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Fig. 1. Schematic architecture of the multimodal data acquisition system for YBCO thin-film

growth.
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Fig. 3. Workflow for robot-assisted automated XRD characterization and data association of

thin-films

HH T I XRDE 28 iR ) 45 R G0 AR TN Z 0 Rk SR i 2 1,
AW FEAI JE ] A AT IR AR N TSR A B R R i o nT A
Al H AT R R T, AFEERE AU #E (Sample alignment) . AL %

(Move) « ik (Measurement) A% O, MRPEASE A 75 =k 4H A 1E B Ate

7



WAL TT 58, W] 7 o VI 2 24 WG A 45 KR AE L5 T AH 5 58 120-0431 4
FAFRAE SRR B 5 45 G R 1 PR 42 Hh 28 (Rocking curve) « TN R E 5
LI R M (Reflectivity)  BARF T BT IR IR A 5 G AR AR 25 K4 1)
—# Reciprocal pace mapping (Wide-range RSM) iR,

HENMAESPATIERE S, RGE TR N THAE2 %, B3 7 sl
R A XA P Rl LR o 2SS ERCE: FNE
) 5E RE R T A RO B RS HERR I, AR AT SHE 5 R AR AL T S A I
W& SHE SHESMAERG, REEIENERRE, AR sE
I R TR S R s, SEll e iR, EXXER, RarH
) 78 AR LI SRS B, AN R R0 RS e B ot 0 6 Al 22 - B0 T8 25
o

MR IEH 25, ARG H S A XRDATH B . S B IR SHCS 5 RRE
O T BEATORE ARSI R IR S E T R B AR AR R, R
Gl B H S B AR H BIE IR LR S ET RS, AT RN 54
HEK. WAAHRIG, HLEA B SRS IE F A =R e ah e, SRR 4
WA NS o SR80 N D AT 5 S — BRI RE S, A R A 80 . TR 24
S5RERE RO M AZ RN, SfEEW. WTREA.

BRAN, % H Btk R G5 FEBIEMES/SECS-GEM TV 1 54 P2 40 5 R Gt
P, WG /AR SR, BRSO HE R R AR ) % . RAES T

M AT A A o

2. 4 FR R ISR
PR AREAE AL, FERER (R, BRSNS EUGR KRS

8



A TR R 7 ZE AR HEA I SR . il S B SN R B NG —, Beit 17
LSHACALIE” The, SCRFscie N GO P sSe 2B AT PR A 52 k. X
— B R T AR S 98 2 K A4 e AN B R L B ER T e s b

HEAL S ATIEHE .

3 ZWFMPE IR UG B H X FIEE

FRAA RAEROR AR R Rl PR S5 I, BRI R A
SRS R

AT T “ZRAE + PRIFE HRIa g, BRI R
4, = RAF BSOS LIS, o (R SR 7 DR SR UER A0 IR L o B 4

HrlE ik

ROI EHGIES — EGMAIE — OCR MEH — MR — HEXNF — H—HFNE
= .4' = \'».
D - B (D memen) (@) (O sewx) (@ wws ) (@ UEEF

) i)
By IR R P———
B G | | G | e
o e N
ASEEN ) [r— 2 = D mﬁ*’m ) B m > csv

PEERF | PEEE | i | e e || SR

RAW Processed WFE Merged
csv Ccsv —e—a—o csv
A X o g # 2 s, " J

K 4 RS L R IE UL TR
Fig. 4. Workflow for cleaning and aligning temperature and vacuum data
3.1 £ FTOCRIE AL A JE AL 7K i &
XS AP IR IR S B R, anEAFTR, RGK HPaddleOCRIA ¥
RBRBEAT AP R RI0), B B RISL PR SR AT REAAAE SO IR B3R

W R ARG L, OCRIRASS RIFA BRI T Ja 22704, 2 ke L 7 1F



A5 V)RR BRI AN O A LR . G, IR 51X OCR R 46 -4+ Hi 1t
TP A AR AL, BN EURB IR AL TR AL B R B At A RS,
FRREVEAL Ja B 7 B R MOV BB . X T RE 08 BRI AT O EIE , 3k — DR AR
AN BB VU A SRR ) B A R AT Ve A e, A BRACE AW . TR A
27 BEA RO G S B DA SR s Bkt R B e VAR B SR . TR AR B R
2 R bR e o R

