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Fig. 1. Various processes of nucleosynthesis, this figure adap-
ted from the Ref.[14].
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Fig. 2. Experimental total evaporation residues cross sec-
tions for the synthesis of elements Z = 102—113 via fusion

reactions and “*Ca beam-induced hot fusion reactions!0,
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ST AT TERE, Bom, 257500 B ASTHE R,
R A1 20 2, o A A A S
SR (S 31

412 B8 ntHhik

25543 22434 (empirical barrier distribution,
EBD) J7 ik A i ek B8 fir 22 501, A
TR AR AT s SR — A by = 961

Ocap (Ec.m.) =

X

) (2)

Ocap (Ec.m.) =
w 1
T R2 Xerfe(—X)+ —exp (=X2) |, (3

KX = (Bem — Vo) /V2W, Hrb Vg i 37 R 4L
HUME, WO EHT AR EZ, R I 22E4E. R
U1 EBD JrikER R S AR R rh S TR
SR, (AR R R P 38 MR 2% 3% 2R T LA
TR B, friE EBD J5 2t RS BOK RE I
2 ARG R TN XA 22 1 FE AN AR BRI, 3
X ERAZNS A R 2R A7 22 1 T DL O 1=, TG A7 22
AR TIMEIRAL; K, 207 AR5 IR AR T
AT T R 2R G W 3, 22l AR IR RS IR, S
Q {ELXF AR T ) 5 M 1 0 220 .

i, F 54 62 %F EBD Jy kAT T okdk, &
T = AT SR A SR TN A B R
FERUIN 5 [R)SE HERN, 5 4 A7 22 1 FE S I IF5
AN QBB Hx 34 2203 A i i 5 IR 152
M), L R A 5P B 0 B R R A AR I R ).
ETX =AM AR Ve, R Al WAL, i3
T —Fg A EBD2163, 2R B T TR
HERYE, RERE T b AR MR A R BB IR R X
(i) P RIS 5 BN

413 ZEeMmoERA

1999 4, Hagino %57 & T 58 &AM G B 114

#J (CCFULL)O*00 SR F T & 1E () 85 M5 20 K 05 vk
HATIEAOTHR, B RGNS B i o 7 2,
L5 A IR B ARV, I8 T AR 2
J , FESEAARZS R A AR G AR T, B A
HZp B 78 XTI A, EEH BRI L X
FEOE S EkiZ, 2 BRI L. TSR
TG, (5 [E— S AR X Tl
PR FERMER A, 7T LA RS SA% 25 I S B A%
. BRT ARG AR B RS Z A8, TR IR T
B TR ] R A

£ CCFULL R /7, T A FS &4 B
ASBH By KN By BEBNZS 2T, 4t Fl 6T S A
EREEMSE. T RSO TR S g0 45 5t
TTV%E, i AMEAFTE B EA e, 2By A &
DIE, CAERE G OB SE kA )z hi 6768, 43i)
4, Stefanini %% 67 F 2000 4= ] & T 365490 927y
VR ZR A A 0 22 T S 7. 22 6 X 5 4 2% K i
FEim o Fk PRELE B AR TR BUR S A 2 0
fi. 3F CCFULL FEFF X E A 743 Mr 600 X+
OS+07Zr IR R, ALY 2 RS S 2F
33— D5, i S5E 25 MR RTY) & i
30S+927r MR R Hp $IEAZ ) \ARAIR 21 R KU 38 8 X6 1T
BRI Ak PR 2 G T
4.1.4 i@ R Wong X

U Wong A3, — 442 5B A%
HTFr )

oVoe(B, B) = %an In {1+exp [% (B B)}}, (4)

Hrh EFRASRER, B, R, Ml hw 20 BIF R 2
i AN Sy iR S /N W N 7 = R N L
FHE, RERCAF M A TORE & BHRR R A G IOk R
BRI, R S AL G ROV, A S
i B (N A% R A TE TR 3l ) Z A7 A
G, BIBRNLhR 2 24, 49 Wong A
A S = AT I AU D(B) . B, $2
T il H Wong A3 (the universal Wong formula)
SRR I 3] 1A R A 47 AR T

sunlE) = [ DBIE BB, (3

FTE M Wong A3, A TR gerHw
BB T SOV A R AR R US Fusion-v1. %44
e, SEER B TR RS BL B Y Skyrme fiE
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B R, IR YR ) Thomas-Fermi
(ETF2) J7 ik 4b B ) e %5 2 F F Jie 4l 25 5 10
SRy B U b A AR B A S ) AL AR O AT O P AT
MR A 220041, £ 7% MU AE Fusion-vl I AL |,
Xt v B ZRE w it N 29 K w > FWHM (FWHM ~
0.56hw ), NITFFA& T BGEHIA Fusion-v2.

