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Fig. 1. Schematic illustration of magnetic field reconstruction from proton radiography via CNN: (a) training the CNN: parameter-

ized magnetic field database construction; proton radiography simulation via GEANT4; CNN architecture design and training;

(b) reconstruction via the CNN: input of test proton radiographs; magnetic parameter prediction by CNN; 3D magnetic field recon-

struction.
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Fig. 2. Schematic diagrams of magnetic field elementary structure and proton radiography simulation: (a) schematic of magnetic

field elementary structure; (b) GEANT4-based proton radiography simulation schematic.

® 1 AU

Table 1. Parameters of magnetic fields in simulation.
. FHESEL REZH i s
oo s

a/mm b/mm By/T 2o /mm Yo /mm zo/mm 6/° é/°
1 0.046 97 45 0.020 0.028 0.0077 -1.0 8.1
2 0.022 0.84 61 -0.75 0.013 -0.034 5.3 4.8
3 0.18 11 23 0.16 1.3 0.16 9.8 0.78
4 0.11 7.0 39 -0.0093 ~0.23 0.0047 -1.1 0.91
5 0.017 74 7.9 -0.34 0.074 -0.065 -1.8 2.5
6 0.12 93 25 0.0020 -0.38 0.094 1.4 -1.3
7 0.16 37 75 1.1 0.012 0.0013 14 2.9
8 0.14 34 36 0.0020 -0.12 0.39 5.5 8.0
9 5.3 49 9.1 0.00097 1.1 -0.0033 2.6 5.3
10 0.39 1.9 39 -1.5 -0.12 -0.017 1.8 -3.0
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Fig. 3. Proton radiograph corresponding to the parameters
in Table 1.
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Fig. 4. Optimal CNN architecture and visualization of selected activation channels: (a) optimized CNN structure; (b) proton radio-

graph corresponding to the parameters in Table 1; (¢)—(e) visualization of selected activation channels from convolutional layers.
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Magnetic field element structures

Kl 6 ®EHSEBINES LIENZEMSETT  (a)—(c) BEHHEIT 3 MAFIESEL (a. b, Bo ) M ESE (mo « yo « z0 ) FIIEHRSEL
(0. ¢) FIZEMEF G LA (d) 80 MHEA S BOLHUNAE 5 F 90 2 22 W br i 22 43 A

Fig. 6. Statistical analysis of differences between predicted and true values of magnetic field parameters: (a)—(c) histograms and
gaussian fits of differences for feature parameters (a, b, Bo ), positional parameters (zo, yo, 20 ), and rotational parameters (0, ¢)
of magnetic field element structure 3; (d) standard deviation distribution of differences between predicted and true values for all
80 magnetic field parameters.

# 2 B 6(a)—(c) HHYEIHLA S
Table 2.  Gaussian fit parameters in figure 6(a)—(c).

EXZ PRiE A Biftu P2 P R B R?
a 6.0201 £ 0.0521 —0.0079 £ 0.0521 0.0663 £ 0.0007 0.9957
b 4.2689 £ 0.0907 —0.0070 £ 0.0023 0.0952 4 0.0023 0.9683

Bo 6.5811 £ 0.1522 —0.0012 £ 0.0016 0.0597 £ 0.0016 0.9700
o 6.6341 £ 0.0616 —0.0043 £ 0.0007 0.0607 £ 0.0007 0.9954
Yo 17.6799 £ 0.1477 —0.0011 £ 0.0002 0.0221 4 0.0002 0.9974
20 2.8602 £ 0.1223 —0.0277 £ 0.0083 0.1614 4+ 0.0107 0.6728
0 15.2072 £ 0.1555 —0.0019 £ 0.0003 0.0255 £ 0.0003 0.9958
¢ 4.7209 £+ 0.0584 —0.0073 £ 0.0012 0.0859 £ 0.0012 0.9896

(2 22 bR e 22 o0 A, o R Ae A o i 3 B oo

YE 224 [0.118/(1 — (—1))] * 100% = 5.9% , CNN [

LIRS, F o SE R . i EUE
AHXT i K 14 2 B0 i3 B & RAE I 230 (2 0
fffsk B) —2%, 3R ETC 1 20« yo « 205 FETT 2
B a.b. Bo . yo « 20 \0.¢; FIC 3 W 20 ; FTT 4 B
205 FEICH M b, By yo . 20; FEIC6 1Y b, 20« 20;
FETCTHI b, 203 FETC 8 MY by 2« 203 FETC 9 MY 2 -

