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Abstract: Microcavity Optical Frequency Combs (OFCs) have significant application value in dual-comb spectroscopy, coherent
optical communication, laser radar, optical clocks, and other fields due to their advantages of miniaturization, low power con-
sumption, integration, and high coherence. The article first outlines the research significance of microcavity OFCs, then briefly
describes the preparation and packaging of Magnesium Fluoride (MgF,) microcavities. Next, the article introduces the microcavi-
ty OFCs and focuses on the generation and regulation methods of MgF, microcavity OFCs. Finally, it highlights the applications

of MgF, microcavity OFCs, including microwave photonics, optical communication, and precision measurement.
Key words: MgF, microcavity; OFCs; optical nonlinearity ; microwave photonics; optical communication

0 5§

A 25 B R A, 8] FR 6 4B (Optical Frequency
Combs, OFCs) , J& F — 2 51) 25 HUFN 55 (1] B 19 450 1
A1 4R TE A IS AT A — R G HAT R S AR
] Rl 7 O 22 8 R — 4R it . OFCs #J
D PH A 5 0 0 2 16 1 430 32, DT 52 0 v s B 1 I
[E] R0 K BE AR L DA KOG 5 R0 A F 1 RS 2 O )
Brizls OFCs #3755 / THz 45 9, S0R I 5K
JEE T DA 2 A I A A Ak R I T R 2Ok
WA T RIS B R A S B i S
IR B T Y PR S5 BT M )RR L 45 S B 45 2K
M54 i X 320 B R RAF 2005 4R DL
IRPIFR2E R

OFCs (177 Az 2 4k 4 Bk w7 A 2 5 L—E R
B EOLE AR . BIM OFCs /& i 8 o6 #
A (R AR O AR RO LA A B B, DAL PR

Wk H 42 2025-10-08; 181 H 3] : 2025-10-27;

T OFCs Wk J& ., & B — A B i Bk G il
6 HL T AR AT 4 K R D T AR R
TNEUA B AR ROR R R, T AR OR B . L
JE B A, T PR IO OFCs, /& — i B OFCs %
AR 5L G B E A8 7= A2 1) OFCs A HG, K
WNT R IEBURDIFE . W OFCs A /MR
s AR TFE R A] B R A AR O I LA A A
L AR SN R, T 5 RS R OFCs., Bl
WO A R B 8 W R T OF Cs A5 2% [1] i ]
PIRRFATE 35 GHz 3 THz B %% . JoH, i OFCs
SN A ME—A SN i R OFCs &%, KK
T OFCs /N4 5 8B AE R T —REROEE,
FEAR TG AR SRS 7 A AR D2 R
K R 25 BH A & A T R BT BT R A I R B,
BRI AL S T I T

H Hi £ Rk R 7 & B SE I OFCs, 4n
TR (SI02)18) s BT R A A (Hydex)

A5 A H 1. 2025-12-10

AT H EHRK A RBEI L H B H (62465014) 5 BB A LRI — B 222 Bl 22 AR R AN S A% B0 H (20232BCI23096) 5 V1.7

B HREFE RS YN H (20232BAB212016, 20224BAB202006)

PEFE A LT (1992-) 55 VTP o B, -, 2T 5 1) A 027 U A RUE B o

WEEE: TA2F, f#4%. E-mail: mengyu@nchu. edu. cn

© Editorial Office of Study on Optical Communications. This is an open access article under the CC BY -NC-ND license.

250323-01



SIS

20254 E 6] RS 252 1)

AL B (GaF,) 100 |6 1k 8 (MgF,) Y5 1k 41
(BaF) "2 A AL AE (SisNy) 3 AL (AIN) H i
L AR B (AlGaAs) LR 2 21 (LiNDO,) 11645
H, MgF o, AR L35 W 0w 80D (BB > 4l
o AN B A 1 B RE A, IF ELA G SiO, A4 R |
MgF o b4 Sl i XeF JE] Pl 20 358 1 5 S AUk, 30 3 ot
P ARG T A LR B . MgF, Ui — 77 1 AJ 52
PR = T Q N B T OFCs F #3005
53— 07 T A R AR S P 3, iT SR OF -
Cs! R OFCs (& Jai ok T i 2 L.

AL FLENE T HT -SSR F QH MgF.
Tl 5 T2 20 5 BB R ARG 4R T I OF -
Cs M7= A 3 P& B S b & s a8 T
MgF, i OFCs 7= A Fl = r ik s i 1
MgF, i OFCs 9 0 HHT 5t o [, 4% SCE XY
Tl MgF, i OF Cs WF 58 A7 78 1Y [ 28 AR O 1) & e
Ty W AT T A3 A MR BT, B TE A DG s 4 it 2 %
Mg T,

1 f#AF OFCs

OF Cs AU I 2 By FLA AH S5 04[] B 19016
SR T AR B S R I HAT TR R [R] v
JE Y HL W 7 4IR 37 A 285, OG22 0 3 e 91 1 AL 1 9
5 1 0GR % 12 AR A 2% A I [R) i B il R A B AR e
KFR AR Ze iy M 3 W B B OFCs By ik vh 8 52
WFYEE o WUE OFCs 1y 77 46 i 356 T S N 1Y
DY 9% IR 4 (Four Wave Mixing, FWM) %% J 118!,
FWM 200k I8 T i v 3 B A et 3800, & A~
T EEE 3G FAHEAEM A8 Ot F it &
HR AR A ZEHDOG - BOR R R FWM 43 R B A, 53
) A 187 IF DU 9% TR A ( Degenerate FWM) &5 A AE
I DU P IR A% (Non-Degenerate FWM) R . % & 5%
W2 P, B BE Py AR RR A

AV? w,\ An’niV

P;:{ 4 +(Qp” Aveny - fu-ceQ’ b
KA Av UK B 258 50, ROV R
I AR AR AR 5 o S 25 AT 268 5 my RO (R
BHIT I3 o ARG REG e ROt FEWE 2
1 2% D TE R S0 ) 3 T A B AR AR T I S g A i
et B4R DL & A i IE 2 i TR I FWM A fif Of
FWM #5007, A ' 2 f s i 745 3] 96 i [l OFCs.
Bl 1 b 2f 3 B, G 2 ik WOt R A — 1
MgF, U 7 A= 00 i 4 . 13Uk OF Cs JEA 5t

PRk 2 FWM 2 (0 76 4 72, A6 A
J& L FEAE T I FWM R 9F FWM R0 AR HI T Ot i
SRR, WE 1R RS BTN, A TR R
FWM 1EH T 2 Wi G 2 B s 1 oxd sy, 3 %t
T3 3 A B A 2 PR T AR G TR S AR T T
FEAe, EE R TAERI IR FWM, 85 1 Xy 5 50
22 ) 77 AL T 22 i R, AT =2 ) A 23 (] % 5 R R
Nxfo, N SRR £ B OGS

PowerL
PowerL

— : Frequency
(A
Frequency

Degenerate FWM (1)

y

(2) (2)

il

Frequency

H
H
4

I
-

il
£k
B 1 #kEFWM w4+ OFCs RE =& A
Figure 1  Schematic diagram of the principle of generating
OF Cs through microcavity FWM effect

WESEHE OFCs 1Y B N4> & H B, F 58
T OF Cs UL 75 35 A7 DRI A B2 % 4 3k s
P 2% AT 3 A5 X AR R 5 B R S B 7 2 (Coupled -
mode Equation) "VF1 M B 380 £k F B R A
NI 4 B Lugiato-Lelever %2 (Lugiato-Lele-
ver Equation, LLE) "2/, LLE s i P98 14 77 137 £
YE 2 IR IS B AR W A0 07 5 ) 22 TB) F G 3% L 31X
A5 AR e A B 2 R s v ) B R
I 2 4R 22 WL 2 . LLE A] LUFE B B A% iy 2% 14
T O NG 3 AR 4 v E 5 5 B2 (Non - Lin-
ear Schrodinger Equation, NLSE) 4% £ il I 7£ 1% ¥
PR AR . LLEPO M Rk