4.2 {FREBEXESHR

1 ZEHE 3 KE 3 FRGE R AR EH A
FiEA5 . Hd, EBD2, CCFULL Fii /] Wong

ISR ES R FE T AR TR AR P A ) A OCRE
FPPAEE 5 1 TR A% o 1 ECC #l ImQMD Y45
SN AR N AR e F AR . ST kA
45, ECC, EBD2, CCFULL LA & il il Wong A=
P ELR N ZRTE 4.1 97 “fRART R vh oA PR A, T
ImQMD FRINIAE 4.4.1 35 A TR 25,

421 #BE5##%

T RES T R R S RARE G S A R
Hh SR LI 8 A 5 BT LA RE R B

R 1 TR R T SR S S I S IS BT BARA L A

Table 1.  Comparison between experimental cross sections and theoretical models for light nuclei-light nuclei fusion reac-

tion systems at the incident energy.

FALS Bem /MeV 6P /mb  gECC/mb  gEBD26 /iy, GCCFULLG il o™ /mb o /mb
L2CHHC — 26Mg 8.000 393.355030 936.203 513.288 606.788 505.773 477.836
LN 4160 — 30p 11.988 42972207 777.552 445.524 — 448.672 476.894
1604160 — 328 12.514 433.6381 659.073 337.543 413.014 334.054 342.434
12C42Ne — 328 14.965 467.28002%] 873.843 639.505 762.936 696.192 698.062

2 TR ER R R T, SN B R 2 A Al T SRR LA

Table 2. Comparison between experimental cross sections and theoretical models for light nuclei-medium mass nuclei and

light nuclei-heavy nuclei fusion reaction systems at the incident energy.

FARF Eem /MeV 69002 /mb o5 /mb o2 @/mb o GeFUHE00 /my oo /mb o™ /mb
12C4206Ph — 218Ra 80.150 872.246 1113.600 986.338 852.125 1113.373 1322.925
UN+232Th — 246Bk 86.390 823.000 656.404 676.666 — 745.517 912.004
BN+209Bj — 22Th 82.297 705.589 785.167 704.484 — 769.015 965.097
160 +209Bj — 2%Pa 93.185 688.362 732.198 659.206 — 743.462 917.345
6Q++141Sm — 160y 80.89 876.000 870.274 776.450 879.439 857.778 1013.1636
16Q+4-208Ph — 226Th 100.72 949.000 974.760 888.832 1173.059 1022.355 1222.394
ZNa+%Ti — ™As 45.207 687.284 645.242 583.905 — 682.850 757.438
BSi4+208Ph — 236Cm 156.821 726.666 371.941 656.247 471.170 766.809 1032.956
30Si4238U — 265Gg 169.001 780.325 638.769 673.966 447.388 751.604 976.721

HMSBY — 13(Cg 91.050 505.000 465.149 434.505 — 464.238 544.124
3C14-199Mo — BTPr 94.539 250.231 217.034 274.459 — 280.626 346.832

3 TEEM-EERONAR T, SR R AR S XA ST RE BT BRI Y LA

Table 3. Comparison between experimental cross sections and theoretical models for heavy nuclei-heavy nuclei fusion reac-

tion systems at the incident energy.

