:1125 nm@channel 1,
1 770 nm@channel 2; Combined £,=4.5 fs'"*"

Channel=2; OPCPA 1: 9fs,centred at 870 nm; OPCPA 2:

M husett Institut f
2011 assachusetts nstitute N Single oscillator, 2 OPCPA 24 s, centred at 2.15 wm ; Combined J=15 pJ;
Technology, USA . Lo 5
Combining timing jitter <250 as!'*!
Massachusetts Institute of . . Ti:sapphire laser: 700—1 000 nm, 6 fs; fiber supercontinuum:
2012 Two independent oscillators

Technology, USA

2013  University of Michigan, USA

Single oscillator, 3 amplifier

1-1.4 pm, 8 fs; Combined 7,=3.7 fs!'*!

Channel =3; Combined #,=356 fs (2-3 times shorter than
individual channel); spectrum=10 nm; frr=72 MHz;
P,.=273 mW; 1n=85.8%""

2013  Université de Limoges CNRS, France Single oscillator, 12—core fiber 12 cores Yb fiber; Combined #,=280 fs (seed #,=228 fs)"*"!

2013  Université Paris—Sud, France

Deutsches Elektronen —Synchrotron

2014
DESY, Germany

2016  Tianjin University, China

Single oscillator, 2 amplifier

Single oscillator, 3 OPA

Two independent oscillators

Channel=2; Combined #,=130 fs; spectrum=19 nm;
fwe=35MHz; P,.=10 W!¥I

Channel=3; Combined #,=1.9 fs; spectrum=0.49-2.3 pm;
n>90%""*!

YDb laser 1:77 fs; Yb laser 2: 96 fs;
contrast factors of spectral interferograms: ~58%!"™"
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Photonics, 2013, 7(11): 868-874.
3 _Q_EEE'I.E [2] Manke G C. Ultrashort pulsed laser technology development
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