, IE (1, 7) _
ot

o AN :
1:615()+11421£k(18z_) +i¢L|E| }E+\/§Em ,

Kb E AR T B 65 s e 4350 A PR ] g

BF 1) 5 2 S B TE PRRR BF 1) 51 2R RE BB s e IS I Y

SRR I FE 5 00 I YRR T IR ASE 2 S ] Y 2k

W L R R s B, AT I EAL 1Y & B (A

L NARARL T REGK VIRERA REGE, N
H—4k LLE Al %3 K

Power (1)

b

250323-02



FAT . B RROC R

9E (7. 0)

7 =[:ZiA+i§j

k j—
k! a0

(,a) +ﬂér}i+5,
(2)

A E WO A — 1635 57.0.0.4 .6 F1 S 43
S A — Ak J5 R [ P e R BRAE R L
ER I ESTiR o

M= (2) AT, H— 465 1) LLE U TE 34>
AlZa, H— RS E A ARE & MR =
S, HHE—{LJE 0 H B S o ik i, X 15
TE 53 AT I AN F 2% 1 B A TR A 56 2 8000 B 5 55
H—1b )5 1 LLE R #F5E flE OFCs $& 4 TR Ky
il # o >R 4r A0 48 Bt 2k (Split - Step Fourier
Method) %t X (2) 13 —4k LLE #E473R it . g4 &
FRAE RMEEMINTE OFCs S 50X 1] 4
A7, 2 BRI MG 38 1 U5 — Ak 2 188 R AER T %, ] 43y
FH AU 7 /R OF Cs 18 A8 3 A5 A 20

il A MgF, S8 19 S50, &1 % B R EF OF -
Cs JRTEZA OFCs 7 OFCs FIFEIE KT OFCs 45
JURR BB OFCs B L RE P 3E AT 40 B o R BR
OFCs J& OFCs JF i I8 B 9] 46 A Ao R AR
25 R A AR ELAR T 0 X A 7 IE
[ 8 T Ao AR v N AR R A Uk O 2 OF -
Cs A ZER M Y) Rk 8] S 1 4k BIE 22, e
ST B A 1] B L 3 K B A A B R R R OF -
Cs, H: MR RRAE J2 i 047 18] B o 2 6% B el 03 S F
(Free Spectrum Range, FSR) , H: 4 i 8] B& A/ 7]

Tl 1) O AR Ze v R BO TR 3
Al = ;(aZp), (3)

Horp B AETE B U o S R R T L
{850 A - 25 I A9 M 3 5 2

Bl 2 JIF 7 R A SR ISk A TR R 1 TR R R
OFCs fi BFLZ5 2 X TR 3 OFCs i 5 , oA 14 8]
B S £ % FSR, i S8 b R 30 LA B R o
i, B 2(a) i HA 7 4% FSR i 4 18] b f & 52 2R
OFCs, H B 5Ch 7 AR 5040, 45 6 0 E 2808 i
L) ALZH 7,3 SHi i EFE 7 £ FSR W)
Ho ATHE LLE MR E i, e RS I+
OF Cs, 33 Fif fige 7 2 B A8 2 38 0 396 in 8 3T {1, 76 22
TE R R S R b, SR A TR R OFCs AR
T OFCs Z [8] (9 98 il A Fee B IR A OFCs!2Y,
Bl 2(b) i s R {5 B AR B IR TE A OFCs, Ho i 84y
i eI ]y = FLTCTE W R 7 e i 245 4 2 Wb A ] 1Y)
AR AR AR AR, 7 S B 3 AR 1Y 0 B2 o, B R ER OFCs
MR OFCs # ke — i i, —H %A
A o A B

i T INF OFCs #5774 BE 225 2 o H0R JE 26
P 22 I ) SP-A, SCE AL HE 2 5 AR 2 I A ST A,
DAAR M 3 B S — A S8 5. TIe R L0 iE 2
15 ., #0 T ZX S BOR W A7 A, A Rl f 445 2K
T OFCs. K&l 2(c) & 43 A0 Bk 5k X LLE
RAFHIF OFCs, 15 P4 63 8 B A H — 1k 2% 5

-10
2.5
g N
=3 R
=
s 40 f—\”' 1.5
B =
=70 .‘ |. 0.5
1545 1550 1555 -4 0
K fnm it 18] /ps
(a) B R 31 OFCs #1385 B 3 3% &
(a)Frequency and time domains of turing ring OFCs
-10 6
g R
=2 R
=
= -40 2 3
L |
= =
=70 0
1545 1550 1555 -4 0

¥ K fnm it 18] /ps
(c)INF OFCs 7 8 5 i 4, %

(¢)Frequency and time domains of soliton OFCs

12

6

7 — 1t K 37

0
1545 1550 1555 -4 0 4

WK K mm it 18] /ps
(b) 3R 75 OFCs U & Bt 34 7

(b)Frequency and time domains of chaotic state OFCs

-10 12
£ R
- 2
3 —40 e 6
:

-70 0

1545 1550 1555 -4 0 4
WK mm BT 8] /ps

(d) "% 96 F OFCs i 3 5 Bt 35 3% %

(d)Frequency and time domains of breathing soliton OFCs

B 2 fhs OFCs iEfd A2
Figure 2 Evolution process of microcavity OFCs

250323-03



SIS

20254 E 6] RS 252 1)

FEHUE ARSI R ] = 242 IRF OFCs. P X B 3
b €2 FCAE B4 SRR, E S50 AN B S 07 5 b AT LA T
FEAE ISR 47 2 800 0N 75 2 I0F OFCs, IRF
OFCs I B 3k T2 2 30 R — A28 Rk o, ofos 47 8 DA
AR I AR R T 5, A R 2R AR,
T TR b b o 1 0 OE B s TR, O R T
T W O X B X IR T A OFCs o] LR L, 9T
OFCs HAT AR I 7 k5 M . JKF OFCs i A7 —Fh
FEER IS, RIRF I R, L — 2 Fh 1A e 1) 2Rl
A B 2(d) iR o 05 B4R 30 0 RF IR, R
SRIF IR AR FE SN EATS 88 EL A XU 1E B4 2% 5
(L2 e R 2 o 5 1 72 () A Ak L st sk 30 9 i
o — BRI R AR XA A B AL RE A P
A2 — PR R IR .

2 MgF,## 8z

MgF o 15y — il fi (R B4 R, B AT D0 A9 O 27 4
P, i PR E 1k L W AR R R . X AR
MgF, I BE 0% 16 Of 15 i it it D] 5 1) [, 5 B g
MO S BARE A . e R R B T Q 8
Xt OFCs ™ A F AR HEMNE L, HA Q
{E RAL A2 U XOERE S A A7 RE ), Q HBUR,
JEE O 7 A i At 2 B, e BOR B AT G, 5 A
9 OFCs B {E B, B, AT o Q (DG 2 U
—HARBTFE AR bR &5 BT MgF. S IR RUR Y
) 8 o M B2 R, 0 A RN T R A R

¢

Observation point ( 15° intervals)

0°

m
—
(=]
(=
(=]

= =
E ; o
(98]
)
[9%)
S
S
Surface
hness/nm
o
T

roug

Orientation flat ——___

o
Surface
roughness/n
_
(=)

270°L010]

Cylindrical  orientation

workpiece

180°

B 3 MgF, #4845 B 4 4 W)

Figure 3 Ultra-precision cylindrical turning and single-point diamond tooling of MgF, microcavities