5 (1~10), YAebr s S BN bRMEZE (8 240
ULKESE B). A S B SE AR TE -1, 1] K]
N, TS 500 (B 5 5 S 22 1 1 s o 22 53 A 7E
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SEME Z M, 78 80 NS4, Fe/ MR AR iE 2
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Fig. 7. Comparison of spatial distributions between the magnetic field corresponding to Table 1 parameters and the reconstructed

magnetic field: (a) reference magnetic field (based on Table 1 parameters), with the orange-yellow surface representing the isosur-

face of magnetic field intensity at 6 T; (b) reconstructed magnetic field (obtained from the standard proton image), with the orange-

yellow surface representing the isosurface of magnetic induction strength at 6 T.
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Fig. 8. Comparison between proton images input to the CNN and those obtained through reconstruction: (a) proton image corres-

ponding to the parameters in Table 1; (b) proton image obtained by inputting Fig. 8(a) into the CNN for reconstruction, with CS =
0.89 relative to Fig. 8(a); (c) the least similar image to Fig. 8(a) in the test set under the CS metric (CS ~ 0.18 ); (d) Proton im-
age obtained by inputting Fig. 8(c) into the CNN for reconstruction, with a CS of 0.71 relative to Fig. 8(c).
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Fig. B1. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-

ers of magnetic field element structure 1: (a) Feature parameters a, b and By ; (b) Position parameters zo, yo and zp ; (c) Rota-
tion parameters 6 and ¢.
* Bl #WHETT 1 WEHEASEL
Table B1.  Gaussian fit parameters of magnetic field element structure 1.
WEXS PRIRA ¥t brifEi2o PUE ZH R?
a 7.9273 £ 0.0875 —0.0027 £ 0.0006 0.0499 £ 0.0006 0.9932
b 2.8949 + 0.1349 —0.0361 £ 0.0085 0.1524 £+ 0.0095 0.7929
Bo 9.1219 4+ 0.1044 —0.0016 £ 0.0006 0.0434 £ 0.0006 0.9937
o 2.8266 £+ 0.1275 —0.0263 £ 0.0090 0.1653 £ 0.0119 0.6297
Yo 3.0632 £ 0.1175 —0.0205 £ 0.0062 0.1396 £ 0.0067 0.8346
20 2.9441 £+ 0.1363 —0.0243 £+ 0.0077 0.1438 £ 0.0078 0.8689
0 6.7838 = 0.0710 —0.0033 £ 0.0007 0.0588 £ 0.0007 0.9950
7.3482 + 0.0800 —0.0040 £ 0.0007 0.0531 £ 0.0007 0.9934
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Fig. B2. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-
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ers of magnetic field element structure 2: (a) Feature parameters a, b and By ; (b) Position parameters xg, yo and zp; (c) Rota-

tion parameters 6 and ¢.

* B2 W 2 WEIHHLASEL
Table B2.  Gaussian fit parameters of magnetic field element structure 2.

WEXTH iR A Bl b2 PEREL R?
a 3.0514 +0.1199 —0.0221 £ 0.0064 0.1399 £ 0.0068 0.8417
b 2.8822 £ 0.1276 —0.0226 £ 0.0083 0.1573 4+ 0.0102 0.7025

By 2.9471 £0.1311 —0.0230 £ 0.0077 0.1488 £ 0.0089 0.7476
o 3.7499 £+ 0.0522 —0.0141 £ 0.0017 0.1084 4+ 0.0017 0.9861
Yo 2.8210 £0.1186 —0.0262 £ 0.0086 0.1678 £ 0.0117 0.6375
20 2.8714 £0.1426 —0.0378 £ 0.0096 0.1570 4+ 0.0110 0.7592
0 2.8718 £ 0.1202 —0.0223 £ 0.0079 0.1583 £ 0.0098 0.7069
¢ 2.8725 £ 0.1360 —0.0197 £ 0.0086 0.1545 4+ 0.0101 0.7061
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Fig. B3. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-

(a) FFIES 8 a. b, Bo; (b) MESH 20 . yo . 20;

ers of magnetic field element structure 3: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zp; (c) Rota-

tion parameters 6 and ¢.
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#* B3 REHHEEIC 3 BRI S 2R
Table B3.  Gaussian fit parameters of magnetic field element structure 3.