D FEAROCR I I 1R 1R 50l S5 St 5 I P 0 Jim SR80 0 i 52 i, X il i v
R B0 AEATS AT BEAFAE S B AR BB, 1t — 2D AT SR B I Py — B A 3 3 T A
T P A B AR SRR B R T AT LU B8 B E s P Re s B 2 N B 2,
B G HEAT N AR e

pi=logio (pi) > (D

Her, NS EE A U ATREE R AT %% 5 RICR AR R4 AR
KEANNKRBE D, HEE DR E Rh A4 2 (median absolute
deviation, MAD) :

MAD; = median(|x; — Mi]) (2)

b, EETEE AL RORJRERE N IR AR B B S B B

FEAE . N EAL ST EEE SN TR A& S e B AL, E SRR AR AEAL I B AR R -
— | - 1 ’ (3)

" max(1.4826MAD, )

Horb, K426 HI T AL A 261 MR MADH N 5 bt ZE AR = 1Y)

Rt ROEAM T NN RESEL R Aa e T 6 B BAMAD#EIL Z N &
WRERR. ACREEHER =01 C, HTEMNEHEGRR =005, KH+
PEEBRIMADIT AR LEAbRAEZ , 7] FEAR AN OCRIR IR BIE NS SR B e v f 5 m o

NFRE ks 1 )/ EAR PN SR, AR SCIRII =5 RS A (i 125 2 B A S AR

10



WHREE . X TREEHEE, 2 >5H|T-M>1.0 CIF, Bz sibnid ik o .
SFHETZEHE, 2 >5H]logio( )= | = 050, K iZ AUARic M RIE 55 a5
(5308 S 5 it — D 4 G AR SR MO CR IR B A5 BE AT H5E o« W TN 5,
o B 5 3 RCRAE R A P D2l s A ST [R) AR AL T T B R BT R 2
EACE, MWNIZABAFFEENE, TR L2 AR W e X
BUEBRASKAE A, BRI R 2 5 A K, ML E NOCRBER R . Xf
TIHR FREARKEN S LEP B, REELEL A RAE SR R AR & 5,
HIAME D 575 0Bk . OCRIRJ BAG FEAUVE A B FIdE, AN B I B e
PRI, A SCHR S 3 7 A 32 B X OCR ™ AL AL R B R IR T . IR LR W)
WHZR RSB AR . SERRAAIRSE . AR RFEEEMOCREAR E, K3
Pl A RUE S ik R FEAEMERUE . A BEBE A\ Processed |z ik 7 B {k
B R bR iC M A B H B DN TR AL Jo ik it ol 3 B M) B 240 A A dle
Processed /= B N TAE . IA RN A R IR B fERaw 2, DAORIIE 7 1 AL 2 i

R R] B AR E 1T

3.2 “Raw-Processed-Merged” = Z#¥5 ) 2 SH0g

AR B HCE ) T IE WIS T, IS FTOR AR ST S T = 2 AR AL
B T AR ECHE B A B R R TS 2 IR B Rl A R SRS,

« Raw 2. JFUGHUIRE AR, FT 568004 OCR R SGufi thIN R AR R 45
FUG RIS B R BT R 1B AR A AT A RIBIE, B3
PUONERR . SRR ECR H F5F, W SRR B AR AR “HerFib R " K AR,
T 855 % e mma Rdivt.

o Processed Z: JEWE SRMEALEE 2, 76 Raw JZHEAH 0 IR a6 1R 45 R0t

11



ITHUESRE. BALgE . AR ETRE . SN B AE, R S MR E
A LA RIS 5 . 12280 BAT E mp e SRR e v, wl - aeseid
FERUSER ML . R34 LA [F) SE Stk R 2 TR 120 P A

o Merged J&: ZIRAG 5@EEEIEZ, HPHHRE ., B2 EETREAR
BORFEIREA SR A, SRR & 5 RmE ST 50 ARk
IRR B R & BIGE— T b, R R EE M I R . 22 Bt ] 55