N

010] [01
Finish lummg
\\‘\. 240 120

1 20\

150 \1

o fHE MgF, i 1 s N BE R FH 20 ok 58 3 0 il
T3 VR AT i A5 , X0k R B AR T AR RO
X Q H MgF. i ks i il 45, BHOF A 51 © 2242
T Z Rl AT SRR . 2006~2007 4, & [H
OB T A B mERHE UE SC K E Grudinin 2 5
Savchenkov! 2 8¢ A FI B 5 4 WA 42 ) 5 0% T
2RI T RN TR 6. 3x101° 1) GaF, fh R
. 2011~2012 4F, 35 FE OEwaves 2> ) 1Y [ o
i 0T« B G AR 5 T 2SR SR B T2
B 270 43 530 ) FH SR 4 WA 2 0 5 4 T2 4
TR TR T 10° B9 MgF, SR Ors  564E 1 %
Mg fh AR s 14 A 31

O T2 T A LR S BRI 1 Q AL, R I
T HEL AR 2 R R DG K BE 19 T BE O ik 2 AR DI S 8
H AR PR XCEAR 22028000 17 W 9 B 6 4 WA 221
2 I B U0 TR B 6 By MgF, #1547 T E 38 )
FSIZ 50 o ) A ok R e, SR T REORS 2 T R A
A B T A S Sk S A 0 hn T AR b g BT g, a0 3
FIE7R o R0 A 4 B 6 Y MgF, B dh
S, FH L 28 R Bk R 7R ARk o o MgF,
TEEEERE R E R REEREs R E,
AR A LA 3 A BREAT - ) AT AL A
DAY BT 5 10 B AR 5 82 ok, b AT T00RS D1, 2 Ik g 4
B YT HI B 7 Az i R ey, LBREEE N 8 pm; f i
FERPERL T 7R TR 58 U RS 2% 420 . (619
— PR, ﬁfﬁﬂ,ﬁ\ﬂﬁ]aaﬁiﬂﬂ [ERE I ioPAR=t

[100]

— 210

210

150
180
[100] [100]

B 5 ARG 7] A2

[28]

250323-04



FAT

S BE BRI 52 2

PR FLEN | FO R T L T A Sk s 1 1, HL B
1) B s T A B IR 2 A, ARG 25 D) I AL
PRl £ 3 v, BT 3R 20 A THSE LR D E B R D
it B 15 11 2 A 0
AR B N X MgF o B s B 0F 5 b 4n ok an %

M 2021 AEFF IR, B B S KA (2021) (R IE T
A R 2 1521(2021) i B RF R K A21551(2022) (b
MR HL K A3 (2022) | iR 2EP1(2022) VLA U
UK 2E160(2022) JbHT TR 2:1371(2023) AL G
LG AR 58 980 (2023) 48 J5 3 T RS %5 U i AN
O 2 4l G B 7 Tk T A R Q (H MgF AR U &
Pl 4 BT Ry 30 AT 2K B B A 28 R 2 1 4 75 30 AN T s
Al MgF, S, AN TR) Jis B i A 0 AR E AN R), A 45 B
POREME o 25 GRS B O Y 7 1 R S RN 22 94
65 T2 Re0E 58 40 & H R MR 8 1) D' 2 R

B4 RRABEAMG MF, #kE(H3MEXFHE)
Figure 4 MgF, microcavities with different shapes (prepared
by Nanchang Hangkong University)

o B M B B IR 7 0 Mg BURSE [ 5
P B S8, BT BT RN BR T 275 B A AL
JEERE A A GE T 5 AL A1, R RE R 287 18 AN i) 76 fR Ik
ROV T L A I AR E 1817 . U T Y
158 3R DR A7 s R N R Y, 7 DL 7 D 5 A 1R 1
T 7 5 U AT R, T IO v A 2 AR AR
PF, Al 5 s o S BT a5 MgF. i R A
e fuh 7 AL BOLH S LIRSS R BB,
B AR PR AT SEBUUE 5O AT P W e R BT

v
il

|

B 5 e MgF, #3514
Figure 5 Packaging MgF, microcavity device

T RO Sk, a5 AL RGEE . R
B 6 BE AT LA 5 AL B Bl OF Cs #2241 52 56
&, W TR T A RO S

3 MgF,##f& OFCs

E OFCs B0 5% B 538 3 21 2004 4, Kip-
penberg 55 AF AT SiO 308 B FF S B T FWM 4%
N2215 2007 4, Del'Haye 46 Al 1 K % 225 32 3 A1
B B BRI, SEBL T B OFCs ), I Mg 3 1 4
it 500 nm 5% OFCs fi il , Bk S50 b5k 1 3
OFCs Wl 17 4% ; 2011 4%, 3¢ B OEwaves 24 A Li-
ang FTE W AU 22 23y 2 mW Y 3E SOt A
HELTE MgF, dh i s S8 T3 %6 8 30 nm OFCs
(i 7= A T ST ) RO U OFCs, B
J& L, W AR ) OF Cs 38 # AL T il A e R4,
VAR S o AL, B0 T8 TG TE a1
BARER 4 ik b . 2014 4F, Herr %5 AAE MgF, 14 1
Fi rp LS B T A T AR RS E M IRF OFCsHY,
WE 6(a) firn , S8 e g 173X — IR R, 3k 0 T4 &
£ MgF, i LA K i OFCs Wi vk %2 3 7
OFCs, & MgF, i OFCs #F 58 45k 1y — 4> 8
FRARL, I SR B I I T U I OF Cs 95T .

2
& =
= &
=
5
—cech? -100 0 100 |
P sech ) 2 GHz
7 FWHM=1.6 TH'
1520 1540 1560 1580
Wavelength/nm
ERBW A 4 # 50H R
(a)IT 41 4 OFCs
(a)Near-infrared OFCs
» I L
20 Ho 107, GHz Pump laser
0
= 1o OSA cutoff
[aa) 0*30 i ‘ 1 #
=
E 2300 2400 2500
z-20r
=]
oy
|
-40 |
| ‘ 1 ”d“m“n,
2350 2 400 2 450 2 500 2 550

Wavelength/nm
TE : OSA Jy ot F I 247 0L
(b) # 41 4h OFCs
(b)Mid-infrared OFCs
B 6 MgF,#k OFCsi 40

Figure 6 MgF, microcavity OFCs'"

250323-05



SIS

20254 E 6] RS 252 1)

i OFCs 7= A0 o il F 2 4 7E C M L
S50 A I B, R T R W A A i DR L e )
AL D B v 21 41 ik B Ay TR M 3 g i R 5 b R
AR R 55 7 1 e U DI A AL 33 4 e 22 ) LR rh £ ARk
BEOX Ty ol 2 DL RO 45 O i N H 3 R
2013 4F, Wang 45 A\ ¥ MgF, 8 5 v 40 b & T 4%
WO R 45 6 8 ITE SR R A IX ™4 T OF-
CsHOL an i 6 (b) s , kB # . fa S B g i b &
4h OFCs JT RE T 8 1% 5 2015 4E , OEwaves 2 #)
Savchenkov 45 Af T8 K % D) #1445 2] 1 5 5 A
T 108 (R Q i MgF, ™Y, I 46 GaF, fl
MgF o o s v B I S 36 75 B 21 A I B i B K OF -
Cs, K H & F PR BOC I E R W IR, 76 MgF, s
A TR IR AL T 4.5 pm B OFCs, X 301 T 4R
Bk B LA B B K OFCs W i OFCs
FEOG 2 v i B R BT — 5 B SR A 2022 4R
B} 2 BE VY 22O SR 2 AL 5T T W 5§ A2
il FH B AL A (As,Sy) HETE L LT A MgF, flUi , 3 T
DAL T 4. 78 pm By /N AELE B GG BOG A
Mgt T e R LD AN OFCs i 5256 R 458, 5230
T 6% L FAE 3 380~7 760 nm Y G AF 4T Ah
S IR AR R BT MK R KA sk
s OFCs,