FAIAL N Eem /MeV oS oS¢ /mb oEBD2 03] Tenp™® /mb o™ /mb
BCa+25U — B6Cn 214.7 502 + 100 375.835 359.819 367.476 562.973
BCat21Py — 22F] 204 126 + 63 133.976 153.076 160.059 195.093
BCat25Cm — 2Ly 206 69 + 35 108.700 120.816 132.157 176.872
BT|42387 — 26F] 226 250 + 40 191.874 153.741 197.252 256.668
52Cyp 4232 Th — 2F] 261 410 + 100 364.361 255.807 344,598 603.500

52Cr4215Cm — 30120 251 88 + 10 145.230 77.347 117.075 146.084
HCr4285Cm — 32120 242 15+3 58.305 36.777 60.473 70.529
SIN}42387 — 302120 301 123 + 37 42.351 139.730 137.971 452.075
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160 41448y — 160y,
® Exp.data [Leigh et al. 1995]
— ECC
- - EBD2
—-- CCFULL
Universal Wong formula
- = ImQMD

55 60 65 70 75 80 85 90 95
Ecm./MeV

Ocap/mb

3 RWAAR SO+HSm TR A LS T AR
SEBRCE B H, SE R HOE I H STk (38

Fig. 3. Comparison of theoretical calculations of the cap-
ture cross section in the reaction system '%O-+'*Sm with ex-

perimental data, and the experimental data are taken from
the Ref. [38].

RS AR L ZE 5. T UN4-160—39P [ Wik Rz
7 % B, CCFULL B % TP THR A 8

BN 1T LLR B, S92 450 45 J7 1 (EBD2).

Se4fiAiE (CCFULL) #1538 H Wong AL
Kbtk (43 F 3l 1 2E AR R (ImQMD) 5 505
HATE BT, ARG E (ECC) BAIEHT AR
BAR R S50 8ds 2 B 25 57 X B2
A ECC BRI 5 ma 44 & 5 A sR B — 4>l 1]
S8 (A1 , As By, ) Xﬁ?%lﬁ]ﬁﬂjﬁi%, NG|
SEBUEX TRIBR B2 EBE N S HA—H. X
HRA; =2 MeV, Ay = (By — By)/2 MeV, B,, =
(Bo + By)/2 MeV. H:Hr | By #il B, 43 5l /R Wi EK
R PEC A 2R AR S ECH 2. FikS
B TR RN S 0] BB A TE TR AL, IR E i —
It

422 EBEZH5¥YEH. T

R2H125 T 11 PSR- EAL OV AR, S
LI 3] (495 B BRI S50 AT BE T B AT 1Y L
. H T4 N, 2981, 2Na, $Y FI37CL VA5 X 1Y
FTOR, R CCFULL A6 R84 X6 7 -3 4%
HONER 2 AT UK X T A% 5 E A OV &
., ZRAGE (ECC) iRl | 20 22 435 71k
(EBD2). 5t 44418 (CCFULL) A% 5 Wong
A AR 553 18 1% (ImQMD) #E5
K RE B M i AR S B, IR -rh B AL L
FA%- R R O (R AR B A — o Tl g

SHPTART AR AN )RR Xof {7 A AR T 5 50 25040 114

R RS, B 3 LLISO+144Sm [ VAR 2 g B, JEoR
T RS TS 200 LI A 17 AR i il A 5 i
Anfb. Hor ) ST BAEE E SR [38]. FTRAKR B, FE
2 FREX, A TE (ECC) B 29607 22504
75 (EBD2). 584 #4538 (CCFULL) #5415
Wong ALK it 120 F 35 112 (ImQMD)
BRI 55 SR R AT A RAF; SRIMAE 22 T RRIX, 1X
SEAGAR () 25 5 5 SRR A7 — e 250,
SYBRL AL T SL R EE. M2, XEF 90+11Sm X
IO 1M 5, CCFULL AR I 7 (5 R 46 1 7000 5 1 4 45
T AT LA

423 EHEEH

RIEWT S MEL-EERNIKR, AT
S WL 2] F) 7 AR 4K I 532 A G RE B B AR A
TR SR . o, SEOR R Sk R 4R 2 1
Dubna () Ttkis 45 fe 57 0 75 (%) 48 5542 05 & I i X
Pl g5 R ECCHL A | EBD2 J7 ik | il H
Wong A 70L& ImQMD #5555 5256 (5 455 50 -
FEARME F W] — . R AT A S Z =120 %
WEITTE RN AR, EBD2 J7 A T H
AT P SRR, F B0 TSR A TN