E/SEPUE PriE A Bftu brifE2zo PE FEL R?
a 6.0201 £ 0.0521 —0.0079 £ 0.0007 0.0663 £ 0.0007 0.9957
b 4.2689 £ 0.0907 —0.0070 4+ 0.0023 0.0952 £ 0.0023 0.9683

By 6.5811 4+ 0.1522 —0.0012 £ 0.0016 0.0597 £ 0.0016 0.9700
o 6.6341 +0.0616 —0.0043 4+ 0.0007 0.0607 £ 0.0007 0.9954
Yo 17.6800 £ 0.1477 —0.0011 +£ 0.0002 0.0221 £ 0.0002 0.9974
20 2.8602 £ 0.1223 —0.0277 4+ 0.0083 0.1614 £+ 0.0107 0.6728
0 15.2072 £ 0.1555 —0.0019 +£ 0.0003 0.0255 £ 0.0003 0.9958
¢ 4.7209 4 0.0584 —0.0073 £ 0.0012 0.0859 £ 0.0012 0.9896
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Fig. B4. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-
ers of magnetic field element structure 4: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zo; (¢) Rota-

tion parameters § and ¢.

# B4 fEAHETC A MR G SE
Table B4.  Gaussian fit parameters of magnetic field element structure 4.

PEXTH PR A HfHp brifEZEo TN
a 10.9667 £+ 0.1092 —0.0009 =+ 0.0004 0.0362 £ 0.0004 0.9952
b 7.7939 £ 0.1653 —0.0007 4+ 0.0012 0.0503 £ 0.0012 0.9763

By 6.4511 4+ 0.0985 —0.0018 £ 0.0011 0.0613 £ 0.0011 0.9867
o 2.9187 £ 0.1322 —0.0218 4+ 0.0082 0.1535 £ 0.0099 0.7047
Yo 7.8694 £ 0.0876 —0.0032 £ 0.0006 0.0504 £ 0.0006 0.9929
20 2.8486 £+ 0.1386 —0.0189 4+ 0.0092 0.1594 4+ 0.0114 0.6554
0 4.3797 + 0.0830 —0.0110 £ 0.0020 0.0931 £ 0.0020 0.9763
¢ 7.1597 £ 0.0867 —0.0009 £ 0.0008 0.0557 £ 0.0008 0.9926
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Fig. B5. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-
ers of magnetic field element structure 5: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zp; (c) Rota-

tion parameters 6 and ¢.

#* Bb AT 5 MR G S5

Table B5.  Gaussian fit parameters of magnetic field element structure 5.

WA S PR A HF){Eip brifiZEo YUSE REL R?
a 3.2846 £ 0.1060 —0.0175 £ 0.0047 0.1276 £ 0.0049 0.9108
b 2.8781 £ 0.1331 —0.0237 £ 0.0084 0.1548 £ 0.0100 0.7050
By 3.0514 £ 0.1193 —0.0212 £ 0.0064 0.1403 £ 0.0068 0.8509
g 3.7324 £ 0.0582 —0.0155 £ 0.0020 0.1095 £ 0.0020 0.9863
Yo 2.8943 £ 0.1290 —0.0288 £ 0.0082 0.1550 £ 0.0099 0.7127
20 2.7866 £ 0.1305 —0.0274 £ 0.0098 0.1711 +£0.0134 0.5808
0 3.3208 £ 0.1009 —0.0193 £ 0.0044 0.1260 £ 0.0045 0.9159
) 3.4715 £ 0.0784 —0.0149 £ 0.0031 0.1194 £ 0.0031 0.9652
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Fig. B6. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-
ers of magnetic field element structure 6: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zp; (c) Rota-

tion parameters 6 and ¢.
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F#B6  REHHEEIT 6 BRI S 2R
Table B6. Gaussian fit parameters of magnetic field element structure 6.