T OFCs & B 2% m fa g P ) —Fl OFCs, H
QU NG R R e FUN RIS SRR VS RN
A EROR T A A AR St S 0 I FE ORI 25 1 XL
HPAT . MgF, MBI T OF Cs K 5E P i 1 {1
T T e A A B nT RE L AS [ 28 A 1 0P
OF Cs 3 1 52 56 76 fol s w320 7 4 0 & 11 oK, 2017
F, Lucas 8¢ ANFE MgF, S0 i & A e i I
T OF CsH3) FH L F B[RRI 02 - 1) Ao e P
B2 OFP T 14 Tk b B B3 DA B AR -t 4 23 SR 1A
PEAR AL, I L BE & T 0 50 B ) 1 0, IR AL 4 2
=BG T 5 2019 4F B9 SRR R T
2 Bt Wy B SE T AE MgF, SOk vh ISR IF i B T — b
SBR[ A% 1 IR T TR R A e 1 BT ML A 1
Sk I AE 22 KT 2 T8 B i 1R R A T R i
P& 52022 4F i K2 Taheri 25 A8 3 65 95 4 B AT
A B R 343 B 1A 0 ST SO 2% TR s 1 3 A 40 3 0
A ] 5 B A5 5 ORTFE B 5 K I OF Cs!* 7E MgF
FAORE T R TS R [ K S 6 U0 4 RN B e I 5
XA G ] SR AT T I B

FHF MgF, s OFCs 2Bl H AT s 7 H
Kk (0 7E 52 OFCs 58 &l 1 =2

HI LA A VR 2 TAEZEA, R T OFCs A5 SR 75 %
F B ER BOR S R LR R G TR G A R
SE AR . JUH R NTES R BB OFCs 75 %
O R AT 238 R D) 2R R 45 R G2 A e 4 L OF Cs IE
WIS AT o I BN R AR JE K 2 5 4k Wy A A K TR
OEwaves 2~ /) #F 78 & B il i T Q fH #riks 1. 9x10°
) MgF, 8 B i st 460 an il 7 s, & Tz s 5
A 285U (Distributed Feedback, DEB) #1056 #% %
THE 325 55 R0 3K B F, % 4 LA A 1, >R R OE 354 2% 7 =X
EBEAE AR AT DLSE U /N RS AR B
Kerr OFCs i . MgF, I OFCs HA %k B 1 45
., o TERRBDOH 7RG, X Rk 0 HE
i1 MgF, s OFCs fEgn b7 A & & ik
B, RE 0 T TR IR OL 27 3R G0 0] v A A RE R T R Y

B 7 #hE OFCs 33K 4 #)
Figure 7 Microcavity OFCs packaging structure™*®

4 MgF, & OFCs #iE ik

BE % MgF, i 91 OFCs #F 58 B A W 7 &
WOR AT OFCs WS 56 Jr ikls T 28, Herr 45
U SE G O ) A0k AR MgF gk AR ) K7
OFCs, BRIV M ff fi 385 41 450 23 1) 1 2 85 o) 210 2% 188 450 43
(7 e e i B R AR & 8 iR, Xt H AT
FO A FH 0 5 %, 3R 5 1 AR VR Ak T B, 1T HLAE A
A AR AT DAY B b A BT OF Cs 3 b i 7 o
TE Z T B0 DA ABE %) 5 2 8 1) 21 3 00 Y ok AR
SR T NG T T N D e N Y |
I B S8 T K A i B AR Ak X R N TR A A A A
KWPsh, RGE AT A Re i H R A, A
FAN I b SR AT, B P9 Ty 6 2 BE B O 2 B 5 B bk AR
b, WAt bR G & AT . RGMIRTEE A
T A B ITHOE L B ALI | S N T3 5 Btk AR
A XeF 7 114 ) S A0 s R v AR K A e AR ks
W, T e 22 il TR R E 28 I B i &
JE 55 YR B YA G .

T OFCs 145 rf 24 47 525 38 P 06 1 A 21 88 2k
WAL B HEA PR A7 A T B R BEALEY .

250323-06



FAT

A R S M LA 5 2 e

1.0 W
0.9
3.2 3.4 3.6 3.8 4.0
10- Laser scan E
: F N
Z e | |
g Z
% = =
% é A rl‘1rianig\ulalr {esonance g
E -1 \‘. l/ [=a)
= £ V7
) é '&' / ; i
0.7 =
0 1 2 4 = 1540 1570
Scan time/ms Wavelength/nm
A8 MgF, #Ei& 4k % INF & W& OFCs i A2
Figure 8 Transmission spectrum oscillations, soliton steps, and OFCs evolution of MgF, microcavity"'!

TR A 35 AL R T R AR e I Y I IR A
WAL 2h I B B R DOE L S e — 2 R
] SN, A R LD REIRES IR IZRE T &
G R ZINT25, WA IS BLA% ™ A BA G 45
AT PUOAIE R A MBS R, 0T OFCs 74
e 2 P P AR e A, S 207 A i I BCH BEHLA
AR R A 2 T o R Tl 0005 e 2 9 5 A
T OFCs WA R0 3147, s 9 B, il & i N £
T DI B B PRS- X b7 3% 2 A S A T i) 4505
LAY EERN LAY RIS IE 1) 39000 2 907 B, LIt

I} Forward tuning + backward tuning

JE A RO IR LG 1 B, B s IR A ¢ i iR, Horb
s IERE SINFA CHIEIR, M c IR 5
JEAH IR, o IR IR MR E I B S T s i8R, 2

IR LS, PR 0 188 0 000 48 F 200 2 38 ) i 2 1
R FERS R T, o IR s ) s IR SRR, SR
ZAERES G L S 0HF , BEA K, c IERIY M
FE# 2 R, OF HARF 808 > — 4>, 2 5 i
B 3X AN J7 B B RO PR AL T — AR K 4

o BRI R R e U A A DAV
IR i 2k /L

1553.42 1553.43 1553.44

1553.44

1553.43
Wavelength/nm

1553.42

Forward tuning ,5\ " Forward tuning
A0 ©>® & ¢
=] —
2 )
=2 z
E g
; =
= =
- =
3
A Z 1
1553.41
Forward + backward tuning 5
i <
°§ @ @ @ ~
S |Pump | T
[=H Y 1 =
> S
z 2
2 =
= E
=
- :
Soliton Multi- A =
state  soliton 1553.41
EA K

B9 IEdAacES B A3k R 4 o B o 4 1)

Figure 9 Power curves of microcavity during forward and backward tuning"*”’

TE T AL B 1] $030 1 2 A T Uk F B R v

O B0 IS R AR 0 8 AT IR AT 7= A2 T OF Cs 1Y

Tk o AR SR OB B BN 7 A i A P2 R
OF Cs 17 Az, PRI o 1 Gl fs A 2800 s 2 AR A e 2

¥, H A LE OFCsﬁ%EE%*ﬁFﬁE@ﬁﬂﬁmiﬁfﬂ‘J
D7 RS IR RS BB S S 0 FR R 114 0 E i
J*}J\ﬁ‘ﬁ?fﬁ{m;ﬂ&’*ﬂxkf“ﬂﬁﬂ?ﬂﬁ T 4% 1] P A
WA X Tl 7 ¥ T 1A R S O I R AT S B R

250323-07



S (5

20254 E 6] RS 252 1)

¥ OFCs 3 Z 9K+ OFCs [ SRR S . SRl
A Bl o't T 8 19 JR o i ASE RN SR AT R 1) 3 AR
T3 %8 TE SR WOE A R 0 5 AT A — SRR Bl Bl Bk
Qb 55— A R W S TS 7 L R A =
R, R R A 2 R R AR B O B A
LT Al i P Ty 2 A DA T I 2 vl B S A 020
1 TH

