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Table 1.  Features for the machine learning model.
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Fig. 1. Comparison of fusion cross-section predictions for six reaction systems from ML methods and theoretical models (EBD2,

Wong formula). The black dots represent experimental data from Refs. [53-57]. The ML results are the average of 500 independent

trainings, with error bars indicating the standard deviation of the 500 predictions.
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Fig. 2. Distribution plot of projectile and target nuclei for possible reaction system combinations in

99-103Mo* fusion reactions.

The left and right sides respectively show the distributions of projectile nuclei (projectile nuclei) and target nuclei (target nuclei)

used to synthesize the target nucleus on the Z,- N, plane, where a deeper dot color indicates a larger half-life.
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Fig. 3. (a) Fusion cross-sections for the production of Mo by various reaction systems, calculated by the EBD2 model; (b) the

corresponding results predicted by the ML model. In the figure, the same color scheme represents the same projectile-target reac-

tion system.
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R G R A\ R, Y= A/Z+ZA/
58 75 FEE 5 2,2 Re SR TE Mo, T 95 %2 o 75
R~ 7“0(14;/3 + Atl/?’) L, FEF—R RN 2,2, 8
K, Hplm . Irse &8k, 78 2,7 8 2 0,
AN 4 AP R Ry A S 2 AR, AT
TE[F]—RE T 288 J LR i | A T K.

YA N = A B 2 A A8 T R R IO
REE* = Eom. + Que , Que /NS QH. TEP AT
WX E AR A RSN E, R &
FIBF | o BTG 0004, SRy TSR ERZ™ ) Mo ,
FRATTR) B A5 27 2T 7 vk 2k 2 41t 5 Fi) 100-103 Mo
FR AR, T A GEMINT-++78 5 754718 Sk
LR R — )T N H B SRR
© 4T Hauser-Feshbach #3811 #% 0L 58k T
(n,p,a) 28K . v P4 K S VI S 5478 A5 [ 5 AR IR
T2 A B 58 4, SR TR A A% ) ZBGR Pt 72 9],
7% 2 Fiide th T A B I RONAR FR, T TS
A A 2R R T Ay L, 25 R K] 4 Fros, Hirh
2 MBHRRIET NRV P4k 66,

B 4 R T SRR, 28 R A T R
DL R 25 J 6l 4 8 i B R 2 BE B I AR BB . A
K 4(a) ITLAE th, 3He + °7Zr F1 “He + 26 Zr X P>
AEABLR I AR 2R 1) B IHT A AR R #3200, (HLHE Qg 1HL
FrEREES. HTFxES, iiE (U HALS T
RETE B 100Mo [ R AR R ) HAT B S 3R RE, AN
FIF In BB P4, L, B 4(a) hAR
B3 He + 7z K NAR R B DK, FIAEHD, & 4(c) 1
Al LLE B WA AL B J B AR 2R e 488k 5
BC +89Kr. RAETCNTER G BRI AL
B HFELST 3n NGEAATEITE IR, & NikR
Mz, XU T RN QESME
RETERE e & b 1y CHEAE . MC+38Kr L
3¢ + 89K PHAFE BRI L BERI IS 0 T B M 28k
Pl AR, BIrLATE 3n JOWIE T 14C 4 88Kr e 13C +
89K r B H T & R

[26,60]

2 HIMTRE RONAZR PR R A A iE-
TR RAA
Table 2.  Half-lives, spin—parity, and decay modes

of nuclides in relatively stable reaction systems.

R R e BEF
sar muhs bk ckion R e
3He stable 1/2%  stable
3He + 97Zr
97zr 16.75h  1/2% g= 100%
4He stable ot stable
4He + 967r
100 fo* 967r 2.0 x 101% a0t 2B~ 100%
(1n) 14 3. 5/2— a— I
LG 4 86Ky C 57x10%a 5/ B~ 100%
86Kr  stable o+ stable
180 stable 0t stable
180 4 828e
828e stable ot stable
4He stable ot stable
4He + 97Zr