TIRB:Ge . HLEssA S @R DL T ZE S0 W S5 M A A 2 18] iR S BRI 7T o

REIE#E
i SRR B RAIESR
;1 OCRIRMH{E Py a:_n']gﬁ [ A BigEzal Evidence =
= s Y mstmizg = mawEi USRS
@ Image / Video
ESEmE
)
E] Raw
OCR / B
EHBE taRts— ERIFE Claan f
B/ B Bl / HEHY S5/ EEE R
@ Processed
AR
)
o
Time Temp Vacuum Source D
Merged t 371.3°C 1.293E-6 R-001 Time Axis
NSO # Trace ID / Source ID
5'5?“‘“25—**“”; t 371.4°C 1.291E-6 R-002 Temp + Vacuum
ts 371.3°C 1.295E-6 R-003
J
Raw: [RERIIER Processed: Ei%SHBIFC ® Merged: H—AdEH Trace: RMEHETR

K 5 Raw-Processed-Merged — 2 i 5< ik B i
Fig. 5. Raw-Processed-Merged three-layer data association graph
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Fig. 6. Schematic of the structured experimental record model

5% H RIS T SO U AR DR (K B 450 R

o EWCHIE: FETEB WK, M. BERS) SRR GENLEE,
BKIREE)

o WRRHEE: Z0 RN E R /2 BT 5 A

o ZWAEME: TIMEFEHEGT S SRR, Raw/Processed CSV
SCfE. XRD MK SCAF4%, i3 Base64 4ihth s B A S0 AT 3

o IBUIFEARIN: BRI ERME— ID, RECEJFHIMA BS OCR BiE
BEVPSY

4.2 ELNANJE S & HLH|

14



NN REEE AR RE BN ARG R, RGURM I EARSRNS: BAlE
BAeAT BAL, BEEEA S NI H & RN, @AM - X E A& L], TG
W ARSI S, WEAMRE BB EE LIRS H & (Success/Fail) , i

TREE 51 7 1 2 itk Sl g ke,

5 IRFWEAR. BAKE S L & & 3L W

BT BRI B R TV R SRS AR R i, Ao
A T 1) Y BCO W I ] 76 15 45 M R AE K S 30 2040 e o 50t e DA SR TR o) % S 6
NIERALETT, LIREa R AN E 2R, G R Seie o . IRES
A BRI BOCPERIG .. XRDSE RSO S ELNSE R e 5% o

AT S B FE I BR AL AL EE R REE R, B S DAg 5 2002
(Y BCOMIEPLDA: K S 86 A g i 23 249, ML 5 U2 FE AR 2 . OCR
PO S IR TR, PRI R XRD H S LR AEFIELN A 1 58 5
BRI R . Z R H RTE T IR S 8 . AP AT R AL AN A A

PG e

5.1 Bl R AR AR HAGUT

YBCOM S0 HcHe PR 78 o e & . AR MR S5MRAE . R iaE AN s
BAC IR SEI T o Bl e DL S IR PLDAE K SERG B AR 5T, BRI SRR N
ARG SRIRIE T, JFEI R AT SRR TA) BN SE 04 5 S IRAN [R] SR U5 Y
s

e T AN . IOV i, WIS SERgR T
FHRSRA . FERRT S #EMEE . i S EEEE. DU ) SR k2R 4%

15



S T ROVIEREI P BdE R RN B R 1 SR A . OCRIR G 74 £
W BAG L ZR G B TE Ve R PSSR =20 P R R 8,

-

F5 5Bl AR EUE T 5] REERT S S VYN XRDFRAMEEHE
BFE20-04T4 . TRAR M 255 A MRS ARS8 3 TR N B /e BRAS
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Table 1. Overview of multimodal data contents in the YBCO thin film experimental database.
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5.2 SEn SRS B Rk

AT 5 326 B 2 5 92002 1) Y BCOHE I S 5641 Ay i 213 36 1F S8 491 o %9 IR
PLDJ7 iM%, SEUG IR i ST SRAR TR B R AT 372 FE S ISR O )
BIMg . AR TE UG, BINLES Al BYXRD H R R GehAT20-047 4t Al 42 it
2, IR S SRR SO FIRE S g 5 E SN E o 1% R HE 4
W2

% 2 YBCO-2002 S5 % 411k
Table 2. Data composition of the YBCO-2002 experimental dataset.
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HUEMNT BBk A0 B R B0 5 T

748 T 2 S i P RN 3 R TSR 1 M e o 117 (a—d) JE AR T IR
FREE R X FIRE RS, Raw/ZRVFHIL “C” “°C” siphrit R
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R T IIEFHIRAIEE R B 7(0)MET7(c) R T MR 1 B 3021 BRI R E35
PROERE B R ANE RS, OCRS: Al H 68.9H138.3C, 3 4 2 35 (i B9 S 56 1) A5 2
WEVEH, KA L3 AProcessed = ML T, BE7(d)H 19587.2C B4R /2 i