E/SEPUE PR A Bftu brifi2io PE FEL R?
a 11.6253 £ 0.1110 0.0003 £ 0.0004 0.0336 £ 0.0004 0.9961
b 2.9332 £+ 0.1338 —0.0281 £+ 0.0080 0.1501 4 0.0093 0.7345

By 11.1703 £ 0.1081 —0.0011 £ 0.0004 0.0353 £ 0.0004 0.9954
o 2.8942 £ 0.1364 —0.0155 £ 0.0085 0.1521 4 0.0096 0.7580
Yo 8.4846 £ 0.0885 —0.0018 £ 0.0006 0.0467 £ 0.0006 0.9943
20 2.8914 £ 0.1320 —0.0331 £+ 0.0084 0.1531 4 0.0095 0.7802
0 9.5057 £ 0.1001 —0.0027 £ 0.0005 0.0405 £ 0.0005 0.9951
) 8.3988 + 0.0718 —0.0025 £ 0.0005 0.0474 £ 0.0005 0.9965
2 f(a) a 175 f (1) %0 (©) 0
i —b Y% 12r 9
10 + \ By 15.0 - 20
z Z » 101
ES | % 125} z
g 8f | S o
"g -g ’QUJ St
= = 10.0 =
= = = 6l
Z Z 7oy 2
2 2 2
2 2 2 4t
& A~ 5.0r o
25 bifhiin i 2+
) LT, A : . 0 A . A
—0.2 0 0.2 —0.2 0 0.2 —0.2 0 0.2
Prediction error Prediction error Prediction error
K BT #HEITTHSEHNESEREMEEETR T LEHUE  (a) HiES% a. b, Bo; (b) fLESE z0 . vo . 20

(c) e 2410, ¢

Fig. B7. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-
ers of magnetic field element structure 7: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zo; (¢) Rota-
tion parameters § and ¢.

BT REHEIT T RIS 2R
Table B7.  Gaussian fit parameters of magnetic field element structure 7.

PEXTH PR A HfHp N TN
a 11.3473 £0.1118 —0.0011 £ 0.0004 0.0348 £ 0.0004 0.9958
b 3.0154 +0.1303 —0.0260 4+ 0.0072 0.1432 £+ 0.0079 0.8039

Bo 10.7670 £ 0.1559 —0.0009 + 0.0006 0.0364 £ 0.0006 0.9875
o 17.9574 +0.1363 0.0002 £ 0.0002 0.0220 £ 0.0002 0.9975
Yo 2.8716 £ 0.1346 —0.0252 £ 0.0086 0.1563 £+ 0.0105 0.6859
20 2.8440 £ 0.1211 —0.0205 4 0.0085 0.1650 =+ 0.0113 0.6511
0 8.8357 + 0.1082 —0.0029 +£ 0.0006 0.0449 £ 0.0006 0.9918
¢ 12.8253 £ 0.1565 0.0003 £=:0.0004 0.0297 £ 0.0004 0.9940
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Fig. B8. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-

ers of magnetic field element structure 8: (a) Feature parameters a, b and By ; (b) Position parameters xo, yo and zp; (c) Rota-

tion parameters 6 and ¢.

AT 8 Rl &2

Table B8.  Gaussian fit parameters of magnetic field element structure 8.

A XL PRIEA H{Eu brifE 2o heE R AL R2
a 11.6269 4+ 0.1430 —0.0012 + 0.0005 0.0332 £ 0.0005 0.9942
b 3.0019 +0.1108 —0.0242 £ 0.0064 0.1475 4+ 0.0076 0.7886

Bo 11.7740 4+ 0.1486 0.0002 £ 0.0005 0.0335 £ 0.0005 0.9922
Zo 2.8551 £+ 0.1483 —0.0308 £ 0.0097 0.1548 4+ 0.0106 0.7979
Yo 5.7456 + 0.0764 —0.0061 + 0.0011 0.0689 £+ 0.0011 0.9901
z0 2.9153 £+ 0.1299 —0.0257 £ 0.0079 0.1519 4+ 0.0093 0.7302
[ 13.8194 4+ 0.2261 —0.0004 + 0.0005 0.0271 £+ 0.0005 0.9886
¢ 13.8314 + 0.2397 0.0002 4 0.0005 0.0266 4 0.0005 0.9873
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Fig. BY. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field paramet-

ers of magnetic field element structure 9: (a) Feature parameters a, b and Bg ; (b) Position parameters xo, yo and zp; (c) Rota-

tion parameters 6 and ¢.
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# B9 WEHEIC 9 RIS S
Table B9.  Gaussian fit parameters of magnetic field element structure 9.