9z 16750 1/2% B~ 100%

TLi stable 3/2=  stable
"Li+ %y

94y 18.70 min 27 BT 100%
101\ fo* 9Be stable 3/2~  stable
° 9Be + 92Sr
(2n) 92t 261 h 0t B~ 100%
13c stable 1/2=  stable
13C 4 88Ky
88Ky 283 h 0t B~ 100%
180 stable ot stable

180+83Se ) n
838e 2230 min  9/27 B~ 100%

TLi stable 3/2=  stable
"Li+ %Y
95Y 1030 min  1/27 B~ 100%
0 03 9Be stable 3/2=  stable
Be + “°Sr
93gr 743 min  5/27 B~ 100%

14 3 5/2— p— 0
102)\fo* 14 4 89s C 5.7x10%a 5/27 B~ 100%
(3n) 88Kr  2.83h 0t B~ 100%
13c stable 1/2=  stable
13C+89Kr
89Ky 3.15min  3/2% B~ 100%
180 stable o+ stable
180 + 84Se
84Ge  3.26 min 0t B~ 100%
9Be stable 3/2=  stable
9Be + 94Sr
103)\ o 94gr  1.25min 0t B~ 100%
(4n) 14C 57x10% a 5/27 B~ 100%

14C + SQKr
89 315min  3/27 B~ 100%

TE 4 1% AR TR S5 4% 10" Mo 1 5 A K2R
ZH, He + 97 Ze MR AR B ARA I L2 20 28 K F AR
AT 22 5 T 18C + 58Kr, 180 + 53Se 4 H B 1A
F. X — IR FEIA T A FE A A XFR K
HLe5E By PR 4 A2 BE . 20 28 00 E E Y JE TR
WO e A, (UEBAR M SO RE B i
WEAT = AT JLE. tHe + T Zr (R R A ok
8 B ek N X R BE 5 e /N R AT AR Z, 24, PR T .

020117-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 2 (2026) 020117

(a) (b) (c) (d)
103 E 3 E
102 F
el
g
~
=
& 10'F
1He+97Zr TLi+95Y
oL SHe+%Zr | Li+%Y | 9Be+98r |
10 1He 4971 9Be+928r 140 488Ky
UC 486Ky “C«F%Kr 1:}0+80Kr gBe+9’1Sr
180 +828e 180 4-83Se 180 4-84Se 1404 89K
10-1 L L L L L ! L L
1In 2n 3n 4n
100 ¢ E 3 E
(a) (b) () (d)
101
Q,
10-2F
10-3 — L L L L L
(a”) 3He+97Zr [(D") 1He4977r [(c”) TLi+95Y (d) 9Be+%Sr
103 E 4He4-9Zr L TLi49%%Y L 9Be+93Sr | 14C 489Ky
1C456Kr 9Be+92Sr HUC488Kr
180 4828¢ 130 488Ky 1304 89Ky
102k 180 4838e | 180 4-848e |
el
g
~
<
& 10F
100
10-1 — L L L L L L L L L L L . L L L L L L L L
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
E"/MeV E*/MeV E"/MeV E"/MeV
B4 HLER T B A g 100~ 103Mo* 9 28 & B 4 #IH . T (a), (b), (c), () PUF 433%™ 4 100-103Mo* F & #% )5, Gid
In, 2n, 3n, dn(BIZE & 1—4 i 7 ) IR WO B B 1 i 2 . 25 —AT (a)—(d) ML &% 2 2 BB B /9 90 4 45 & BUET (op ), S8 AT

(a")—(d") 3 GEMINI++72 )3 31 55 (8 A B rh T 26 & 18 19 A2 06 B3 (P), 5 =47 (a)—(d") MR i 419 28 K B AR 8 ( opr

or X P). A Y SR ISAE N S OO RE (B ) IR

Fig. 4. Machine learning prediction of evaporation residue cross-sections for the synthesis of 100=193Mo* . The four columns (a),
(b), (c), and (d) in the figure correspond to the processes of the 1n, 2n, 3n, and 4n (i.e., evaporating 1 to 4neutrons) de-excitation

reaction channels, respectively, after the formation of the 100—103)\o*

compound nuclei. The first row (a)-(d) shows the initial
fusion cross-sections (of ) predicted by the ML model. The second row (a’)—(d’) shows the corresponding survival probabilities (P)
of the neutron evaporation channels calculated by the GEMINI++ code. The third row (a’)—(d'’) shows the final evaporation

residue cross-sections (ogr = of X P). All physical quantities are presented as a function of the compound nucleus excitation

energy ( E* ).