FEVOE 2 R I R B H R 46 BB 3 B iz i A T o B DR AR A I A PR B IS R 15
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(e) U] (9) (h)
B 0593 (0 5) Torr M 435-3 (0.99 Torr .
K] 7 OCR E#R 1. (a) 592.2C; (b) 68.9; (c)38.3C; (d) 587.2C;
(e) 1.099-3; (f) 1435-3; (g) 2.909-; (h) 2.688-

Fig. 7. OCR readout examples. (a) 592.2C; (b) 68.9; (c) 38.3C; (d) 587.2C;
(e) 1.099-3; () 1435-3; (g) 2.909-; (h) 2.688-.

2905 2665 1

Kl7(e-h) s T B2 ERAZE H o Processed/Z 2> H AT R £ T A B
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AR B 2 FE o As 2, K B IE N 1.435% 107 Torr. E7(g) 1 ERf 2%, OCR
DT H12.909-, £ A AR AR 21U HE AL PR 2 AT SL30 R B R Va L, F 3hahS
92.909% 107! Torr. KEI7(h)E7s 1 LB s AL I 5k B % 22, OCR%ii t2.688-FF

i SR AR A, (B EUG BB R iR O I IR
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Fig. 8. Comparison of temporal alignment and multi-resolution reconstruction of experimental
data. The left column shows asynchronous temperature and vacuum sampling points before
alignment, while the right column shows the aligned joint records.(a) Time-window merging; (b)

reconstruction on a unified 0.5 s time axis;(c) summarization on a unified 10 s time axis.
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ZERRM], W E &I REN LIRS B B TR I B XS B oK &R 0.5s
&G DR R AR s 10T 7E BRSO %5 FE 1 Rl (R 87 R Bfa 9y, T A sk
5 1o SR VRS AN A 5 (Bl Bt
5.5 PIHEREEL

PIREFPH LA 1038WUPGEIR, 73 13 51792448 x 2048, RN [AJFF4EL)
1037 so AHERMFI B FEZ)2N1.000 so WIEI9FR, FRGEREHS IE L1055 P X 4511
RICTESRAN S E oy Ao ST b A LRI Hh O i 5 X AN AT 38 e Bl 7, 3R

W R A AR e 8 S BRUAR I A R PIREAR S

259s

K9 P EME PP A B SR PR SR 5 5 . DU it MR 42 R AR I TR IUFP- R 571
I TR]ARIE AR T B WU R AR (8], 725009 08y 259, 519s Al 778 s.
Fig. 9. Representative plume image sequence acquired during the experiment. The four

frames are arranged in chronological order, with time labels given relative to the first frame: O s,

259,519 s, and 778 s.
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Fig. 10. Automated XRD characterization of the YBCO#2002 thin film: (a) robot-assisted

automated XRD measurement setup; (b)26—6 diffraction pattern; and (c) rocking curve.
#* 3 H3IML XRD 55 At N LG E 25

Table 3. Manual configuration parameters required for automated XRD measurements.

fic B B BB N A

FEmiE S SEEGIRAE: XRD + Rocking Curve; F£dH X : 10 mm x 10 mm x 0.5 mm
A B FPIE: MgO; RIHHA: (001);

200934 JaH: 5°-90°; K. 0.01°; BHE: 10°%min

005 1775 I 1K)
20V . 36°-41°; K. 0.01°%; EE: 2°/min

MESE]
PATRIE SR AT 08 Lo oo A Loy FIIVE R . 00—3° B 0o+3°;
PREE 2 4
K 0.01° HE: 1°/min
By AFFRIR: 20025 SCHEZAFR RAFEARFIRE fhdm 5 B R 40 H 3 5%k
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Fig.

(a) SEIG TR M
(b) M Merged Z4 Processed J=

11. Structured ELN archiving and end-to-end traceability of YBCO thin-film
experimental data. (a) Unified archiving of experimental metadata, plume-image sequences,
process curves, monitoring videos, and XRD files; (b) traceability from the Merged layer through

the Processed and Raw layers to the corresponding frame in the original monitoring video.
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iR H148.4% 42 15 31198.8%

*® 4 OCR R 5 Ja AL BEAER R G it

Table 4. Accuracy statistics of OCR recognition before and after post-processing.