AL PR A ¥iEu brifE2Eo P ZH R2
a 13.3435 4+ 0.1427 —0.0027 4+ 0.0004 0.0296 £ 0.0004 0.9941
b 4.0212 4+ 0.1006 —0.0103 £ 0.0029 0.1017 £+ 0.0030 0.9493

Bo 15.6048 4+ 0.1388 0.0001 £ 0.0003 0.0254 £+ 0.0003 0.9970
o 2.7619 +£0.1285 —0.0240 + 0.0099 0.1739 £ 0.0138 0.5746
Yo 8.4345 £+ 0.0865 —0.0018 4+ 0.0006 0.0466 £ 0.0006 0.9943
20 2.8237 £ 0.1297 —0.0279 + 0.0092 0.1656 4+ 0.0121 0.6251
0 4.4391 £+ 0.0742 —0.0123 +0.0018 0.0921 £ 0.0018 0.9800
¢ 7.6098 £ 0.0927 —0.0027 4 0.0007 0.0522 £ 0.0007 0.9921
25 F
175 L@ a (b) Zo
b Yo
15.0 Bo 20t 20
= = 5
% 1951 z z
< S 15t <
z 100 z z
% 7.5} % 10 %
2 2 2
2 2 2
A, 5.0¢F W A
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251
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&l B10 43I0 10 S EHINES HLEMN2ZEE ST REHEE  (2) FIES45 a. b, Bo; (b) ML EZH 20 . vo
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Fig. B10. Histogram statistics and gaussian fitting of the difference between the predicted and true values of magnetic field para-

meters of magnetic field element structure 10: (a) Feature parameters a, b and By ;

(b) Position parameters =g, yo and zp;

(¢) Rotation parameters 6 and ¢.

F£ B0 #IHHETT 10 MEHTIA S
Table B10.  Gaussian fit parameters of magnetic field element structure 10.
PEXTH PR A HfEp brEZEo P R H R?
a 18.2436 £+ 0.1315 0.0005 £ 0.0002 0.0213 £ 0.0002 0.9980
b 5.7558 £ 0.0792 —0.0065 4+ 0.0011 0.0699 £+ 0.0011 0.9886
By 7.4457 £0.0973 —0.0037 £ 0.0008 0.0535 £ 0.0008 0.9915
o 24.3802 + 0.1991 —0.0003 4+ 0.0001 0.0158 £ 0.0001 0.9976
Yo 5.1854 £+ 0.0732 —0.0089 £ 0.0013 0.0784 4+ 0.0013 0.9888
20 2.8079 £ 0.1250 —0.0323 4+ 0.0091 0.1681 £+ 0.0123 0.6231
0 3.1224 +0.1213 —0.0227 £ 0.0061 0.1358 4 0.0064 0.8610
¢ 3.3828 +0.0983 —0.0177 £ 0.0041 0.1236 £ 0.0043 0.9210
b A1 By XoF BT IR B9 R AR - 7 [ R S ] AL
[fRC T FRAES BT R e skt b 71 B, SR 4 (047 8P T

X F Weibel ANFaE AT Biermann FE RN Ur 7= A5 1Y

PG ((C1) ), MERRN 38 Z S MG AT IESEL ol b F
Bo FIEEIE AT : FERRHIE; BEE b A B, MBS R, LT EIGE
B(z,y,2) = —eiﬁ;f %( y,z,0), (C1)
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Bo WAHBE/INGE, RGN 5 B 5S , T R A S b0 2R
B A0S
233 RSTRE b 1 B, B3GR 2 o A B, iE— */H"
jtﬂﬂ“, BB ZUH, ST ER BN A BT A

030502-16


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

) 3B 3R Acta Phys. Sin. Vol. 75, No. 3 (2026) 030502

LN BREXT o H/M}ﬁ?ﬁifﬁz%y:

ABL _ o+ s e " 2472@%:@{?)—&2.