B T, A A E VA T DL A AR
T OFCs, £ A 1 ABUE 7 & BO6# F o 2Z 18]
BT JGIRE A A G B 4 O 3 2 e R I RE 1
28 3k B ) 5 TR W8 1) % 5 19 O 37 U D it AR [T, 2
JiE N RO IO A . M ORI — e )
T RO HLH A N Y RS AR AL SRR R4 A B
KEITFA . INFTHETE L0l KU, (AL 58
05 % R O S 5 80 MgF, Uk A 3 O 1 Zh 3R
TR, 51 & AT S/ AR KON T O i R
B I F 510 A T ABUE 1 505 R DT i s A
Sib T R], T S AR MR TS, ] SO ER
PEo 2018 4F R % Wi i 7 b0 B RN B S H R B
FEFTCOE R A - S R B A B E #
MgF, i s, SE 80T M 3 A8 2k 9 i | 4 90 K 4
A MIBARAR 1/1 000 BLF 15 81 5% J5 3O
HIIBAE 2548 55 N 370 Hzo 255 I0R )5, A B -
B O AR 7 A R O A 0 A A Sy iR K 1 B
WAL TEA T I OFCs Y6, A HEABUE ¥k
FETC T B AN R B & S 0N RS 2B L T R
F M 12.5 GHz I IF OFCs, 58 & M K5 5 4 9
2920y 1 kHz, 38 i 390 HL it 2 4o I 75 9K Jok o 58 2
H 220 fs,

I O 2 B JE 1 AL ABOE A8 5 3 208 AT
2 OFCs Iy I8 455, 3 F el o8 45 7 0O A H]
W, 5 T H AT 52 B E m R R . H A R
SCEA R 20 ok f R Q (H MgF, i FE I & s W
B % (Pb(Zry-, Ti,) Os, PZT) TCAESY R SE L T &
FL IR S A B I OF Cs, 3280 T OFCs M EL)E 3
KRS S B R s A L 3K45 T 15. 24 GHz
R MFN OFCs, Fk IR IA 27 MHz/V, #
SE 96 1.5 kHz, S8 T IE 5%/ = M/ 5 ST &
R H (2. 5~4.0 kHz g 381k ) , R g
OFCs My #EFRAL T S KG B PR st men 7 | 5534 78 RIS
BUAS A SR T %R

5 MgF,## 8 OFCs M Fi# R
B OFCs 18 35— 1% 6 40 I 45 — 2 51 1

ok TR O ], MgF, WUl OF Cs d5e 742 Hh 9 7
FH R i e+ 5 1 v H o OFCs & U0 1 — A~
PR T T A B BAE R 1 O AR S, B AT 4G
{7 7 50 TR 20 0 AN D e 300 T A% 4 ) 2 T B AR A
B B BRI TR OF Cs & B 3 i 15
S ER AL T — g e I 2T T Mg R B
A B QA HA U O S S B W
R, 2015 4, OEWaves /A 7 Liang %8 A%
T AE MgFs Wl EaEAT T 3ot F9c8 , | o
i SE LA Mg, il ™ 48 OFCs, A& 10 (a) i
78RR B OF Cs I8 5 A6 L 2RI 2% v 3E 17 47
W, AT T A T e AT R 57 MR PSR B AR
S WG AR T 9.9 GHz 8 & 4l B Y B
5, A R A R RS S 10 (b) BT, 35 )
T —22 dBc/Hz@1 Hz , —125 dBc/Hz@10 kHz #
—130 dBe¢/Hz@1 MHz.

7 :WGMR 2 B 3 B 4 4R 5
(DMHENTFRAEHA

(a)Structure diagram of microwave photon system

10°®

0
20}
a0 -
-60

Alan deviation
L]

10 e

|
[e]
S
——

107" 10° 10" 10* 10® 10* 10°

Averaging time/s

L L
BN O
o o O
T T

SSB phase noise/dBce/Hz
7

r Shot noise

L
x
(=]

5y e (2 W

1071 10° 10' 10* 10° 10* 10° 10° 107 108
Frequency offset/Hz

|
—

E:SSB A H .
(b) #8 L % 7 1 A
(b)Phase noise spectrum

B 10 MgF, # 8 OFCs # ik % F 5 A1)

Figure 10 MgF, microcavity OFCs for microwave photonic

application™”!

2020 4, Bt 1% SRR I P T 24 B¢ Lucas 25 A3

250323-08



FAT . B RROC R

i g i — 2 Ak MgF o S0 I 2R Gtk R, (4 £ e 7
iK% T —110 dBe/Hz@200 Hz,—135 dBe/Hz@10 kHz
F1—150 dBc/Hz@1 MHz, H A AT 5 FEARAE L) 1k
PR TARR , 35 R TR e A PR R DL R
' W R W 7P T A B S A0 5 1Y) AF 6 M 755 2022 4
Jb 5t HB AL K A E R AR ONDYGE a8 Ok A
MgF. fib (R 3 i, B R e IR FOIR &, /3 8] T
15. 38 GHz WY S Wi A5 5, 3X B [ 8 52 ¢ 1k BB A 4K
S i R NG 5, (1< L O ) 2 = ] I

—120 dBc/Hz@10 kHz, i F I+ OFCs i Ik & 45
R I A fel A5 AR & S VR S 15 5 0, SR g
TR A5 A0 LU, i AR BAG IR A R 57 R RS RN T g
(R AT A g M, R M /N R AORE MR ) 1z FH AT 35
177 3 A BR800 0 1 AT OF Cs il 15 5 F 5%
AHBEIEIT OFCs M 3eah b, JF— 25 45 28 96, ik
30 ALK 170 R 07 M 00 B B R R 4 Ak s M
WO A5 5 IR R R R S, R 1 R A X
MgF, M OF Cs A5 5 U8 i PE R 4347 o

& 1 MgF, # OFCs #0045 5 R AL 547

Table 1 Performance analysis of OF Cs microwave signal source based on MgF, microcavity

. e =/ e =/
HAEG/GH A dBj/glzgg kHz dBj/ilzé;fMHz
OEWaves 2 7 ,2015/% 9.90 —22 dBc/Hz@1 Hz —125 —130
B4k F Bk A IE T 2%, 202017 14. 90 —110 dBe/Hz@200 Hz —135 —150
36 % L K, 20220 15. 38 / —120 —132
B AR 3K &, 202507 15.24 / —122 —134
Bl & T OF Cs BFE B A Iy & i, JHC 7 FH 451k I OFCs 4 5 &0 4 5 Y 1 iy H /Y 3 4y 2 &
QUSUSE 7Y i SN e oS i N SN DR RN = - =1 G H B LW ENRZRBEA R,

RS HARE PSR A% i b B K 1 B
br, s OFCs IE &L X — Hbr A T H, H
S R R PR A AS OFCs fiE 18 76 25 4 106 1%
i b o 57 I 43 ) 45 A 0034 B, DT ST R i Y
s i R o XA RE S I IR RS R
TR, 16 BRE A SO iR B AL i R e v e
HOGIE A5 1 d B B AL A T B HOR SR . T i AR
9 A% i 7 T, MgF 2 U OFCs 194 5 M BE 75 LA 58
SR RS A ) OF Cs B A 47 18] 1 FN 26 98,
AT DL SIS0 e 4 B R i 5 238 1 54l A% i, 7 e Dl
AR EA T Z BN W T, 2015 4F 8 R 2K
LI T 24 BE Pleifle 55 A58 i #1185 S0 50 0E B
TEAR R W DR T, R MgF . Sl A 5 i K R A
i OFCs, X NG ig 8k “ FM7, 45 T B F LT
P52 AORTTE PEASE =X, %o 25 Yl O'E A1 28 ) 3 B K
H % % % (Amplified Spontaneous Emission, ASE)
MR R B A M R . R TR ) OFCs 52
BT BB 144 Gbit/s B e UEUE A% f CR T 16 1E
A2 P 8 P8 #l (Quadrature Amplitude Modulation,
QAM)) , & # ik 432 Gbit/s, H7E 80 km Hif
S £F A% i h (IF 3 A A% 4% (Quadrature Phase Shift
Keying , QPSK) # il ) 3 - £F = 5 2 AKX F 107, My
o UG 2T 5 A SR R 2 PR TR IR PR R TG
HR L