Processed Processed
TFB HHEEEL Raw IEHH%L Raw #EHIR
NREi TR R
IR 250 121 48.4% 247 98.80%
BT 250 188 75.2% 246 98.40%
&it 500 309 61.8% 493 98.60%

S EA B, URIEH A “1.099-3”7 FIR “1.099X 1037 1X K7 5 R}
F Bk BRI T AN BUE S SO, AR R e o 15—
$, WRaw/ZHEH 188 /MFEAR A IE R, WHERIFR NTS.2%. Raw/Z i 3 28R
FEANBUS RS . FEBUIIR IR B = AR TR DA R S R R T 1 A PR R B %
o SN APEIMEEEN . MUBIE. BUEMT R BN S, B TR
HIIEEOR = E2461, HERZRIE F98.4%.

BMKE, Raw/ZTESO0NNRAEREA 3L 309 M REAR TR IR, AL
N61.8%; LIt JGAbFEJG, Processed/Z I IEFIAE AN KR B 224934, BEAARER A
#98.6%. LERKM, KBOCRIEA ) JFIGTF I, 252 F SRk, &
R BRI SEURHOIRAS SR R M 45 & FBRAL, Rl Buis =0, wEE
] £ SRRH S [R] 32  SA EEAT G A B, RS 0 25 2 o5 Y i s a0 1) YR 1
A oA 5 R A AR R PR AR R R R S, RS BAE
BUE BT ReAT AL TG BTG Y, BRI AR SR A s P 2R R R AT VR R0 B o

NORAIESHE A E I, RS 5EB IR RawZ BUR . JRAR TR 545 3 A [ L,
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6.2 IN[A]Xf 55 1R %

YRR TR BE 5 02 P 7 B S SR B R (RIS RIS SRR, IF BRI Al 115
B VT RCSE SR RE0E, A SO S BT S 96 HOE AT X6 ELBGAIE, 40 53E NG~
G5 SHSEIILA EIRE S 1294540 . HA L £1306074, PRk ic s EAH
ZEV534 . AP BRICRACE N FEE T B, 1S 22 53 LU 20 °h3.84% BTt sk
0678 w5 FE S B R FEh SR T2 B, DA S — SR IR A PR &5
ENIEAIR

Fiof 1) i 11 UG LA R S N S, oA TR B SRR b v 48 2R 2 P i I
s B B P (D BSCH0R p o 488 o 10 4 0 T T 22 AN B T 8 I ) 7 1 A, A
VCHC e D) I @SB id s o VERC A8 SO RIS RO AR IR 2% R s 4
UL 22 s U A o DCTRC F P T D90 158 2 SR FH 19 S L S TR ) 46 0F 22 (1 1R AT

PR, G-I La XTI 8] 22 . 95% 735 2 Xt B 1) 22 A1 B R 248 %6F B[] 22 o
% 5 Z:IEH;J- I‘m ”[?Z—T D%ﬁ?ﬁ"]ﬁq‘ l“ﬂ IE@E??:?%

Table 5. Temporal matching results under different time-window settings.

TRt 95% i EXT B R
R E H/s REHIUGHD A% [N RESDA
BJ ) 22 /s i 8] 22 /s i) 2 /s

0.05 22138 75.16 0.033 0.049 0.050
0.10 29325 99.56 0.041 0.072 0.100
0.20 29420 99.88 0.041 0.073 0.199
0.50 29436 99.94 0.041 0.073 0.491
1.00 29451 99.99 0.041 0.073 0.993
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R E EIE R W 24, R EACH0.05. 0.104 0.20. 0.50F11.00 s,
XS SERHAE AT S — IR, 45 R IMEKS.

HRSFIAN, A & 1 0.05 sHE R 220.10 s, DLACH H175.16% 4 i 2
99.56%; I A& 35K 220.20 s, VLECAR i — 18 5199.88%. 48 B2KEIN 8] 2
136K 220.50 sF11.00 s, DLECHEARELT0.20 s 70 A2 =50.06F10. 114N FH 43 21, {H
B AT B[] 22 0 T 38 K 220,491 s10.993 s S IE AR, 4R 18] & 1R/ F0.10 s
I, DG PE 3 0 5000 4D T 45 266 %o I ) 225 195 % 307 46 5 I 1) 225 JE AR e A o« AL
L5575 TR UL IE 58 BE PRI IR [] 30 S 4% 22, A OB £8 A 1=0.20 stE I [A] & H LT
S GBS HRNE 55 4K 2 HUEH RN Z) 2 M 22, 7] B 3 6 PR 1ok 22 7
DG 2% 2 1 51 N B 8] 18] B e K S e« SR A 1=0.20 s), 332043 B4t
G1~GS5 L H SR FIBT MTCACEE 5, AISIE %S 30 AN [R] S50 10 57 Hh A3 FH 1A