o X T T AR B 0 - 15 25 B RE R (0o, o, 20)
BE, 4 202+ y2) — ? > 0, | BIBE o HIKTTHIN: 4 202+
W) —a? < 0, | B B a BOARTTH/N 1512 — 22 + 42 — a2)2
i, | BB By /(v/2e) . TEAF FRESIE T T
SCELZM b 1 By X RN SR B A B TP
PRI 4 o BB/, BRIV IR RS, T
PRI R BB B o HOK, TR B 25
S, ST TER (LI 00 b 7 PR 2 ) i
% o SREEK, Z5IEREEANY E 2 A R L I TR
(R 2 B0 B B

L LR, X T 2 9 A — b B 4 5 T
(REA LB 0 b AN B SRR TR, He R
W de AR SR G | R T R0 550 flmi v e
5, GO 28 R4 DA A2 ) BRI U E 2 ] e
SRR [T, A5 5 R T (2 ) T A7 e e — e
GF, e T SRR . SRTH, 7E a. b1 By I
03 206, 5 TP S e R B e U, A7) T
9024 M 2 T SL P ZE MR, ASIE S8 a0 b, By BIL S (5
B 2o 102 TR R 21, 308 o0 40 T A% L B
ERR T L, X TR TR 52 5% R
e AT B L

(©2)

S7% 30k

[1] Drake R P 2018 High-Energy-Density Physics: Foundation of

Inertial Fusion and Experimental Astrophysics. Second
edition. edn. (Cham: Springer Nature), pp 12-16
[2] Priest E, Forbes T 2000 Magnetic Reconnection: MHD
Theory and Applications (Oxford: Cambridge University
Press), pp 1-6
[3] Caprioli D, Spitkovsky A 2014 Astrophys. J. 783 91
[4] Balbus S A, Hawley J F 1998 Rev. Mod. Phys. 70 1
[5] Blandford R, Eichler D 1987 Phys. Rep. 154 1
[6] Song Y, Srinivasan B 2020 Radiat. Eff. Defects Solids 175
1009
[7] Garcfa-Rubio F, Betti R, Sanz J, Aluie H 2021 Physics of
Plasmas 28 012103
[8] Samtaney R 2003 Phys. Fluids 1994 15
[9] RyuD, Jones T W, Frank A 2000 Astrophys. J. 545 475
[10] CuiY, Yang X H, Ma Y Y, Zhang G B, Xu B H, Chen Z H,
Li Z, Shao F Q, Zhang J 2024 High Power Laser Science and
Engineering 12 e24
[11] Slutz S A, Herrmann M C, Vesey R A, Setkow A B, Sinars D
B, Rovang D C, Peterson K J, Cuneo M E 2010 Phys.
Plasmas 17 056303
[12] Kugland N L, Ryutov D D, Plechaty C, Ross J S, Park H S
2012 Rev. Sci. Instrum. 83 101301
[13] Clark E L, Krushelnick K, Davies J R, Zepf M, Tatarakis M,

Beg F N, Machacek A, Norreys P A, Santala M T K, Watts I,

(14]

(15]

[16]

(17]

(18]

(19]

20]

21]

[22]

23]

(24]
[25]

[26]

27]

28]

29]

(30]

(31]

(32]

33]

030502-17

Dangor A E 2000 Phys. Rev. Lett. 84 670

Maksimchuk A, Gu S, Flippo K, Umstadter D, Bychenkov V
Y 2000 Phys. Rev. Lett. 84 4108

Snavely R A, Key M H, Hatchett S P, Cowan T E, Roth M,
Phillips T W, Stoyer M A, Henry E A, Sangster T C, Singh
M S, Wilks S C, MacKinnon A, Offenberger A, Pennington D
M, Yasuike K, Langdon A B, Lasinski B F, Johnson J, Perry
M D, Campbell E M 2000 Phys. Rev. Lett. 85 2945

Teng J, Zhu B, Wang J, Hong W, Yan Y H, Zhao Z Q, Cao
LF,GuY Q20 13 Acta Phys. Sin. 62 1141()3 (in Chinese) [B¢
Ao, 8, U, FUKR, B, EEE, Atk 2013 )
FE2E4 62 114103)

Li C K, Séguin F H, Frenje J A, Rygg J R, Petrasso R D,
Town R P J, Amendt P A, Hatchett S P, Landen O L,
Mackinnon A J, Patel P K, Smalyuk V A, Sangster T C,
Knauer J P 2006 Physical Review Letters 97 135003