BVl €T R AW O =BT S R (S D N

AR AE A . 2022 4F , H A RN Bk 2
Fujii %58 A7 MgF, fill fis o am i 2 i e e R &
I T Tl 17 SRR 2 5 31 T (IR LR 1) AT OF -
Cs, W AF5E 77 £ 19 10 GHz B4 8] B 91 OFCs 3
AN TR AR BRI A L B R GA 1. 45 Thit/s,
X O OFCs 7 38 {5 40038k i 1 A 42 43 7 05 1) o
SR R s N UK ST s A KB A N TE
J'& X OF Cs 2 AR i 42 BUAb A e fb du 2 7 70
MR . W E AN OFCs 5 HAbOLd 78R
BE LRI FE , LASE BURE e 4 SR OGS R4t .

16K % i & 5 |, 2023 4E, Jb 5T TR 2
Zhang %5 N SOVR0H Pk M4 T — Rl 3k T MgF, Ui
INF OFCs Hf B 38 i 18 06 7 I8 B 3 07 8, A AT DA
SisNy A 6 AE R A% ot 4, MgF, Ui 9§ OFCs
A Sy T Al 2% o 3 A D o O AR 2 S ik OF -
Cs MFAMIME 5 LB T 58 pK M #E 40 98 % 5 [ i
BT M A 3 R A R R R R 1 R ASOR vk O 2
GHIEAR AR UESLE TP S T 45 K S
Bl i ol T A% 0 el i BE AR U P SR s B T Q
(B AT E FSR 500 5 B o7 0, s e O % 1
oA AR R FH AR AL T OB HOR 4%

MgF, fil i OFCs A BEIE 5 52 56 0 32 W 58 1 B
2, It B4 70 7 % 5 RO 253 i R 50 4
P AR B T T N H S IE . FRATR MgF»
W OFCs FlH A X OFCs By KBt 8 4R AT T

250323-09



SIS

20254 E 6] RS 252 1)

XHEC,UNE 2 iR o 235 R, MgF . #BHRUE AR L
T AR R 0 SR T Q (B, e TR
2 B B BUFERR AR, 3% 0 10 T B4R 5 R, AT

OFCs % BE R KRR, $E80 TARZR P = A 30R
AN, MgF, G5 0, 78 h 404 OFCs, B &
FIRELLA OFCs 4 25 55 1Y W H BT 5% o

% 2 FRREEA#AEE OFCs A4 4547211k

Table 2 Comparison of key performance indicators for different types of microcavity OF Cs

ALK A &1 EREF Q E 4% /GHz 3% 56 B /nm %2 X
MgF, (&= 4. 3x10° 35.2 1520~1 590 [11]
MgF, & ~10° 12.5 1526~1 548 [50]
Si;N, & ~10° ~20.0 1025~1 120 #1 760~790 [61]
Si:N, i 3. 7x10° 50. 0 1 530~1 590 [62]
Si:N, (&8 ~5. 0x10° 189.0 1 330~2 000 [13]
Si;N, &8 1. 4x10° 1.000. 0 1420~1 700 [63]
AIN &8 6. 5x107 > 500. 0 1400~1 700 [64]

LiNbO; W > 1. 1x10° ~200.0 1830~2 130 [65]
Si &8 2. 0x10° 127.0 2 800~3 800 [66]

A R MgF, s OFCs B9 BEAS I Bl 41
b, A T =EA00 1 R BRCSR  (R HLATF 5 47 T I — 2
Pel, 16 S2Br I, MgF, 8 OFCs BB 5841547
VP2 ) B AT . H AT AE QD T ] L

A S8 B« HET MgF, i OFCs 77 A4 ) I+
OFCs JE T8 B A5, R4 60 nm A 41500 A L
T H A 5, IR SigNy ks o A 10984 R
A N R T K2 Grudinin 28 8705 5 15 1R 50 1Y
B 5 4 ofe U8 s B B, AR KR 9™ K T MgF, fl s
OF Cs MM 5 B, ABATSAR SL vi 6 3 i IR OF Cs.

B AL ) 8 G35 Mg, W v 3% 3k 77 76 Y
B4, MgF, fh AR SO 0 e 2 oKk 9, TR )
PR AR 2, B 2ORE 4l 3R &5, & 1 OFCs
Sy 5 R B A, BEASE AT BB IR OF Cs My e Mo

BERRR AR OFCs 2B it v, S 9K 1
OFCs F % /N T 1%, i Z 901 OFCs i
BRI /N T 5% , A TE 5 3 OB A 8 (9 [, 3 i
H A 46 MgF ., i 76 Wi i OF Cs 1 24 ]
W] $2 55 MgF, i 0 OFCs B 55 s8R J2: an 4
T M DL I e )

ULAb, B FEf MgF, WU 7E 5 T i % OFCs 1y
SR HA R RS E M R N A S R B
W& OFCs 2 7+ MgF, i 5 OFCs 1% 8 1B LA &
MgF, g OFCs 1y 8 i 55 [A] 0 2 H AT s 2R &R
FE A 1 )

6 HRIF

g5 LTk, MgF, Bl o — A B AT 2 R 10 3 1)
ST I, 256 1T MgF o MR 1 B e 2 i

B, Sy 52 B s VERE RN R AR LR 1 OFCs RGEHRAE T
AR, MgF, i OFCs It 5 B s 45 1 [ I Mt 7
T M (A5 LA S O OB IE A RS 250 i 2R T
SR VAR N AT 5. AR SCERIR T MgFo ik i)
il T4 52 R A8 T U OFCs A7 A4 1
POBOL RS AR R, AT MgF, il OFCs
(77 A IR T 1 B AR O O A ROk 2
SN R

W4 W OFCs B A& Fbt B & rh 75 21 5
W5 =k B MgF, Ul OFCs HoA KR i (i i)
FetE VR0 B R IE B AT = AR P OFCs 19 U
G, —HRFEEZ RS, 14, MgF, fhik
BHERBE D AR MERe R g, OF Cs [ fh 48 it
T 75 A , MgF, il OFCs #£ 1 214 OFCs, #:
Z T s OFCs A& w20 AT 5. A
AH O H A AN W A i T o8 3, MgFs U OFCs £
ST AN A W S R 2 ey 11 NS T G e
MgF, i OFCs A& KA B AR IOt + %38 {5 Fi
KEit R R EEMEZEWEN, B2 TEEZH
ML AN E -

SE

[1] Spence D E, Kean P N, Sibbett W. 60 - Fsec Pulse
Generation from a Self~-Mode-Tocked Ti: Sapphire La-
ser[J]. Optics Letters, 1991, 16(1): 42—44.

[2] Diddams S A, Vahala K, Udem T. Optical Frequency
Combs: Coherently Uniting the Electromagnetic Spec-
trum[J]. Science, 2020, 369(6501) : eaay3676.

[3] Diddams S A. The Evolving Optical Frequency

Comb [J]. Journal of the Optical Society of America

250323-10



FAT

S BE BRI 52 2

[11]

[13]

[14]

[16]

[17]

B, 2010, 27(11): B51.

Tamura K, Ippen E P, Haus H A, et al. 77-{s Pulse
Generation from a Stretched - Pulse Mode - LLocked All-
Fiber Ring Laser [J]. Optics Letters, 1993, 18 (13) :
1080—1082.