faEt, 53R NEK6,
2% 6 At=0.20 s I Fo 200 ~7 S 56 A s [a) U FC 45 5

Table 6. Temporal matching results for five independent experiments at Ar=0.20 s.

LB WEZ HEEIE BRINLER ULE PR 9% s moRdEx

Mo Epf el BEAE F%  MEEs XERZEs  BRZESs

Gl 8709 8708 8709 100.00 0.030 0.035 0.161
G2 5972 5971 5972 100.00 0.031 0.036 0.173
G3 3491 3490 3491 100.00 0.030 0.035 0.143
G4 4070 4052 4038 99.21 0.048 0.068 0.177
G5 7212 8386 7210 99.97 0.063 0.085 0.199
&t 29454 30607 29420 99.88 0.041 0.073 0.199

SZH S2IG A VL HC R A TF99.21%, HAG1~G3 LR IE F]100%, G4F1
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GSHIULEC 535 °899.21%F199.97% . 4% SEIR AL THE, VLA A IAME 499.84% £
0.35%. 75 2H 3540} i 18] 22 2810.030~0.063 s, 95% 73 or 4% B[] 22 5 0.035~
0.085 s, Fx ALY IR A] 72 251 A 1 5072 10.20 sif TH] & 11

FERS I8 B0 I VCRCHERE b, SA3RAS R IR — S e gnd FR s, ot — iR
JSE R B 2 P 2 A S A 2 e — W R0, 920 T AR 0.5 s 10 s 58 8] BR £ -
Horr, 0.5 B 3 A TR A AEh A AR I, 10 sHE R A T sr
RN KIS B BURT L7 SEIG TSR AR, . SR AR, R A S I R
TS 2 A R S A SPLE T SRAE IS %, I S5 [ A 2R S A ) O A AL R
F #4515 2 (mean absolute error, MAE) 14 B HIRT 5 BB 2 5. PU4 5L

Ber ) EL AL VR 22 AR T
R T TSI K GE— I 18]l EE A 1R 22

Table 7. Reconstruction errors on unified time axes for five independent experiments.

0.5s iE 0.5s HAE 10 s IR & 10 s LA
SEIGH

MAE/C MAE/Torr MAE/C MAE/Torr
Gl 0.06 2.40%10™* 0.29 6.50x10~*
G2 0.07 2.90x10™* 0.34 8.10x10™*
G3 0.05 2.10x10™* 0.27 5.90x10+*
G4 0.12 5.80x10™* 0.49 1.62x1073
G5 0.16 7.60x10°* 0.67 2.15%1073

T2 S0 IR P A 4 R R B ) — #bE . 0.5 s, IREMAE
40.05~0.16 ‘C; 10 sE MM, HREMAEN0.27~0.67 C. H9, G1~G3

MRS R 52, ERRER/DN: GAMGSt SR M2, K

N

iR EFFEm. BAMS, 0.5 sEMMIREMAERA#L0.2 C, 10 sEKM
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I ZMAE# AEEIL0.7 C.

L REE A2 I R IR F R . 0.5 sEMI 2 EMAEA2.10 X 104~7.60
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TR R EN A . 10 sEAY BINN RIS sl =2 T — e P ER, (HE AR
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[f/Pearsontf 2% 2 %153 711 °80.9998F10.9975; 10 s Z A4~ i FEE A EL 28 B 4353 °90.9991
#10.9922. B TCIRE0.5518 210 s, A4 215 RS DR S 6 B0 0 T8 K30 1 A2
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LRORAE, MRS DG IFRENS CRAEROE I BLEOR NG R, 2R M4 (i S A4 T gt
i 72T ST RS G B TP 5 4 I B Y S SO T =R s B TN AT S

Jeeor 5 LT SR BR AT SR IS 7 K

6.3 HBMELXRDIA Al

PIFREXRD 260-0ii i #2 (sample alignment, move 2600, Ry/Rx measurement,
20-0measurement) HEAT VAL . H A Ry/Rx measurement I AC 45 /A BEA-10, £
Fo1°, K oN0.01°, AN 2 °/min, 260-6measurement 4G A B NS0, 2% 1Lff
JE£80°, LK A0.01°, 8 A10°/min.