Manuel M J E, Zylstra A B, Rinderknecht H G, Casey D T,
Rosenberg M J, Sinenian N, Li C K, Frenje J A, Séguin F H,
Petrasso R D 2012 Review of Scientific Instruments 83 063506
Bott A F A, Graziani C, Tzeferacos P, White T G, Lamb D
Q, Gregori G, Schekochihin A A 2017 J. Plasma Phys. 83
905830614

Fryxell B, Olson K, Ricker P, Timmes F X, Zingale M, Lamb
D Q, MacNeice P, Rosner R, Truran J W, Tufo H 2000
Astrophys. J. Suppl. Ser. 131 273

Tzeferacos P, Fatenejad M, Flocke N, Graziani C, Gregori G,
Lamb D Q, Lee D, Meinecke J, Scopatz A, Weide K 2015
High Energy Density Phys. 17 24

Chittenden J P, Lebedev S V, Jennings C A, Bland S N,
Ciardi A 2004 Plasma Phys. Control. Fusion 46 B457
Romagnani L, Fuchs J, Borghesi M, Antici P, Audebert P,
Ceccherini F, Cowan T, Grismayer T, Kar S, Macchi A, Mora
P, Pretzler G, Schiavi A, Toncian T, Willi O 2005 Phys. Rev.
Lett. 95 195001

Vay J L 2008 Phys. Plasmas 15 056701

Schaeffer D B, Bott A F A, Borghesi M, Flippo K A, Fox W,
Fuchs J, Li C K, Séguin F H, Park H S, Tzeferacos P,
Willingale L 2023 Rev. Mod. Phys. 95 1

LuY C, Li S T, Li H, Flippo K A, Barnak D, Birkel A,
Lahmann B, Li C K, Rasmus A M, Kelso K, Zylstra A, Liang
E, Tzeferacos P, Lamb D 2020 Physics of Plasmas 27 012303
Huntington C M, Fiuza F, Ross J S, Zylstra A B, Drake R P,
Froula D H, Gregori G, Kugland N L, Kuranz C C, Levy M
C, Li C K, Meinecke J, Morita T, Petrasso R, Plechaty C,
Remington B A, Ryutov.D D, Sakawa Y, Spitkovsky A,
Takabe H, Park H S 2015 Nat. Phys. 11 173

Cecchetti C A, Borghesi M, Fuchs J, Schurtz G, Kar S,
Macchi A; Romagnani L, Wilson P A, Antici P, Jung R,
Osterholtz J, Pipahl C A, Willi O, Schiavi A, Notley M,
Neely D 2009 Physics of Plasmas 16 043102

Graziani C, Tzeferacos P, Lamb D Q, Li C K 2017 Rev. Sci.
Instrum. 88 123507

Kasim M F, Ceurvorst L, Ratan N, Sadler J, Chen N, Sévert
A, Trines R, Bingham R, Burrows P N, Kaluza M C, Norreys
P 2017 Phys. Rev. E 95 023306

Sulman M M, Williams J F, Russell R D 2011 Appl. Numer.
Math. 61 298

Schaeffer D B, Fox W, Follett R K, Fiksel G, Li C K,
Matteucci J, Bhattacharjee A, Germaschewski K 2019 Phys.
Rev. Lett. 122 245001

Campbell P T, Walsh C A, Russell B K, Chittenden J P,
Crilly A, Fiksel G, Nilson P M, Thomas A G R, Krushelnick
K, Willingale L 2020 Phys. Rev. Lett. 125 1


https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1088/0004-637X/783/2/91
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1103/RevModPhys.70.1
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1080/10420150.2020.1845692
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1063/5.0031015
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1086/317789
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1017/hpl.2024.3
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.3333505
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1063/1.4750234
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.670
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.84.4108
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.1103/PhysRevLett.85.2945
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.7498/aps.62.114103
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1103/PhysRevLett.97.135003
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1063/1.4730336
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1017/S0022377817000939
https://doi.org/10.1086/317361
https://doi.org/10.1086/317361
https://doi.org/10.1086/317361
https://doi.org/10.1086/317361
https://doi.org/10.1086/317361
https://doi.org/10.1086/317361
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1016/j.hedp.2014.11.003
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1088/0741-3335/46/12B/039
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1103/PhysRevLett.95.195001
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.2837054
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1063/1.5126149
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1038/nphys3178
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.3097899
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1063/1.5013029
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1103/PhysRevE.95.023306
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1016/j.apnum.2010.10.006
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
https://doi.org/10.1103/PhysRevLett.122.245001
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

