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Fig. 1. Physics-informed machine learning architecture in this work
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Table 1. Data set

A5 Bl RERNEHR (MeV) A4 il BEETEE (MeV) A4 Kt BEETEE (MeV)

12490 449Ca 9 114.8-141.6 9p 419205 8 74.5-95 3494 64N 18 53.8-63.5
1299 448Ca 11 112.2-156.3  F+2%8ppb 32 76.9-144.7 gy 89y 31 73-91
12041449 m 14 47-74.9 F 4400, 11 23.6-48.8 318i4-238y 7 142.9-177.8
2o45%48m 11 47.7-60.7 19F451Fe 9 31.6-41.4 35C14-1128n 7 106.7-129.1
1204-160G4d 11 70.6-119.8 19F 1 50Fe 9 31.8-41.9 35C14-12%8n 7 107.9-131.2
1204181, 11 57.3-97.8 0Ne4238U 16 107-208 35C14+2'Mg 11 26.8-35.9
1204 194py 9 56.5-73 20Ne+27Al 6 41.5-100 35C1+25Mg 11 27.9-37.1
1204 198py 9 56.5-73 ZNa+*8Ti 10 33.2-45.2 35C14+25Mg 11 28.5-37.9
12¢4204py, 13 53.7-84.9 2Mg+25Mg 11 21.9-32.9 35C145°Ti 21 48.2-74.6
120 4-206pp 7 56.5-80.2 TTAI+Ce 20 50.9-59.9 35CI14-°8Ni 8 60.5-87.2
120 4.208py 11 59.8-94 2TAI4+"2Ge 16 50.2-60.4 35 C14-9ONi 7 59.5-81.6
12042387 20 66-124 TAI4+-"3Ge 17 50.7-61.7 35 C14-52Ni 14 59.9-108.4
12042961 19 14.9-34.7 2TAI4+"Ge 17 50-61.5 35 C14-%4Ni 8 59.2-83.8
1204-30gi 19 15-35 TTAI4+70Ge 18 49.6-61.7 365410000 8 76.2-88
12044074 17 18-45 2841000 14 67.7-96.6 3654 100Ry 7 78.1-88
12044874 15 19.6-45.5 2G4 18 HE 12 108.6-138.4  30S4+19'Ruy 7 78.3-88.2
1204504 17 18-47.3 288i4+24Mg 20 21.4-30.1 3694+102Ry 6 79-88.5
13260 440Ca 14 110.9-135.7  28Si+*Mg 19 22.2-30 36g.4204py, 27 137.5-179
1328n4+48Ca 12 112.1-150.4  28Si4+28Si 20 23.1-36.1 3654.206py, 11 135.9-170
BOHTm 11 64-85.2 251 4+298i 15 27.9-42.1 3654+18Ca 23 38-60.9
13C4232Th 7 58.7-74.9 28G8i4-58Ni 15 49.6-62.1 3694 58N 18 54.3-85.7
1BBC4-48T4 14 21.3-47.6 288i4-2Ni 6 48.7-57.3 3684 5N;j 23 52-82.9
HMN4232Th 8 74.6-91.6 28G8i4-5Ni 12 48.4-63.8 3694907y 27 74.2-87.2
16041129y 29 46.7-61.1 288i4-587n 11 52.2-70.7 369494\Mo 7 75.3-86.5
16041165y 32 46.5-61.4 28G8i4+997r 12 67.3-92.4 3654+95Mo 6 75.8-87
160 +144Nd 12 54.9-81 288i4+927r 21 66.2-88.2 3694967y 32 71.6-87.4
16041448m 27 63.4-99.9 28Gi4-9 Mo 12 67.7-95.8 36819800 6 76.2-87.5
1604+17Sm 7 62.9-74.9 2884917 14 65-93.5 3TC14H19"Mo 7 85.8-94.5
1604188m 24 61.4-81.9 29g6i4 178 f 11 110.9-136.4  37Cl4+**Mg 11 26-34.7
1604198m 9 61.5-75 308i4-10Ry 10 110.1-143.1 - 37Cl4+-*Mg 11 27-35.9
160 4150Nd 6 65-80 30Gi+24Mg 17 21.5-28.5 STCI+25Mg 11 27.3-36.4
160 4-1508m 7 61.2-75 308i4-26Mg 20 21.4-29.4 STCI+70Ge 11 63.8-75.2
160 41528m 6 61.2-75 30843084 55 59.1-84.5 3TC14-"Ge 13 64.6-76.3
160448m 38 58.4-109.9 308458 Ni 9 49-61.3 STCIH-"3Ge 11 64.9-76.9
16041597 6 75.1-94.4 308i4-52Ni 10 48.1-62.4 3TC14+-"Ge 8 65.2-74.5
160 166Ey 16 59.3-93.9 308i4-04Ni 11 48.7-63.2 STCI4-"Ge 13 64.3-75.1
1604159y 7 74.9-94.6 Slp 1%y 10 116.7-140.1  37C1+"%Mo 6 85.1-93.8
1604150 25 8.2-13.8 Slp 1761y 7 116.8-129.6  *°Ar4+''2sn 13 97.8-120.4
1604+17yh 27 60.2-94.9 3294 100\ o 10 74-90.7 40Ar41168n 13 97.1-126.8
o417y L 27 60.1-94.9 3294 100Ry 8 77.8-90.7 40Ar41228p 17 95.9-129.3
160 180w 37 63-96.7 3294 102Ry 8 78.2-91.1 OAr+M8sm 10 118.4-140
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Table 1. (continued) Data set