W12 NESME D, R AT A S K 7] 2920 min,
TER S AT SE I35 FE o SRTTZAR S ERERAE N R RRE 5T, 4L 58 U
BOg. 808 e fn . MHE 3 b an 4 A s B B S5 1k . BEE I
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Fig. 12. Comparison of personnel occupancy time between manual and automated XRD

batch testing modes.
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ISR AE SEBR SR I B F 7 S h ELNEGR N FEERR e 1, A SO Is AT I /8
H AR R B H BTG T PR ELN EAR R A m] R H B S 9 Y
He M GIERRE . BROMRSSRE . BERS S AL R B LRt &S R 77 1)

B, RSN
2 8 ELN A& F2 A 1) 5 B 5 2R Y

Table 8. Classification of major exceptions occurring during the ELN data upload process.

StH SRR A RE SR A EXoY Sty

B LIRS, BHRE
FASERSE  AE, WREN  ER
R

ELN £ Mg JEm R, e ds 48k 2l PREE#ds, 7£ ELN #01

OSSR w
FHIRES P2 Ja EAk
HFAMRERB Vi L il #
BUBR 5 B 3 VAAIE [7] HUHrAUE R 4R 2L A%
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Table 9. Statistical analysis of ELN upload logs for single requests before retry.
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Fig. 13. Correlations of process and plume features with the YBCO (005) peak position. The

panels show (a) growth time, (b) temperature time-series slope, (c¢) vacuum time-series slope, and

(d) mean plume grayscale intensity.
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Table 10.Pearson correlations and influence diagnostics for process and

plume features versus the YBCO (005) peak position.
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High-temperature superconducting vttrium barium copper oxide

(YBa-CusO7-s, YBCO) thin-films are important materials -for

high-temperature superconducting electronics. Their microstructure and

superconducting properties are highly sensitive to fabrication conditions,

oxygen content, and defect states. However, the lack<of standardized

experimental data, incomplete process i1nformation, difficulties 1n

integrating  heterogeneous data, and ‘“insufficient sample-to-data

traceability hinder the development of high-gquality process databases and

data-driven optimization methods. To address these challenges, this work
39
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proposes a standardized data collection and governance method covering

the fabrication and structural characterization of YBCO thin-films. During

pulsed laser deposition (PLD), temperature and vacuum-pressure readings

are continuously recorded using two independent cameras and temporally

aliened through time-window matching and linear interpolation. Laser

plume images are acquired through hardware triggering by the laser's TTL

signal, enabling synchronization with laser pulse events. For structural

characterization, robotic sample delivery, intelligent task scheduling, and

automated multi-mode X-ray diffraction (XRD) testing are integrated to

associate sample identifiers, testing parameters, and raw diffraction data.

A three-layer Raw — Processed — Merged data storage and governance

architecture is also developed. Original experimental evidence 1is

preserved, while multi-source asynchronous data are cleaned,

standardized, and integrated through optical character recognition (OCR)

post-processing, physical-rule  validation, anomaly screening,

time-window matching, and linear interpolation. The processed data are

aliened on a unified time axis and organized into structured datasets for

subsequent analysis. Based on this framework, a multimodal experimental

database is established to integrate experimental metadata, temperature

and vacuum time-series data, plume images, XRD- characterization files,

and electronic laboratory notebook (ELN) records. A structured metadata

model and ELN interface support searchable. experimental records and

end-to-end traceability from analytical results to original videos, OCR
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outputs, and experimental operations. The proposed framework

transforms fragmented experimental records into standardized, structured,

and machine-readable data assets, providing a foundation for studying

process—structure relationships in YBCO thin-films and supporting future

data-driven research. The datasets presented in this paper, including

temperature and vacuum time-series data, laser plume images, XRD

characterization data, and ELN records, are available at

https://doi.org/10.57760/sciencedb.j00213.0008] (private access link:

https://www.scidb.cn/s/F7rMJb).

Keywords: YBCO thin-films, automated XRD characterization, data governance, electronic

laboratory notebook (ELN)
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