ARIROECHL Ve . X ERE IXAR R AT UL
AL RAGRER B, BRI KA IS,
171 L A S R X0 o ) A2 A A R A T 2n 1
APESa A, ARG T iR Ry 20 #0AT. A HE
ZF, B SRR BRI N, AN X RRBE A, AR A
PECH 2 ET R, T RS L AIE S, Wi
REASTER, X PEOLMINE SRR e
55, I 2n 8 B9 R ERE RV, SOl 20 Sl IE A AF
LR RIRREAR. KL, 32857 R AR PRI 2 A
TAEARIH A BE 28 A T8 Hh ARATHCR 1Y S AT It
Gb, XFEEIE 4(a)—(d) HAS R S LA ZR IR BR A3

I or \TLAKR B, FEMFINE S EEUERE E* T,
PL7Li, “Be MCEAYTI R ZIR R, FUNFIIE S
B AR T SRR R X —45 0 555 4l
Tt 22 I RE X PRI 2450 0 5 B0 A 300 il (%) 4 B i
IARAT 67 3 — 2P B0E T HLgs o AR ALE o 5 A
S HE S 7 B R REE, IR TR A0 RN
ML, T 78 & PR #0H opr B o FIAE TR LR
P, o BEAREL BRI T 55 R 40K R i
L. XA NP R T o T R A Y
“He +97Zr R R TE 2n S NI i 2 9 ) 3 Y A0E
.
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WS A-Z8 R N Z B VAR R (B35 5
N RER RN Q) LA K ZE K ik B iy R R
LA H B E G 44 T Fof T8 5 2 Mo IR
M ZR. FEE 4 In—4n AP IR R SR,
Z6 K T A A e R A SR AL A 4(b ) BLIETRY
He +97Zr, d5 K EHE 77 AE B R BE B AR
21.5 MeV, X b (A EE 20 1199 mb. K, &
fiT42 i *He + 97Zr 7 E* = 21.5 MeV (B, =
18.51 MeV) T Y e b A4 R J2& R FH I G -25 R
B LMo W Fe AR R . % I E T ze 12
16.75 h, A HEAF) T4 A i 4%, DR ot ] DAk
“He + 90Zr il it In JEA K, ST AR IS UL
e E* 294 15.5 MeV, X AY# I {EZY 0 376 mb.
M AL RS 2 SRR AE 35 B, X 38K
IR AR M B S B A FRATTREER T 1217 C+
8782k r A MR F7 1 AR ZR AR AR 99 Mo (1) ML T 45 5%
AT, K 5 Fos. BIF REARE T R4
TR R X IS A A2 V. TR R Vs
BaEAER, R T — 3R B m ~28 MeV
(B2 X 88, DA AL m 3 e (7 1. vl LA ER ],
T i 26 A PR T BT B R A A
REIX . LR A AT, X EER % IS £ 2T LA
TIPS 1) SRR B T T A T (AP
Eem = Vi), MAEZLE THBMNE (Eon > Va)
AE i I PR AR, AEAS I S AR b, R OB R i X
S S RORAZ PR, TN 25 525 ) BURFa e, il
Kl 1 35A1 4 54Cr Fil 49Ca+ SOTi K RAE S BEBL Y
S 5 40 AT BV W 55 2) LightGBM & F 3T
o P SR TH A 43 BBl A A5 B85 H R B [ SRAE T 5%
SO REOCR, 16 M RE DB M sl iR 22 50K
I B 5 S A ey o FA A, 00 i S TN pih 4 o R
T B R S IR AR, TR A, R
IRPR G INGAE = RE X SEAFAE, HIK 3 FIEl 5 firfe
TR SR IET 500 YR ST Y25 %) ML AR i il 45
(-S54, PRI (R 240 T B iR 2508 Bl 2 N, X
HCUR TR 3 5 0 B g R AN J S S S
WRHTATIA, LightGBM B ELAT B4 mT ff e
P, BT PR AR ) LA R L T
i — 25 PR AR A B T 25 SR A AL ] S e )
A, 235 AT SHAP (shapley additive expla-
nations) J7k BO41 CE—Fp Tz B FHEEIA A
SRTIY T, BEAEA FOR BRI H DTk i K
g AR B, AR SO T A SRRk B AR AR A