R B s BEETEE (MeV) RS RS BEEVEE (MeV) R B RERTEE (MeV)
160419905 6 90-140 3291 103RK 7 79.9-91.3 OAr41485m 11 114.9-140.7
1604-191pt 6 73.5-93.4 3294104pq 6 81.2-91.5 10Ca+1Ca 15 50-67.1
1604204php 11 67.5-94.2 3294 104Ry 8 78.5-91.5 0Ca+2Ca 15 48.7-67.6
16042%pL 38 70.2-83 3294106pq 6 81.6-91.9 10Ca+10Tj 24 54.7-79.3
10424 Mg 11 19.5-48.6 3294 108pq 7 80.8-92.3 10Ca+18Ca 33 88.3-134.8
160 4+25Mg 12 20-50.1 3294 110pq 30 80.1-99.7 10Ca+18Ti 27 54.2-81.1
16042855 18 36-78 32941129y 33 90-108.7 40Ca+59Ti 23 54.1-69.2
16043054 25 15.6-40 32941209n 44 88.7-111 10Ca+"8Ni 19 68.8-90.3
1604507y 7 23.9-48.9 3254120 106 16.5-28.1 10Ca+92Ni 25 68.9-106.7
160 4-78Nji 38 29-46.9 3284 13¢C 19 48-70 10Ca+%Ni 25 64.7-94
160 4-5ONi 18 32.4-56.8 3294 t44gy 17 115.5-188.4  *°Ca+°Zr 39 135.4-159.4
160 452Ni 49 28.2-46 3284 150sm 18 113.8-189.6  *°Ca+'Zr 58 88.9-113.2
160 453Cu 7 35.2-56.8 82941529 19 114.2-190 0Ca427r 10 84.8-106.8
160455Cu 32.2-57.4 3294181 14 140.9-254.9  *8Ca+*3Ca 16 46.8-60.8
1604567n 29.5-54.5 3234208pL 41 134.6-183.6  *®*Ca+""Zr 32 91.2-113.1
1604+7Ge 25 32.1-48.5 328419Ca 6 83-108.6 BCat207r 37 89.1-112.1
1604+7Ge 28 32.1-51.6 3284 18Ca 20 36.8-53.7 48T 458Ni 13 73.8-90.7
1604+"Ge 26 33.4-51.5 328 1 58Ni 20 56.3-68.3 48 Ti4-5ONi 14 74-92.4
604+ Ge 28 31.9-54.1 328 4-54Ni 12 53.9-73.1 48 Ti4-54Ni 17 72.7-95.3
1604+75Ge 25 31.7-50.1 329489y 22 73.4-91.1 50j 400N 13 73.7-90.8
YOo+144Sm 24 61.4-99.9 3254997y 40 73.7-95.3 S8Ni+109Mo 7 130.8-149.2
BO41%%Sm 10 62.5-111.6 3294 947, 49 70.5-96.4 58Ni+51Fe 23 85.8-108
BO4+1920s 6 77.8-112.9 3251 950\Mo 8 77-89.8 58 Ni+8Ni 16 188-220
BO429%pp 17 70.6-93.8 3284967y 49 70.4-97.1 58Ni+ONi 32 92.6-119.2
BOo+24Mg 9 20-41.1 3251 98 \Mo 9 75.9-90.2 S8Ni4-%Ni 16 90.4-112.7
BO4+4Ca 16 20.1-42.2 3394907 12 75.1-96.3 S8Ni4+-207r 11 127.9-151.6
B0O4+8Ni 15 30.4-48.2 338491 7r 15 74.6-96 SN2 Zr 15 127-152.3
180O4+59Ni 6 30.8-48.5 3384927y 15 73.4-96.9 8Ni-+22Mo 7 135.6-156.4
B0+ Cu 7 32.8-49.8 3491 168Er 40 112-162.8 8N4 7Zr 18 123.3-154.2
BO4+5Ni 7 30.9-49.7 3494 204py g 136.8-170.9 . °Ni+!°Mo 13 123.3-163.3
1804%5Cu 8 33-50.3 3494206y, 137-171 54Ni412°Mo 13 121.7-158.8
1804+™Ge 25 30.5-49 3194208pyp 10 134.6-171.4  ®INi4+%INj 18 89.7-109.1
R 41397 12 65.1-114.1 3491238y 7 142.9-177.8  %Ni+2Mo 8 132.6-152.4
19p 4 1597, 8 89-129 3194 24\g 10 24.7-31.4 S4Ni+927r 13 124.9-160.5
PPy 8 79.6-115.7 3184 25Mg 18 25.2-32 54Ni4-9Zr 13 124-160.5
19p 4181y 8 77-108.8 3842 Mg 20 24.9-33.5 Total systems 235
Op 1 1880g 9 73.4-94.3 345458 Ni 13 56.1-71.8 Total points 3842
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Table 2. Features for the model.
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Fig. 2. (a) Variation of the model loss function with training epochs under data volumes of 20%, 50%, and 80% (b)