Wang W, Wang L, Zhang W. Advances in Soliton
Microcomb Generation|J]. Advanced Photonics, 2020,
2(3): 1.

Shen B, Chang L., Liu J, et al. Integrated Turnkey
Soliton Microcombs [J]. Nature, 2020, 582 (7812) :
365—369.

Kippenberg T J, Gaeta A L, Lipson M, et al. Dissipa-
tive Kerr Solitons in Optical Microresonators [J]. Sci-
ence, 2018, 361(6402): eaan8083.

Cut W, Yi Z, Ma X, et al. High Energy Efficiency
Soliton Microcomb  Generation in High Coupling
Strength, Large Mode Volume, and Ultra-High-Q Mi-
cro-Cavity[J]. Chinese Optics Letters, 2023, 21(10):
101902

LuZ, Chen HJ, Wang W, et al. Synthesized Soliton
Crystals[J]. Nature Communications, 2021, 12: 3179.
Savchenkov A A, Matsko A B, Ilchenko V S, et al.
Tunable Optical Frequency Comb with a Crystalline
Whispering Gallery Mode Resonator [J]. Physical Re-
view Letters, 2008, 101(9): 093902.

Herr T, Brasch V, Jost J D, et al. Temporal Solitons
in Optical Microresonators [J]. Nature Photonics,
2014, 8(2): 145-152.

Lin G, Diallo S, Dudley J] M, et al. Universal Nonlin-
ear Scattering in Ultra - High Q Whispering Gallery -
Mode Resonators[J]. Optics Express, 2016, 24(13) :
14880—-14894.

Brasch V, Geiselmann M, Herr T, et al. Photonic
Chip based Optical Frequency Comb Using Soliton In-
duced Cherenkov Radiation [C]//CLEO. San Jose,
California: OSA, 2015: STh4N. 1.

Weng H, LiuJ, Al Afridi A, et al. Octave-Spanning
Kerr Frequency Comb Generation with Stimulated Ra-
man Scattering in an AIN Microresonator [J].
Letters, 2021, 46(3): 540—543.

Chang L, Xie W, Shu H, et al. Ultra- Efficient Fre-

Optics

quency Comb Generation in AlGaAs -on - Insulator Mi-
croresonators [ J]. Nature Communications, 2020, 11:
1331.

Feng H, Ge T, Guo X, et al. Integrated Lithium Nio-
bate Microwave Photonic Processing Engine [J]. Na-
ture, 2024, 627(8002): 80—87.

Liang W, Savchenkov A A, Matsko A B, et al. Gener-

[22

[26

[28

250323-11

[

[

]

[

]

]

[

ation of Near - Infrared Frequency Combs from a
MgF, Whispering Gallery Mode Resonator [J]. Optics
Letters, 2011, 36(12): 2290—2292.

Kippenberg T J, Holzwarth R, Diddams S A. Micro-
resonator - based Optical Frequency Combs [J]. Sci-
ence, 2011, 332(6029) : 555—559.

Chembo Y K, Yu N. Modal Expansion Approach to
Optical - Frequency - Comb Generation with Monolithic
Whispering - Gallery - Mode Resonators [J]. Physical
Review A, 2010, 82(3): 033801.

Coen S, Randle H G, Sylvestre T, et al. Modeling of
Octave - Spanning Kerr Frequency Combs Using a Gen-
eralized Mean - Field Lugiato - Lefever Model [J]. Op-
tics Letters, 2013, 38(1): 37—39.

Godey C, Balakireva I V, Coillet A, et al. Stability
Analysis of the Spatiotemporal Lugiato - Lefever Model
for Kerr Optical Frequency Combs in the Anomalous
and Normal Dispersion Regimes [J].
A, 2014, 89(6): 063814.
Kippenberg T J, Spillane S M, Vahala K J. Kerr-Non-

Physical Review

linearity Optical Parametric Oscillation in an Ultrahigh -
Q Toroid Microcavity [J]. Physical Review Letters,
2004, 93(8): 083904.

Matsko A B, Liang W, Savchenkov A A, et al. Chaot-
ic Dynamics of Frequency Combs Generated with Con-
tinuously Pumped Nonlinear Microresonators [J]. Op-
tics Letters, 2013, 38(4): 525—527.

Grudinin I S, Matsko A B, Savchenkov A A, et al.
Ultra High Q Crystalline Microcavities [J].
Communications, 2006, 265(1): 33—38.
Savchenkov A A, Matsko A B, Ilchenko V S, et al.
Op-

Optics

Optical Resonators with Ten Million Finesse [J].
tics Express, 2007, 15(11): 6768—6773.

Alnis J, Schliesser A, Wang C Y, et al. Thermal -
Noise - Limited Crystalline Whispering - Gallery - Mode
Resonator for Laser Stabilization[J].
A, 2011, 84(1): 011804.

Herr T, Hartinger K, Riemensberger J, et al. Univer-

Physical Review

sal Formation Dynamics and Noise of Kerr - Frequency
Combs
2012, 6(7): 480—487.

Fujii S, Hayama Y, Imamura K, et al. All-Precision -

in Microresonators [J]. Nature Photonics,

Machining Fabrication of Ultrahigh-Q Crystalline Opti-
cal Microresonators [J]. Optica, 2020, 7 (6) : 694—
701.

Nakagawa Y, Mizumoto Y, Kato T, et al. Dispersion
Tailoring of a Crystalline Whispering Gallery Mode Mi-

crocavity for a Wide - Spanning Optical Kerr Frequency



SIS

20254 E 6] RS 252 1)

[30]

[31]

[33]

[34]

[35]

[36]

[37]

[38]

Comb[J]. Josa B, 2016, 33(9): 1913—1920.

Hayama Y, Fujii S, Tanabe T, et al. Theoretical Ap-
proach on the Critical Depth of Cut of Single Crystal
MgF, and Application to a Microcavity [J]. Precision
Engineering, 2022, 73: 234—243.

FAT, JUARME, RN, S IR TR R QIR AL BE A
PR 8 38 R C U 7= A TR AT LT ). 208 5 HOL TRE,
2021, 50(11): 20210481.

Wang M Y, Fan L. K, Wu LL F, et al. Research on
Kerr Optical Frequency Comb Generation based on
MgF, Crystalline Microresonator with Ultra - High - Q
Factor[J]. Infrared and Laser Engineering, 2021, 50(11) :
20210481.

Zhang X, Lin G, Sun T, et al. Dispersion Engineering
and Measurement in Crystalline Microresonators Using
aFiber Ring Etalon[J]. Photonics Research, 2021, 9(11) :
2222-2229.

sk, BkAw, EIEiR. ST R BE S IR A S E
T SR U B LIRS [T ], Do Ko 1A,
2022, 30(4): 403—410.

Yang Y, Zhang L., Wang K Y. Research on Generating
Broad - Spectrum Kerr Optical Frequency Comb and
Dispersion Control based on Magnesium Fluoride Crys-
tal Micro-Resonator[J]. Optics and Precision Engineer-
ing, 2022, 30(4): 403—410.

WO, M, Elas, SE LR TSI e AR
s i A 5 WK [T]L DA e i, 2022, 42(19) .
1923004.

DaiJ, HouY G, Gao S D, et al. Fabrication and Test
of Ultra-High Q Magnesium Fluoride Microdisk Reso-
nator [J]. 2022, 42 (19)
1923004.

Liu T, Sun S, Gao Y, et al. Optical Microcombs in

Acta Optica Sinica,

Whispering Gallery Mode Crystalline Resonators with
Dispersive Intermode Interactions [J]. Photonics Re-
search, 2022, 10(12): 2866—2875.