P 2 IR 3 i) - A R AR
MR- EZ KRR S, InQMD FAI )35 25
SR T S B IE h R A M AR 3k R ]
Sy TmQMD #5570 {5 15 LI R Aot e A7 22 J5 T Al —
ANBTHR, SR A AFAE A BY T 8 R B 1 75 4 sS Hk
MR T AR . A ME G R R 3 ok
% FE RO SRR (W 52, R e R A A
T, AATAHNZE 1AL T ImQMD BEAY, 1558
BB ARAE — 2 2280, HOR, ImQMD # A & —Ff
H A IO i s AR | AT 2 RE e 4 RS, A 1Y
Xof AR50 S8 T A 2 AR A T A P S 5 M 14 A 25 A N
H A BN SR BT, 3T AR
A R AR — & W, TSR0
SR EAIELE SN

4.3 MESREER

iR 5 B A AR ) B AR A AT 22 W 3l
SERRT KT -FERORIE A% AR | PP
R R BB | B 3R G A 5 e R RTRI )
KRR Bl AR | B Hartree-
Fock FRISAEHOMAR L. | R Y A% L 40055
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MR EA A SE R, (A TS R AR A
BORANA]. k2622 5 FERH T AR R —2E6
JURMZEBR; S A i AR B SR s R 3R
AR — B A R B T R, LR Z
T ZARNE RS Sl AR, A FIREER A
AFRAEERL. I H, EERERUE, kLT AL
B AL, B Z A AR T B, R E A
1% (R AL (01 22 R R 12 B REAT I 5 28 A BT
B IR AR ik = B S, AR AN RE T

431 EMEHHFEA

TN S5 BRY R Swiatecki 55 (1470 A e 4
H RE AR A A 2R E AN e
TG T A T8 B 8 PR A BRI A
TR FAZ TR Jm P, i RO ) 28 8 g o
TR X SRR KA S AL R T A, L AR T R
DI 2 Mg I ¢ FERAE:
OV (R)l
OR
C
_IQ(R) (I =14, (7)
X, u MERITE R, V(R) RRZ-EAE
YEF#, Cr 1 Cy 43 IR AR 1) JEE 488 2R 8805 17) [ B2
PERBL, LFN 1 W53 A RFRAR R 0 ff 2l s FR T A
i, ZEA BRI R T HERE G, (Hl T
HAbsed T4k, 28 T 5800 X800 M T Al
FEI AR PR S, PRIHAE S0 f R Oy T AT
FELE SR PR

4.3.2 R E-FEFER

Aritomo &5 77 7E 75 ULl ) 2 AU BE Rl 1% i
TR IE-FEROBAY | AR A SR B RETE i
RO A o 5 7 B R A FERR. BRI 1 T 5e ik
IERERE IR BE PO, I TEAN BAE S A gtk
TN, FARAR A B BB ) Langevin 77 FEHEA T4
WA ED RS nE T R E S RO
SRR A Bk 7 -FE IS AL R % A LA 5 422 fih
BN MERAR Ko 78 RFIRZHREA-Y L R, X ST
MIFREBRINRGE, HTAA5 R 5 S 2
PO AR | 2 R R A A R RE R LF Y &, B
XT R LEAO PRI R G, 455 5 500 (B AH 2 LK.

4.3.3 BTFEKRLZEAR
FRPEXT A S R AR AR, BUA RSB

plR = — — Cry(R)R, (6)

l’:

WA LA AP — R R B AL B AT R Z
J&, S AR A IR S A )
— R R AR RS, AR — A A
1k. 2001 4F, Zagrebaev[™! 32 H i) 1% T HE AR AL AR Y
AT PIRN BRI Z [0). 2R TS, A% i e
T 22 SRR, A% A A SR T Y
CERAAZ T, LI PIAZATS R B8 45 F kS Bl
CERAZ T BB I, ST A AR
ILHIAL T, SAEAL R AR B RNIE R G %
2, RGW A RS R 2 AL B AT
BRG] 5 3 )2 R AL 45 Ak
ok, BERSACLT Hh AT A A AT I L B AR i
1Y) o B AT