Variation of the loss function for the training set (blue curve) and validation set (yellow curve) with training epochs.
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Table 3. Comparison of different models and their corresponding loss values

ol SRR PRAE
OLight GBM S-W Light GBM 0.94
OPI-Light GBM S-W PI-Light GBM+Eq. (3) 0.26
Ts.w S-W Z 0k BL 3.03
OWong Hill-Wheeler Sk P 286
ONN-Fit Hill-Wheeler Neural Network+Eqgs. (1)(2) 0.86
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Fig. 3. Comparison of fusion cross-section predictions for heavy-ion reaction systems in the test set obtained from
different models. The black square symbols represent the experimental data for the corresponding reaction systems [P,
S—-W denotes the predictions of the theoretical model given by Eq. (3) (blue dashed curve), while Wong corresponds
to the predictions of the theoretical model in Eq. (2) (purple dashed curve). NN-fit represents the predictions of
the physics-informed neural network model ¥ (black ‘dashed curve), and Light GBM denotes the purely data-driven
prediction model (green dashed curve). PI-Light GBM corresponds to the predictions of the proposed model (red dashed

curve). The 90% Confidence Interval indicates the predictive variance band generated by the decision trees, as defined

in Egs. (7) and (8).
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Fig. 4. Relationships among the predicted and experimental values of the barrier height Vp, the relative barrier-height
prediction deviation AV = (V™! — V§1©) /VE e the Coulomb baseline barrier Vio, and the relative barrier difference
0V = (Vo — VB)/VBo. Each open-square symbol represents a specific-heavy-ion collision system. (a) Correlation
between the predicted and experimental barrier heights. The error bars indicate prediction fluctuations associated with
microscopic interactions in the sub-barrier region. The inset shows the probability-density histogram of the barrier-
height prediction deviations, and the solid red curve denotes the Gaussian fit. (b) Distribution of AVp as a function of
the experimental barrier height; the two red dotted lines indicate the £1o prediction interval. (¢) Comparison between
the predicted barrier Vg and the Coulomb baseline barrier Vg for the 16 reaction systems in the test set. The black
open circles denote Vpo for the test systems, and the arrows connecting Vpo and Vg indicate the barrier difference. (d)