JiJ, Wang H, Ma J, et al. Narrow Linewidth Self-In-
jection Locked Fiber Laser based on a Crystalline Reso-
nator in Add - Drop Configuration [J].
2022, 47(6): 1525—-1528.

Qu Z, Liu X, Zhang C, et al. Fabrication of an Ultra-

Optics Letters,

High Quality MgF, Micro - Resonator for a Single Soli-
ton Comb Generation[J]. Optics Express, 2023, 31(2):
3005—-3016.

XU, R R, R, 45 8 & QIE mmZ & Ik [Fl ¥
BERUE N T[T]. DG, 2023(4) : 742747,
LiuJH, QuT L, Zhang X, et al. Fabrication of Ultra-
High Q Factor and Millimeter - Scale Crystal Echo Wall

—
e~
—

P

[45]

250323-12

Microcavity [J]. Journal of Applied Optics, 2023 (4) :
T42—747.
Del’Haye P, Schliesser A, Arcizet O, et al. Optical

Frequency Comb Generation from a Monolithic Micro-
resonator[ J]. Nature, 2007, 450(7173): 1214—1217.
Wang C Y, Herr T, Del’Haye P, et al. Mid - Infrared
Optical Frequency Combs at 2.5 pm based on Crystal-
line Microresonators [J]. Nature Communications,
2013, 4: 1345.

Savchenkov A A, Ilchenko V' S, Di Teodoro F, et al.
Generation of Kerr Combs Centered at 4.5 pm in Crys-
talline Microresonators Pumped with Quantum - Cascade
Lasers[J]. Optics Letters, 2015, 40(15): 3468—3471.
Wu W, Sun Q, Wang Y, et al. Mid - Infrared Broad-
band Optical Frequency Comb Generated in MgF, Res-
onators|[J]. Photonics Research, 2022, 10(8): 1931—
1936.

Lucas E, Karpov M, Guo H, et al. Breathing Dissipa-
tive Solitons in Optical Microresonators [J]. Nature
Communications, 2017, 8: 736.

Weng W, Bouchand R, Lucas E, et al. Polychromatic
Cherenkov Radiation Induced Group Velocity Symme-
try Breaking in Counterpropagating Dissipative Kerr
Solitons[J]. Physical Review Letters, 2019, 123(25) :
253902.

Taheri H, Matsko A B, Maleki L., et al. All-Optical
Dissipative Discrete Time Crystals[J]. Nature Commu-
nications, 2022, 13: 848.

Liu G, Ilchenko V'S, Su T, et al. Low-Loss Prism -
Waveguide Optical Coupling for Ultrahigh-Q Low - In-
dex Monolithic Resonators [J]. Optica, 2018, 5(2) :
219-226.

Guo H, Karpov M, Lucas E, et al. Universal Dynam -
ics and Deterministic Switching of Dissipative Kerr Soli-
tons in Optical Microresonators [C]//2017 Conference
on Lasers and Electro-Optics European Quantum Elec-
tronics Conference (CLEO/Europe - EQEC). Munich,
Germany :IEEE, 2017: 8087531.

Joshi C, Jang J K, Luke K, et al. Thermally Con-
trolled Comb Generation and Soliton Modelocking in
Microresonators [J]. Optics Letters, 2016, 41 (11) :
2565—2568.

Ng V, Qureshi P C, Azeem F, et al. Magnesium Fluo-
ride Photonic - Belt Resonators for Generating Broad-
band Frequency Combs[C]//2023 Conference on La-
sers and Electro - Optics Europe &. European Quantum
Electronics (CLEO/Europe - EQEC).
Munich, Germany: IEEE, 2023: 10232164.

Conference



FAT

S BE BRI 52 2

[50] Pavlov N G, Koptyaev S, Lihachev G V, et al. Nar-
row - Linewidth Lasing and Soliton Kerr Microcombs
with Ordinary Laser Diodes [J].
2018, 12(11): 694—698.

[51] Fujii S, Wada K, Kogure S, et al. Mechanically Actu-
ated Kerr Soliton Microcombs [J].
Reviews, 2024, 18(9): 2301329.

[52] Liang W, Eliyahu D, Ilchenko V'S, et al. High Spec-

tral Purity Kerr Frequency Comb Radio Frequency Pho-

Nature Photonics,

Laser & Photonics

tonic Oscillator[J]. Nature Communications, 2015, 6:
7957.
[53] Lucas E, Brochard P, Bouchand R, et al. Ultralow -
Noise Photonic Microwave Synthesis Using a Soliton
Microcomb-based Transfer Oscillator[ J]. Nature Com -
munications, 2020, 11: 374.
ok, 22, X, LR T R BERUE IOl
TR A R B0 AR 5 AR [T ] e iR, 2022,
42(20): 2007001.
Dai J, Li X M, Liu A N, et al. Low Phase Noise Mi-

crowave Signal Generation based on Soliton Frequency

—
(@2}
=~

P

Comb in MgF, Microresonator[J]. Acta Optica Sinica,
2022, 42(20): 2007001.

[55] Lei J, Wang M, Kuang Q, et al. Brillouin Microcomb
Multiplexing in Magnesium Fluoride Microbottle Reso-
nators [J]. Optics &. Laser Technology, 2025, 188:
112922.

[56] Bai Y, Zhang M, Shi Q, et al. Brillouin-Kerr Soliton
Frequency Combs in an Optical Microresonator [J].
Physical Review Letters, 2021, 126(6): 063901.

[57] Murakami T, Wada K, Kogure S, et al. Architecture
for Coherent Dual - Comb Spectroscopy and Low - Noise
Photonic Microwave Generation Using Mechanically
Actuated Soliton Microcombs [J].
2025, 50(4): 1417-1420.

[58] Pfeifle J, Coillet A, Henriet R, et al. Optimally Coher-
ent Kerr Combs Generated with Crystalline Whispering

Optics Letters,

[65]

250323-13

Gallery Mode Resonators for Ultrahigh Capacity Fiber
Communications [ J].
114(9): 093902.

Fujii S, Tanaka S, Ohtsuka T, et al. Dissipative Kerr

Physical Review Letters, 2015,

Soliton Microcombs for FEC-Free Optical Communica-
tions over 100 Channels[J]. Optics Express, 2022, 30(2) :
1351-1364.

Zhang C, Wang J, Kang G, et al. Soliton Microcomb -
Assisted Microring Photonic Thermometer with Ultra -
High Resolution and Broad Range [J]. Photonics Re-
search, 2023, 11(10): A44—A53.

Lee SH, OhD Y, Yang Q F, et al. Towards Visible
Soliton Microcomb Generation[J]. Nature Communica-
tions, 2017, 8: 1295.

Zhang S, Silver ] M, Del Bino L., et al. Sub-Milliwatt-
Level Microresonator Solitons with Extended Access
Range Using an Auxiliary Laser[J]. Optica, 2019, 6(2):
206—212.

Bao C, Xuan Y, Jaramillo- Villegas J A, et al. Direct
Soliton Generation in Microresonators [ J].
ters, 2017, 42(13): 2519—2522.

Gong Z, Bruch A, Shen M, et al. High-Fidelity Cavi-
ty Soliton Generation in Crystalline AIN Micro - Ring
Resonators[J]. Optics Letters, 2018, 43(18) : 4366—
4369.

Gong Z, Liu X, XuY, et al. Soliton Microcomb Gen-
eration at 2 pm in Z - Cut Lithium Niobate Microring
Resonators [ J]. Optics Letters, 2019, 44(12) : 3182—
3185.

Yu M, Jang J K, Okawachi Y, et al. Breather Soliton
Dynamics in Microresonators [ J]. Nature Communica-
tions, 2017, 8: 14569.

Grudinin I S, Yu N. Dispersion Engineering of Crystal-

Optics Let-

line Resonators via Microstructuring[J]. Optica, 2015,
2(3): 221-224.