“OIERAE BAFIEFE N Y 33 Tl AR B T ROR
A i Sy AR ) G SRR AR, X BT A AR B SHAP
HPERT T 4uit, JFm T AP EHEF A5, ik 6
Fs (IR HEA T 12 BORAE & ). b HE ST
RFIEXT CS BTN e = 2L, hiHEA S IO RFAIE
SR/, AT L, EBD2 SRR R CS.

103
102
o)
g
~
éh
10tk — 2C+87Kr, V3 = 28.6 MeV
— 1BC486Kr, Vi = 28.4 MeV
— HC4+8Kr, Vi =28.1 MeV
50 4+84Kr, Vi = 27.9 MeV
Lok 16C4-8Kr, Vg = 27.8 MeV
C+82Kr, Vg = 27.6 MeV
25 28 30 35 40
E¢m./MeV

Bl 5 BLdsf I BRI 12-17C  8T—82Ky J7 i 4 & 1)
W25 A TR) B8 3R AN [R) Y S WA 3R, 2068 B 5 IX ek 3
IR Eem. & 28 MeV , H T IR 1 4% 14 5 ) 4 5 34 22 o 1

Fig. 5. Predictions results of the machine learning model for
the 12-17C 4+ 87-82Kr reaction systems. Different colors
represent different reaction systems. The red shaded region
at Fcm. =~ 28 MeV indicates the approximate position of

the fusion barriers for these systems.

1
EBD2 |-~ —
Vi 4 High
Be "'
: o)
Qr + =
8.1 g
P [}
L, g
It ;‘» L§
Br .
By | Low
RB i’
I, +
1
-5 -4 -3 -2 -1 0 1

SHAP value (impact on model output)

Pl 6 i H SHAP J5 1% 05 B S A REAE Y 31 22 PR HE P
—FRE—AFRAE, iR SHAP {H, 678 %R AE X 5 22 7
My EE. B R NNR DR, BERRHIEE (6
TR, EEERRR)

Fig. 6. Importance ranking for the input features obtained
with the SHAP. Each row represents a feature, and the -
axis is the SHAP value, which shows the importance of a
feature for a particular prediction. Each point represents a
nucleus, and the color represents the feature value (with

yellow being high and purple being low).
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Machine-learning predictions of fusion cross sections
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Abstract

Based on the Gradient Boosting Decision Tree (GBDT) machine learning algorithm, this study develops a
model for predicting the fusion reaction cross-section (CS) of ?97'°*Mo* | aiming to explore the optimal
synthesis pathway for the medical isotope °Mo. The model inputs include characteristic quantities such as
reaction energy, proton number, mass number, and binding energy, as well as relevant parameters calculated
based on phenomenological theoretical models, with the output being the fusion reaction cross-section. It is
found that the mean absolute error (MAE) between the machine learning-predicted CS and experimental values
on the test set is 0.0615, which is superior to the 0.1103 predicted by the EBD2 model. On this basis, combined
with the GEMINI++ program, the survival probabilities of the neutron decay channels for °°7'%3Mo* were
calculated to derive the evaporation residue cross-section of %°Mo. It is found that the evaporation residue
cross-section of the 2n de-excitation channel for *He + %7Zr at a center-of-mass energy of 18.51 MeV is
1199.80 mb, making it the optimal pathway for synthesizing °*Mo. This research validates the reliability of
physics-informed machine learning methods in predicting fusion reaction cross-sections and provides a reference
for optimizing reaction system selection and producing medical isotopes through fusion reactions in heavy-ion
accelerators. The datasets presented in this paper are openly available at https://doi.org/10.57760/
sciencedb.j00213.00244.
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