434 MWHEA

Wi (the two step model) H g4 H ok
FH UL R KT J5 4% R GE I Gl R 1081 %
BN, J5G R BB 23— BB R
HOTEL, A SRR N TC R b bt e A &a 3 iR
F b s 25 B BOR I UG Be, B A ) s AR
BlaaEl— e E a1, Wi, e LR 50

Pfision (ECJTL) = Psfick (ECJ‘IL) ! Pf(irm (ECJTI.) ) (8)

Hrb, Pl R PL 3 RN AR JLR AT L.
TR AL R AR Sy VR ARG i o 5 e PR R T A
] () IR F I T —FP iR 5 v, RPN ] F4%
G ISR A G, TRl “GEi TR
4.35 ¥ HIESEAR

P H-4E & B A (fusion by diffusion, FBD)
5, SRR R AR 0k 75 BE A L S IR AR RE A
& ST B SOE U G X — il BRI R
— YA IR R B AR, RV P [
i A T o s 3h. AR AR ), G
FEHAYRE TR M A SO I HY S8 X6 7 4 52 g
o M AR AN R B R, a5 A
Sl (RS 43 x im B Bk ), T
TR I N Bh 12 IR RE 1. S iE— A
PR AR, ALY R T an TP F2EKGE. 2012 4F,
Wilezynska 55 B3 B T8I0 5 T 774 119 570
R AR £l 8Cat-222Es, %R i K78 &
FIAERIA M 0.2 pb. A 120 SICE M EFAITLH
Hr & OTiH20CE, #IH AR/ 6 .
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4 (a) 2T FBD BEEGH5 A9 SCat 21 Pu B FFHATT ocap FE GBI ops ; (b) 2T FBD BAIFI) ¥Cat25Cm HYFIRET ocap

A AT gy B

Fig. 4. (a) The capture cross sections ocap and fusion cross sections ogys for the ¥Ca+2Pu system calculated by the FBD model;

(b) the capture cross sections ocyp and fusion cross sections opys for the ©*Ca-+2*%Cm system calculated by the FBD model®!.

A, Cap P B4 3 i 5 A HAT #2007 Uk 7
RGTZERIB, L 58% TR AN 2R 758K
B & 4 R T HTF FBD B 1ER) S Cat24Pu
FCa-+2%Cm 17 3K BT ocap MG A BRI ops B4
Horpr, e =P bR ic SO0 ) R AR,
01 S0 B R BT e X PR S AT . R 0 S R
SR FIR FBD BRI 1) fF AR AR ocep ARG A
PR opys , W (OB 2R RN B 2L #TH , B2 X 3k
FAFIR VL. 4550 W, FBD SR 7R
I Z BT BCa+2Pu K BCa+25Cm (K R 1Y
FAR T PRECE AL G e AR LR A 47 G AT
A7 5 AT S50 L BRAN T, R IIRRIAEIE & B
Bl AR T ATy R A

4.3.6 BEEGER

WA R G (DNS) fie -l 75 B Y Volkov
P& ZARUR AR G SO b, SR S A 4
Ja SR — M HER T BN R G At
BTN Z 3hZhRE5E AR, T ML
KAE. MM A A BB, OF BT
e rysc e, FERXPRET, W% RGAETE DI Fl
WALERAR: — TR EA% A F] RE G 8 B A
G, NIERAIE G, 2 REHEE, &
ARV AR

£ DNS B8 b B i A% 1) AL R 5 78
FHXUZ R G0 BT ARIAREE o, I HODEE R R
MAGAahE JAREFME, AR LI Fockker-
Planker(FP) JrF2##ii&. Adamian %5 B YK fift FP