Distribution of the relative barrier difference §V as a function of Vg for the reaction systems in the test set.
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Fig. 5. Comparison of the experimental and model-predicted fusion barrier distributions for the 17O+144Sm, 150 +144Sm,

and '°0+'*® Sm systems. The black square symbols denote the extracted experimental data. The blue dashed and green

dashed curves represent the predictions of the S-W model, Eq. (3), and the Light GBM model, respectively, while the

red dashed curve corresponds to the prediction of the proposed PI-Light GBM model. The red shaded region indicates

the predictive variance band generated by the decision trees, as defined in Egs. (7) and (8).
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Prediction of heavy-ion fusion cross sections and
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Abstract

Reliable heavy-ion fusion cross sections in the sub-barrier region are essential for selecting beam-target
combinations and incident energies in superheavy-nucleus synthesis, but their prediction remains difficult
because quantum tunneling is strongly modified by couplings to collective excitations, nucleon transfer, and
static deformation. Conventional phenomenological formulas impose rigid analytic barrier shapes, whereas
purely data-driven models may violate the Coulomb asymptotic behavior when extrapolated to sparsely
sampled energies. To address both limitations, we develop a physics-informed Light Gradient Boosting

Machine (PI-Light GBM) by combining the Swiatecki-Wilczynska (S-W) phenomenological formula with a
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residual-learning strategy. A database containing 3842 fusion cross-section-energy points from 235 reaction
systems is assembled. Among them, 219 systems (3585 points) are used for training and validation, while
16 systems (257 points) constitute a reaction-wise isolated test set. The S-W prediction and the Coulomb
baseline barrier provide the macroscopic reference, and Light GBM learns logarithmic residual corrections
from projectile and target charges and masses, collision energy, mass asymmetry, Coulomb and size factors,
isospin asymmetry, distance-to-magic-number indicators, and deformation-related proxies. Ten bootstrap
submodels are aggregated to obtain the ensemble mean and a 90% confidence interval, thereby combining
physical constraints, data-driven correction, and uncertainty quantification within a unified framework.
On the independent test set, PI-Light GBM achieves a global root-mean-square logarithmic error of 0.26,
compared with 0.94 for the purely data-driven LightGBM model, 3.03 for the S-W model, 2.86 for the
Wong formula, and 0.86 for a physics-informed neural-network fit. For the extracted barrier heights, the
coefficient of determination is 0.984 and the root-mean-square error is 4.50 MeV. The normalized barrier-
height deviations are approximately Gaussian, with a mean of -0.008 and a standard deviation of 0.075,
and show no systematic increase with barrier height. Relative to the Coulomb baseline, the predicted
effective barriers are lower by 7.23 MeV on average, corresponding to a mean relative difference of 0.092;
this behavior indicates a stable but system-dependent correction beyond the macroscopic Coulomb scale.
Fusion barrier distributions extracted by finite differences for O + #4Sm, 0O + *4Sm, and 60 +
148Sm more closely follow the experimental peak positions and widths than the S-W baseline and the
purely data-driven model, suggesting that isotope dependence and transfer-channel effects are partially
accounted for. SHAP analysis further identifies normalized collision energy as the dominant individual
feature, while kinematic, mass-and-charge, and microscopic shell/deformation features contribute 47.21%,
42.46%, and 10.33%, respectively. These results demonstrate that the proposed framework integrates
physical asymptotics, residual learning, uncertainty quantification, and interpretable feature analysis, and
provides a practical candidate for predicting fusion observables in unmeasured systems and for support-
ing the evaluation of reaction conditions in superheavy-nucleus synthesis and nucleus-nucleus interaction

potentials.

Keywords: Heavy-ion fusion cross section; barrier distribution; physics-informed machine
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