) 3B 3R Acta Phys. Sin. Vol. 75, No. 3 (2026) 030502

[34] Song H'Y, Wu F Y, Sheng Z M, Zhang J 2023 Physics of 1012
Plasmas 30 092707 [41] Levy M C, Ryutov D D, Wilks S C, Ross J S, Huntington C
[35] LiuD J, Tan Y X, Khoram E, Yu Z F 2018 ACS photonics 5 M, Fiuza F, Martinez D A, Kugland N L, Baring M G, Park
1365 H S 2015 Rev. Sci. Instrum. 86 033302

[36] Chen N F Y, Kasim M F, Ceurvorst L, Ratan N, Sadler J,
Levy M C, Trines R, Bingham R, Norreys P 2017 Phys. Rev.
E 95 043305

37] Fried B D 1959 The Physics of Fluids 2 337

[42] Bai Z W, Zhou Z C, Zhao J J, Li X L, Li Z Y, Xiong F Y,
Yang H K, Zhang Y Y, Xu Z Q J 2025 ArXiv:
2506.04805 v1[cs.LG]

%38] Weibel E S 1959 Physical Review Letters 2 83 [43] Chollet F (translated by Zhang L) 2021 Deep Learning with

[39] Biermann L, Schliiter A 1951 Phys. Rev. 82 863 Python. Second edition. edn. (New York: Manning), pp

[40] Stamper J A, Papadopoulos K, Sudan R N, Dean S O, 233-235 (in Chinese) [FRIRE C # (3K5E1F) 2022 Python ¥
McLean E A, Dawson J M 1971 Physical Review Letters 26 BE2) (56 2 MR (dbnt: ABHREL 1 fRAL) 56 233—235 1]

Reconstruction of magnetic field distributions from
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Abstract

Proton radiography is an effective technique for diagnosing field distributions in plasmas. However, due to
the complexity of electromagnetic field structure, reconstructing electromagnetic field from proton radiographs
is extremely challenging and often requires some simplified symmetry assumptions for the field. Here, we
present a machine learning method to reconstruct three-dimensional (3D) magnetic field distributions from
complex proton radiographs without relying on such assumptions. In order to do this, we construct the target
3D magnetic fields by linearly superposing multiple elementary magnetic structures generated from the Weibel
instability. Each element is characterized by eight parameters—structural parameters (a;b, B;), spatial
coordinates (7, ¥, %), and rotation angles (0, ¢), —resulting in 80 degrees of freedom in total. The parameters
are uniformly sampled within +25% of their baseline values, and a dataset consisting of 50000 magnetic field-
proton radiograph pairs is generated through forward simulation using GEANT4. All proton radiographs exist
in the caustic regime, exhibiting multiple asymmetric caustics and significant flux concentrations.

A lightweight three-layer convolutional neural network (CNN) is designed for the reconstruction task. The
network consists of an input layer, three convolutional modules (in which the first two follow a
"convolution—batch normalization—max pooling" cascaded structure, and the third is simplified into a single
convolutional layer), a flattening layer, a dropout layer, and an output layer. Bayesian optimization is used to
determine the optimal hyperparameters. The model is trained on 40000 samples, with 5000 samples used for

validation and 5000 for testing.
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On the test set, the CNN achieves a mean absolute percentage error (MAPE) of 8.5% in predicting the 80
magnetic parameters, which is below the random-guessing threshold of 12.9%. Prediction errors for most
parameters follow a near-zero-mean Gaussian distribution, with a relative standard deviation of less than 6%.
The reconstructed fields show a high degree of spatial consistency with the reference fields, and the
corresponding proton images match the original images with a cosine similarity of 0.89.

This study demonstrates that our CNN-based proton radiography reconstruction method can effectively
reconstruct complex 3D magnetic fields without the need for symmetry assumptions or manual parameter
adjustments, providing a mnovel tool for diagnosing electromagnetic fields in high-intensity laser-plasma
interactions. Future work may combine multi-angle proton radiography with transfer learning from

experimental data to improve the practicality and robustness of this method.
Keywords: proton radiography, deep learning, magnetic field reconstruction, laser-plasma interactions
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