D5 RIS R VSR F oL, (B 208 1 52800 F AT
ORI, SCHk [86-88] HXt FP 7 B R FABUE
7 iR g, BIAE 32 R i A b 00 57 50M
ANl ST AR g, IR 8 B L3R A . SRR
Tk, M2 AR T 20 ) J12 500, RES A B
AR T T bE 25 AR SN GE . STk [89,90] &
Vo SR A 1 TR) BE AR Ry 37 9 8 AR 1 dE oK
fi FP J5 230 [ 74 Hi [5) ot 385 38 A% 4 780 i) 4 s
AR W B A AL, K250 T Kramers 233X 19 1E
FHEAE. TR, s AR 1 i B sl ik 7 30 g 2
Bk, RG-S AL A M ERS, RRT &L
B B TR R AR K2 S5 B ) 2E I RO RS SC
Mk [91,92] R T — 19 R MUA B DNS A R
DNS-SYSU. ZBHI AT XG5 F 2% % i fit
T8 —Hhik, DMEXS™ A B AL PR AT e 7 kit
TTHHE. JET WU RGBT A5 %) 28 % Tl A Ak T
KR MITIBA:

OER (Ec.m.) =

Th?
e ST VT

X PCN (Ec.m.7 J) Wsur (Ec.m.v J) 9 (9)

H, T(Eem, ) NFEBILR, Pon MIEHILE,
W AT JLE.

FET AL RGHAR, RN G5 nixt Z = 11317
111404 Z = 119, 120 DL}z Z = 121, 122061 %7
T BT R B AR A AT T W T L
HHL Z = 11950 E I, ik 5 Fis. Bk
B, SIV-+20Cm Jz I A4 2R 14 de K 2% kT 4 AT L
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Bl 5 (a) B RSIVEECm 128 L RIARMA; (b) SOV K ZR STV24Cm 1Y 28 4 ) A2 1w 19

Fig. 5. (a) The predicted evaporation residue cross sections of the reaction *'V+*%°Cm; (b) the predicted evaporation residue cross

sections of the reaction "'V+428Cm),
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Fig. 6. (a) The capture cross sections of the *Ca+?%®Pb reaction; (b) the excitation functions of the xn-evaporation channel

(x =2 —5) in the reaction *Ca+205Pb107],
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Fig. 7. (a) The fusion excitation functions for *Ca+*Ca; (b) the excitation functions for '60+2%Pbl!l.
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Fig. 8. (a)
58Ni 4+-58 Ni reaction for different surface diffuseness para-
meters; (b) The logarithmic slopes for the 58Ni+ 8Ni

The fusion excitation functions for the

reaction for different surface diffuseness parameters('?2.
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Abstract

Fusion reactions not only provide key information for studying the dynamic evolution and dissipation
mechanisms in quantum many-body systems but also open up an important avenue for exploring the reaction
dynamics and structural characteristics of atomic nuclei. In recent years, with the continuous development of
the technology for synthesizing new elements and their isotopes via fusion reactions, a series of new elements
and their isotopes has been successfully synthesized. In this paper, the synthesis pathways of elements in
different mass regions, ranging from hydrogen to mendelevium, as well as the experimental progress of various
heavy-ion fusion reactions from light systems to heavy systems are systematically summarized, and the
advantages and limitations of current theoretical models in describing the capture process, and focuses on
analyzing the strengths and shortcomings of phenomenological models and microscopic dynamic models in
explaining the fusion behavior of different reaction systems are also reviewed. For the capture cross sections in
light nuclei-light nuclei reaction systems, the EBD method, the CCFULL model, the universal Wong formula,
and the ImQMD model all demonstrate good agreement with the experimental data. For the systems involving
light nuclei-medium mass nuclei and light nuclei-heavy nuclei, the above-mentioned models provide satisfactory
descriptions. In particular, for the '0+!%Sm reaction system, the results obtained from the CCFULL model
show good agreement with experimental data across both the sub-barrier and above-barrier energy regions. For
the heavy nuclei-heavy nuclei systems, however, the EBD method holds a distinct advantage. Therefore, in
subsequent predictions of the evaporation residue cross sections for superheavy elements, the results calculated
by the EBD method can serve as the input for the capture cross section. On this basis, several key scientific
issues in fusion reaction research are proposed, including heavy-ion fusion hindrance, the phenomenon of fusion
suppression at extreme sub-barrier energies, fusion probability Pcy, and the fission barrier of compound nuclei.
Furthermore, an outlook and suggestions for future research directions in fusion reactions are provided. The
datasets presented in this paper are openly available at https://doi.org/10.57760/sciencedb.j00213.00238.
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